
FEL2014

36th International 

Free Electron Laser 
Conference

25–29 August 2014
Congress Center Basel, Switzerland 

www.fel2014.ch

Organizing Committee:

H.-H. Braun, PSI (Conference Chair)
R. Ganter, PSI (Local Organizing Committee Chair)

International Executive Committee:

I. Ben-Zvi, BNL & Stony Brook University
M.-E. Couprie, Synchrotron SOLEIL
J.N. Galayda, SLAC
L. Giannessi, ENEA & ELETTRA- 
Sincrotrone Trieste
A. Gover, Tel Aviv University
H. Hama, Tohoku University
K.-J. Kim, ANL & The University of  
Chicago
V.N. Litvinenko, Stony Brook  
University & BNL
E.J. Minehara, JAEA & WERC

G.R. Neil, Jefferson Lab.
C.W. Roberson, ONR (ret.)
J. Rossbach, DESY & Hamburg  
University
T.I. Smith, Stanford University
H. Tanaka, RIKEN Spring-8
A.F.G van der Meer, FELIX Facility,  
Radboud University
N.A. Vinokurov, BINP & KAERI
R.P. Walker, Diamond Light Source
Z.T. Zhao, SINAP

International Program Committee

S. Reiche, PSI (Chair)
E. Allaria, Elettra
S. Benson, Jlab
S. G. Biedron, CSU
J. Byrd, LBL
B. E. Carlsten, LANL
S. di Mitri, Elettra
M. Ferrario, INFN
J. C. Frisch, SLAC
G. Geloni, XFEL
F. Grüner, UNI HH
J.-H. Han, PAL
T. Hara, RIKEN
Z. Huang, SLAC
R. Ischebeck, PSI
Y. U. Jeong, KAERI
H.-S. Kang, PAL
M. Labat, Soleil

U. Lehnert, HZDR
J. W. Lewellen, LANL
Y. Li, XFEL
H. Loos, SLAC
A. Meseck, HZB
P. Musumeci, UCLA
B. Patterson, PSI
S. Schreiber, DESY
C. B. Schroeder, LBL
O. A. Shevchenko, BINP
T. Tanaka, RIKEN
N. Thompson, ASTEC
K. Tiedtke, DESY
D. Wang, SINAP
S. Werin, Maxlab
M. Yabashi, RIKEN
A. A. Zholents, ANL

Basel

Contact: fel2014@psi.ch



ii Preface
Group Picture



Foreword  
The international community of experts, students and enthusiasts in the field of Free-electron lasers met from 

August 25th to 29th 2014 at the Basel Congress Center, Switzerland, for the 36th International Free Electron Laser 
Conference, FEL2014. A total of 424 participants from 23 countries attended the event, which was hosted by the 
Paul Scherrer Institute, PSI. 

The modern conference venue provided a state-of-the-art auditorium for the Oral Sessions and an extensive lobby 
that hosted lively Poster Sessions and an Industrial Exhibition. The exhibition allowed fruitful contacts to be made 
between FEL scientists and suppliers of sophisticated FEL equipment. The program included a reception in the 
historic Safran Zunft of Basel and a visit to PSI that encompassed a tour of the SwissFEL construction site, the 
SwissFEL Injector Test Facility and the Swiss Light Source. The excursion concluded with a traditional Swiss 
banquet held at PSI’s renowned restaurant. 

In the opening session, a talk by Dr. Li-Hua Yu commemorated the life and achievements of FEL pioneer Dr. 
Samuel Krinsky, who sadly passed away earlier in 2014. The program of scientific talks consisted of 34 invited and 
contributed talks on various FEL topics, ranging from FEL theory to the many operational and technical aspects of 
FEL accelerators, through to end-user applications. Furthermore two presentations were given by this year’s FEL 
prize winners, and two first FEL lasing announcements were made, namely from FLASH II at DESY, Hamburg 
and the SwissFEL Injector Test Facility at PSI. Three excellent tutorial sessions were also offered to the delegates.  

Notable highlights from the program were the recent results from the existing X-ray FEL facilities LCLS, 
SACLA and Fermi. These accelerators have now advanced beyond their commissioning phase. In addition to 
routine user operation, they provide important tests of novel ideas in beam dynamics and FEL physics. Multi-color 
operation with a single beam line and bandwidth control in the hard and soft X-ray regime have both been 
demonstrated, paving the way towards a technical maturity that will improve the beam quality to beyond basic 
SASE operation. 

Another trend made apparent from the contributions is the research towards compact light sources. Alternative 
electron sources, new acceleration concepts and compact radiators aim to reduce the spatial footprint of intense, 
femtosecond X-ray light sources. Certain technologies, such as plasma bunch generation and acceleration, have 
advanced to a level that envisages a compact FEL to be driven in the foreseeable future.  

We would like to thank the many participants who presented and shared their ideas and research, the Program 
Committee for formulating an interesting and varied scientific program, and the Local Organizing Committee for 
putting together a most professional event that, in true Swiss tradition, ticked like clockwork! Finally, a special 
thanks to the JACoW editorial team for their meticulous efforts in processing the manuscripts and ensuring the 
timely release of these Proceedings. 
 

 
Sven Reiche     Hans-Heinrich Braun 
Scientific Program Chair    Conference Chair 

November 2014 

 

 

FEL2014 – Basel, Switzerland

Preface
Foreword

iii



J. Chrin PSI
S. Reiche PSI
V. RW Schaa     GSI

Committees 
International Executive Committee 

I. Ben-Zvi BNL and Stony Brook University, USA
M.-E. Couprie Synchrotron SOLEIL, France
J.N. Galayda SLAC, USA
L. Giannessi ENEA and Elettra-Sincrotrone Trieste, Italy
A. Gover Tel Aviv University, Israel
H. Hama Tohoku University, Japan
K.-J. Kim ANL and University of Chicago, USA
V.N. Litvinenko Stony Brook University and BNL, USA
E.J. Minehara JAEA and WERC, Japan
G.R. Neil Jefferson Lab, USA
C.W. Roberson ONR (ret.), USA
J. Rossbach DESY and Hamburg University, Germany
T.I. Smith Stanford University, USA
H. Tanaka RIKEN SPring-8, Japan
A.F.G. van der Meer   FELIX Facility, Radboud Uni., Netherlands
N.A. Vinokurov BINP, Russia and KAERI, Korea
R.P. Walker Diamond Light Source, UK
Z.T. Zhao SINAP, China

Local Organizing Committee 

H.-H. Braun PSI Conference Chair 
S. Reiche PSI IPC Chair
R. Ganter PSI LOC Chair 
J. Chrin PSI Proceedings
S. Bacher PSI Conference Secretariat 
L. Adrion   PSI Social Events
F. Reiser   PSI Budget and Social Events
H. Schori   PSI Presentations Officer
C. Rosenberg   PSI Poster Officer

Editorial Board

International Programme Committee

E. Allaria Elettra, Italy
S. Benson JLAB, USA
S. Biedron CSU, USA
J. Byrd LBL, USA
B. Carlsten LANL, USA
S. di Mitri Elettra, Italy
M. Ferrario INFN, Italy
J. Frisch SLAC, USA
G. Geloni XFEL, Germany
F. Grüner Hamburg Uni., Germany
J.-H. Han PAL, Korea
T. Hara RIKEN, Japan
Z. Huang SLAC, USA
R. Ischebeck PSI, Switzerland
Y.-U. Jeong KAERI, Korea
K.-S. Kang PAL, Korea
M. Labat SOLEIL, France
U. Lehnert HZDR, Germany
J. Lewellen LANL, USA
Y. Li XFEL, Germany 
H. Loos SLAC, USA
A. Meseck HZB, Germany
P. Musumeci UCLA, USA
B. Patterson PSI, Switzerland
S. Schreiber DESY, Germany 
C. Schroeder LBL, USA
O. Shevchenko   BINP, Russia
T. Tanaka RIKEN, Japan
N. Thompson ASTEC, UK
K. Tiedtke DESY, Germany 
D. Wang SINAP, China
S. Werin Maxlab, Sweden
M. Yabashi RIKEN, Japan
A. Zholents ANL, USA

...

FEL2014 – Basel, Switzerland

iv Preface
Committees



FEL2014 – Basel, Switzerland

Contents
Preface i

Group Picture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
Foreword . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Committees . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Papers 1
MOA01 – Remembering Samuel Krinsky . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
MOA03 – First Lasing at FLASH2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
MOB01 – Pulse Control in a Free Electron Laser Amplifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
MOB02 – Small-scale Accelerator-based Radiation Sources and Their Applications . . . . . . . . . . . . . . . 14
MOB03 – Phase Space Manipulations in Modern Accelerators . . . . . . . . . . . . . . . . . . . . . . . . . . 16
MOP001 – Particle Tracking Simulations for EXFEL Complex shape Collimators . . . . . . . . . . . . . . . . 22
MOP003 – Helical Undulator Radiation in Internally Coated Metallic Pipe . . . . . . . . . . . . . . . . . . . . 26
MOP007 – High Accuracy Shimming Technique for the Phase Shifters of the European XFEL . . . . . . . . . 29
MOP008 – Temperature Effects of the FLASH2 Undulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
MOP010 – The Photon Beam Loss Monitors as a Part of Equipment Protection System at European XFEL . . 37
MOP012 – Implementation Phase of the European XFEL Photon Diagnostics . . . . . . . . . . . . . . . . . . 41
MOP014 – X-ray Photon Temporal Diagnostics for the European XFEL . . . . . . . . . . . . . . . . . . . . . 45
MOP015 – A Power Switching Ionization Profile Monitor (3D-IPM) . . . . . . . . . . . . . . . . . . . . . . . . 47
MOP017 – Measurement of the Output Power in Millimeter Wave Free Electron Laser using the Electro Optic

Sampling Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
MOP018 – Conceptual Study of a Self-seeding Scheme at FLASH2 . . . . . . . . . . . . . . . . . . . . . . . 53
MOP019 – Double-grating Monochromator for Ultrafast Free-electron Laser Beamlines . . . . . . . . . . . . . 58
MOP020 – Compact Spectrometer for Single Shot X-ray Emission and Photon Diagnostics . . . . . . . . . . . 62
MOP021 – Commissioning of a Dual-sweep Streak Camera with Applications to the ASTA Photoinjector Drive

Laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
MOP022 – Pulse by Pulse Electron Beam Distribution for Multi-beamline Operation at SACLA . . . . . . . . . 71
MOP023 – Development of a Magnetic System to Cancel the Attractive Force toward Structural Reform of Undu-

lators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
MOP028 – Field Integral Measurement System and Optical Alignment System for HUST THz-FEL . . . . . . . 80
MOP030 – Performance Analysis of Variable-Period Helical Undulator with Permanent Magnet for a KAERI THz

FEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
MOP032 – PAL-XFEL Magnet Power Supply System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
MOP033 – Design, Fabrication, and Performance Tests of Dipole and Quadrupole Magnets for PAL-XFEL . . . 90
MOP036 – Estimating Effect of Undulator Field Errors using the Radiation Hodograph Method . . . . . . . . . 93
MOP037 – Modeling and Design of the Variable Period and Pole Number Undulator for the Second Stage of the

Novosibirsk FEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
MOP038 – Characterization of the Undulator Magnetic Field Quality by the Angle Averaged Radiation Spectrum 100
MOP039 – High Stability Resonant Kicker Development for the SwissFEL Switch Yard . . . . . . . . . . . . . 103
MOP040 – General Strategy for the Commissioning of the ARAMIS Undulators with a 3 GeV Electron Beam . . 107
MOP041 – Summary of the U15 Prototype Magnetic Performance . . . . . . . . . . . . . . . . . . . . . . . . 111
MOP043 – Magnetic Design of an Apple III Undulator for SwissFEL . . . . . . . . . . . . . . . . . . . . . . . 116
MOP044 – A Stripline Kicker Driver for the Next Generation Light Source . . . . . . . . . . . . . . . . . . . . 121
MOP045 – Phase Shifter Design for iSASE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
MOP046 – Undulator Radiation Damage Experience at LCLS . . . . . . . . . . . . . . . . . . . . . . . . . . 127
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REMEMBERING SAMUEL KRINSKY
L.H. Yu, BNL, Upton, NY 11973, USA

Abstract
This year, we lost our colleague Samuel Krinsky. Sam has

made many important contributions to very broad field of
accelerator physics. In remembrance of his life and achieve-
ments, we will review his contributions to the field of free
electron lasers. In particular, we will concentrate on his
contributions to the foundation of the theory of high gain
FELs, and his managerial and experimental contributions to
pioneer work on x-ray FEL development.

Figure 1: Sam Krinsky January 14, 1945 - April 26, 2014.

SAM’S CONTRIBUTIONS
Sam has made contributions in accelerator physics cover-

ing very broad areas. Among many of these contributions
to accelerator physics, we focus on the following:

• NSLS X-ray ring (1978) design and commissioning
• First short-period in-vacuum undulator at NSLS (1987)
• First global orbit feedback system at NSLS
• Design NSLS-II storage ring (2014)
• Important contributions to studies of impedances and

collective effects including the theory on coherent syn-
chrotron radiation and micro-bunching in electron beams.
• Founded Source Development Laboratory at BNL

We will not be able to cover such broad areas of research
works in these proceedings. Instead, we shall concentrate
on his contributions to free electron laser physics.

Among many other contributions made by Sam, we would
like to highlight his most important seminal contributions to
the FEL community. We shall categrize these contributions
in two aspects: theoretical basis for high gain FEL, and
leading experimental and managerial roles.

Among Sam’s many contributions to the theoretical basis
of high gain FEL physics:

• Universal gain scaling function [1]
• 3-D SASE start-up noise [2]
• Effect of wiggler errors [3]
• Average spacing of peaks in SASE spectrum [4]

We also recognize among many of his leading experimen-
tal and managerial roles:

With his managerial skill and foresight, Sam contributed
decisively to the formation of FEL team. This led to
the creation and successful execution of FEL projects at
Brookhaven National Laboratory during his tenure as deputy
chairman of the NSLS department, paving the way toward
many accomplishments with important impacts on the world-
wide short wavelength FEL development. Here we highlight
some of the most significant of these:

• Facilitated the 1990 Sag Harbor "Prospects for a 1 Å
Free Electron Laser" Workshop with R. Palmer.
• 1997-1999 ATF HGHG Experiment at 5 µm:
Sam was instrumental in getting the NSLS to provide

resources to the BNL Accelerator Test Facility to complete
R&D on the photo-injector and to carry out the HGHG
proof-of-principle experiment in the infrared.
• Leading role in the construction of the DUVFEL at the

SDL for 2000 -2003 HGHG Experiment at 266 nm.

SCALING FUNCTION OF GAIN
In 1990, collaborating with L. H.Yu and R. Gluckstern,

Sam derived an FEL integral differential equation describ-
ing evolution of the electric field strength E in an undulator,
taking into account of diffraction, optical guiding, energy
spread, emittance, detuning, focusing and betatron oscilla-
tion [1]:

(∆2⊥ +Ω)E(~r) =
i
2

(2ργ0)3
∫

dγ
γ2

h′(γ)
∫

d2p∫ 0

−∞

dse−iαsu(p2 + κ2r2)E[~rcos(κs) +
~p
κ
sin(κs)].

(1)

This equation has many eigen-solutions, each representing
an eigen-mode of the optical guiding, giving the gain of the
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Figure 2: Scaling gain function showing the parameters of
3 FEL facilities.

electric field strength E. The mode with the highest growth
rate dominates and gives scaling gain as function of the
scaled emittance, energy spread, beta function, and detuning.
The scaled gain can be represented by two different forms.
The first form is:

1
2kwL3D

G
ρ
=

ImΩ
ρ
≡ G(ã,

σ

ρ
, ksε,

ω − ωs

ωs ρ
), (2)

In the second form, it is:

1
2kwL3D

G
D
=

ImΩ
D
≡ F (ksε,

σ

D
,

kβ
kwD

,
ω − ωs

ωsD
), (3)

The first form scaled with the FEL parameter ρ, is suitable
for comparison with 1-D theory, showing the deviation from
the 1-D theory for a perfect beam due to the diffraction, finite
emittance, detuning, and energy spread.
The second form scaled with the scaling parameter D,

which is determined only by the current and the energy of
the electron beam, hence is independent from current density
or beam size. As we can see in the following, this second
form is suitable for scaling down from long wavelength to
short wavelength FEL.

Sam, R. Gluckstern and I calculated the Scaling function
using variational method and checked with codes from Los

Alamos and Lawrence-Livermore. We found excellent agree-
ments with the codes, with errors within few percents which
is determined mosly by the simulation itself. Later when we
compared the scaled parameters for several FEL projects,
we found we can put them on one plot. Even though the
wavelengths of these FELs change by several orders of mag-
nitudes , the scaled parameters are not very far from each
other on the plot. In Fig. 2, we plot the scaled parameters for
DUVFEL of BNL, the TTF FEL of DESY, and for LCLS.
The scaling function provides fast calculation of gain

length,and as a benchmark vs. codes, it serves as the basis
for high gain FEL calculations

Two years later, in 1992, Ming Xie fit our scaling function
formula to polynomials, which is widely used in world FEL
community, and known as "Ming Xie’s formula".

1990 SAG HARBOR "PROSPECTS FOR A 1
Å FREE ELECTRON LASER"

WORKSHOP
Whenweworked out the scaling function for FEL gain, we

were equipped with a powerful tool to scan large parameter
space to find the optimized FEL gain for short wavelength.
Sam then initiated a discussion with R. Palmer (BNL’s Dir.
Office). The goal was very clear: we would like to inform
our lab’s management office of the potential of x-ray FEL,
and influence the future development direction. We worked
out a table on a blackboard, which listed the parameters of
several X-ray FELs (see Fig. 3). R. Palmer recognized the
importance of this new trend immediately, and decided to
organize a workshop on x-ray FEL. The workshop is the
1990 Sag Harbor "Prospects for a 1 Å Free Electron Laser"
Workshop. The table we generated on the blackboard has
been published in the proceedings of this workshop, and is
copied here as Fig. 3:
We can see that the LCLS parameters (proposed after

1992) is quite close to the last column of this table, apparently
off by a factor 2. Notice that the last column of the table
is for a 1 angstrom x-ray FEL while LCLS design goal is
1.5 angstrom. Also notice that in 1990 our assessment was
that the normalized emittance of 2 mm-mrad was achievable
by RF photo-cathode gun in the foreseeable future, hence
we used the normalized emittance of 2 mm-mrad instead of
the 1 mm-mrad which later appeared in LCLS design report.
Hence the difference between the LCLS and our last column
of the table in 1990 is within even less than a factor of 2.

We copied the front page and the contents of the 1990 Sag
Harbor "Prospects for a 1 Å Free Electron Laser" Workshop
in Fig. 4.
During the workshop, C. Pellegrini first presented a gen-

eral talk about SASE and x-ray FELs. Then I presented a
paper about the scaling relations and the parameters for 1
angstrom FEL, with the table of Fig. 3 included in the paper,
which is just the table we established on the blackboard dur-
ing the discussion with R. Palmer, as we mentioned before.
Then a paper authored by a group including H. Winick and
C. Pellegrini was presented about a 40 angstrom FEL based
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Figure 3: Table of parameters for several FELs, copied from Sag Harbor workshop proceedings.

Figure 4: Contents of Sag Harbor 1 Å Free Electron Laser Workshop

on PEP storage ring. K.J.Kim also gave a talk about RF
photo-cathode gun in the workshop.
This workshop clearly has an important impact on the

future development of x-ray FELs. We quote from E-mail
of H. Winick to A. Sessler on May 9, 2013:

’The 1990 Sag Harbor workshop on "Prospects for a
1 A Free-Electron Laser" was a very important event.
I point this out in my talks and recently received sev-
eral copies of the proceedings from Gallardo, which I
distribute to those interested.’
Two years later, in 1992, H. Winick organized the work-

shop "1992 Workshop on Fourth Generation Light Sources,
SLAC". This workshop also had important impact on the
later development of LCLS. Two papers generated during
this workshop are directly related to LCLS: one is a paper
by W. Barletta, A. Sessler, L.H. Yu, "Using the SLAC Two
Mile Accelerator for Powering An FEL", SLAC-PUB-15126,

1992, the other is a paper by C. Pellegrini "A 4 to 0.1 nm
FEL based on the SLAC Linac", Proceedings Workshop on
Fourth Generation Light Sources, 1992. We represent the
connection of these two workshops to the advent of LCLS
as in Fig. 5. A photo taken during the 1990 Sag Harbor
workshop on "Prospects for a 1 Å Free-Electron Laser" is
given in Fig. 6.

Figure 5: Connection of two workshops with LCLS.
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Figure 6: Photo taken during the 1990 Sag Harbor workshop
on "Prospects for a 1 Å Free-Electron Laser".

FEL EXPERIMENTS AT ATF AND SDL
With his managerial skill and foresight, Sam contributed

decisively to the formation of FEL team, the creation and
successful execution of FEL projects at Brookhaven Na-
tional Laboratory during his tenure as deputy chairman of
the NSLS department, which led to many important accom-
plishments with important impact on the worldwide short
wavelength FEL development.

In particular, Sam’s support of the first HGHG experiment
to generate 5 micron FEL output from 10 µm seed from a 10
µm CO2 laser at ATF was critically important for its success.
The work generated a publication in the journal "Science" in
2000 [5]. With Sam’s support we were able to develop BNL
RF-photo-cathode gun at the ATF and achieved emittance at
1 mm-mrad at 0.7 nC, a significant achievement at that time.
In Fig. 7 we show the photo taken during the acquisition of
"CornellWiggler A" for 1997-1999ATFHGHGExperiment
at 5 µm, where Sam was standing in the front, with full
energy and spirit.

Figure 7: Photo taken during the acquisition of "Cornell
Wiggler A" for 1997-1999 ATF HGHG Experiment at 5 µm.

Following this experiment, Sam started the organization
of Source Development Laboratory (SDL). Sam’s leading
role in the construction of SDLwas again crucially important
for the success of the DUVFEL. The success of HGHG at
266 nmwith more than 130 micro joules with seed at 800 nm
shows high stability and Fourier transform limited spectrum.
In Fig. 8 we show the HGHG spectrum with a comparison
of the SASE spectrum. The experiment demonstrated the
basic principle of the HGHG.

Figure 8: HGHG spectrum with a comparison of the SASE
spectrum

Both these two experiments have important impact on
the later development of coherent FEL based on the HGHG
principle.

EFFECT OF WIGGLER ERRORS
Another of Sam’s contribution to high gain FEL theory

is the theory on the effect of wiggler errors [3]. It seems to
be a rather complicated problem at first. However, we were
able to reduce this problem to the solution of a rather simple
equation:

y′′′ − i(δ′y)′′ = i(2ρkω )3y, (4)

where δ is the phase error due to wiggler errors. The analysis
of this equation shows that the condition for the damaging
effect of the wiggler error to be small is the phase error
accumulated in one gain length should be much smaller than
1 radian.

Another interesting conclusion from the solution of this
equation using Born approximation is that the criterion on
the peak to peak amplitude error is largely relaxed, the crite-
rion for negligible gain reduction is

2π
9
√
3

K4
0

(1 + K2
0/2)2

(∆B/B)2rms
ρ

� 1. (5)

This result means that (∆B/B)2rms should be smaller than
ρ, the FEL paramter. Before the derivation of the this equa-
tion and its solution, the intuition seems to be that we should
require (∆B/B)rms � ρ, which is a much more stringent
condition. For example, for LCLS, ρ ∼ 10−4. Thus the
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first impression is we require (∆B/B)rms � 10−4. However
this work about wiggler error points to the requirement of
(∆B/B)2rms � 10−4, i.e.,(∆B/B)rms � 10−2, a much more
relaxed condition.

As a result of this, the work emphasizes the importance of
phase error in one gain length dominated by error of mean
value in one gain length and the trajectory deviation from
the axis, and prescribes the alignment tolerance as:

P = P0e
−*
,

xrms
xtol

+
-

4

, (6)

where P0 is the FEL power without wiggler error, while
P is the power with wiggler error in the linear exponential
regime.
When the distance between the correction station Ls �

the gain length LG , we have the tolerance of trajectory within
a gain length as:

xtol =
(

Ls

LG

) 3
4
× 0.266

√
λsLG

(
LG

z

) 1
4
. (7)

Figure 9: Power versus RMS trajectory errors obtained by
the above formula and simulation.

For LCLS, we find xtol = 2.6 µm. In Fig. 9, we compare
the power as function of RMS trajectory error obtained from
the above formula and simulation result. The result shows
the simulation result indicated is a little more stringent than
our result.

AVERAGE SPACING BETWEEN PEAKS
IN SASE SPECTRUM [4]

Another example of Sam’s work is very useful during
experiment. This is the work on the statistical properties
of SASE radiation. Even though the analysis of the SASE
spectrum has been carried out previously, Sam’s analysis
provides a very simple way to obtain the length of the elec-
tron bunch. Once we see the SASE spectrum, we can use

the average spacing between the peaks in the spectrum to de-
duce the pulse length. We choose a section of the spectrum,
and count the number of peaks in the section to calculate
the average spacing between the peaks to be about 0.35nm
during one of the SASE experiment at SDL as shown in
Fig. 10. The formula then gives:

Tb =
λ2

0.64 c∆λ
=

(266nm)2

0.64 × 3 × 108m/s × 0.35nm
≈ 1ps.

(8)
This result is in good agreement we obtained using zero

phasing method during the experiment. This is typical of
Sam’s theoretical works: it is tightly connected to experi-
ments.

Due to the limited space and time, some of Sam’s impor-
tant works were not described here. For example, the work
on 3-D SASE start up noise [2] described in details about
how the noise is amplified and how it creates many compet-
ing modes, how and under what condition these modes are
finally dominated by a single fastest growing mode, how the
transverse coherence is developed during this process, and
how these modes are related to the the spontaneous radiation
of the first two gain lengths of the undulator, how much of
this radiation is coupled into the different transverse modes,
etc. Hence the theory is directly related to the saturation
length, the coherence properties of the output radiation, etc.

Finally, I would like to thank Faith Krinsky for providing
the video of Sam’s conversation.

Figure 10: Intensity spiking in the frequency domain (arbi-
trary units). In the single-shot spectrum, the width of the
peaks is inversely proportional to the electron bunch duration
Tb .
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FIRST LASING AT FLASH2
S. Schreiber∗, B. Faatz, DESY, Hamburg, Germany†

Abstract
FLASH, the free-electron laser user facility at DESY

(Hamburg, Germany), has been upgraded with a second un-
dulator beamline FLASH2. The installation of the FLASH2
electron beamline, including twelve variable gap undulators,
was finalized early 2014, and beam commissioning of the
new beamline started in March 2014. We announce first
lasing at FLASH2 achieved at a wavelength of 40 nm on
August 20, 2014.

INTRODUCTION
FLASH [1–5], the free-electron laser (FEL) user facility

at DESY (Hamburg), delivers high brilliance XUV and soft
X-ray FEL radiation for photon experiments. FLASH is a
user facility since 2005.
FLASH is a linear accelerator with a photoinjector fol-

lowed by a superconducting linac. The maximum electron
beam energy is 1.25GeV, allowing lasing down to 4.1 nm
with its fixed gap undulators. This undulator beamline
(FLASH1) is in operation since 2004. More details on the
FLASH facility and its present status can be found in these
proceedings [5].

As FLASH, all high gain FEL’s in the soft and hard X-ray
range are driven by a linear accelerator. Therefore, beam
can only be delivered to one experiment at a given time.
FLASH has five experimental beamlines, so that usually two
or sometimes three experiments can be set-up in parallel.
But, they usually receive beam by a day to day basis, not at
the same time.

Fortunately, the superconducting accelerating technology
of FLASH allows to accelerate several thousand electron
bunches per second. The bunches come in bursts with a
repetition rate of 10Hz. The maximal burst length is 0.8ms,
the smallest distance between single bunches is 1 µs allowing
a maximum number of 800 bunches per burst.
Since years, beam time for users is overbooked by a fac-

tor of about four. Therefore, a second undulator beamline
FLASH2 has been constructed in 2011-14. The burst of
electron bunches is now shared between two undulator beam-
lines, such that two experiments receive beam simultane-
ously with 10Hz each. Sharing is possible for pairs of experi-
ments requiring together at maximum the full burst duration
of 0.8ms, minus a transition time of 30 µs for the kicker-
septum system to divide the pulse train burst.

An additional important and unique feature is, that beam
parameters and bunch pattern can vary for the two undula-
tor beamlines, so that two experiments with different wave-
lengths, pulse durations, and pulse pattern are possible at
the same time. The flexibility is realized with three main

∗ siegfried.schreiber@desy.de
† for the FLASH team

features. Firstly, variable gap undulators allow to adjust the
wavelength for FLASH2 experiments, while the beam en-
ergy is determined by the wavelength required for FLASH1.
Secondly, two different laser systems operated in parallel
at the photoinjector allow different charges, different pulse
pattern, and to create a variable gap between the sub-bursts
for FLASH1 and FLASH2. Thirdly, the low-level RF con-
trol of the accelerating structures are able to adjust phases
and amplitudes – to a certain extend – independently for
both beamlines, thus making different compression schemes
possible.
For details on FLASH2 photon beam parameters the

reader is referred to [6].

COMMISSIONING AND FIRST LASING
Mounting the FLASH2 electron beamline, including 12

undulator modules (Fig. 1), was finished in January 2014.
The official permission of FLASH2 beam operation was
given in early February, and the beam commissioning started
in March.

Figure 1: FLASH2 undulator beamline with twelve variable
gap undulators.

Due to FLASH1 user operation, dedicated beam time for
FLASH2 had been restricted to a few days only until simulta-
neously operation was established end of May. Starting with
June, the FLASH2 beam commissioning has taken place,
whenever possible, parallel to FLASH1 user operation. This
increased significantly the time available for FLASH2 com-
missioning with beam.

The first electron beam was transported into the FLASH2
extraction beamline on March 4, 2014, and beam transport
up to the dump was achieved on May 23, 2014. In order to
avoid radiation damage on the permanent undulator magnets,
the first beam operation has been carried out with open
undulator gaps.
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After a thorough preparation of the electron beam up
to the FLASH2 dump, the undulator gaps of the last four
undulators have been closed for the first time in August
20, 2014 resulting immediately in a first signal of SASE
radiation. The signal was optimized by adjusting the phase
shifters between the modules together with a slight orbit
correction.
Figure 2 shows the first SASE photon beam seen on a

Ce:YAG screen in the photon beamline, about 18m dis-
tant from the end of the undulators. The estimated photon
wavelength was 40 nm, determined by the undulator gap of
9.5mm and the beam energy of 680MeV. The spot size in
Fig. 2 is about 3mm FWHM yielding in an opening angle of
80 µrad. This is expected for SASE radiation; spontaneous
radiation would have a spot size of 60mm. Also the fluctu-
ation of the pulse energy is in agreement with the typical
SASE fluctuations for high-gain, but not saturated lasing.

A few days later, the photon spectrum could be measured
with two different undulator gap settings giving photon wave-
lengths of 42 nm and 23.5 nm.

Figure 2: Photon beam on the Ce:YAG screen of the
FLASH2 beamline. The distance of the cross marker to
the center is 5mm. The distance undulators – screen is
about 18m.

Of uttermost importance for the two beamline scheme
is, that first lasing of FLASH2 has been achieved while
FLASH1 was running SASE with 250 bunches in the burst
at a wavelength of 13.5 nm prepared for a user experiment.
This is the first time that a soft X-ray FEL facility has

operated successfully two undulator beamlines driven by the
same accelerator simultaneously.

SUMMARY AND OUTLOOK
The FLASH2 beam commissioning started in March 2014

and the first lasing was achieved on August 20, 2014. The
FLASH2 commissioning continues mainly in parallel to the
FLASH1 user operation. The first FLASH2 pilot photon
experiments are expected in 2015, and regular user operation
in 2016.

With FLASH2 in operation, the user capacity of FLASH
will be significantly increased. The variable gap undulators
ease photon wavelength changes in FLASH2, and, together
with two injector lasers and the flexible LLRF system, allow
parallel operation of FLASH1 and FLASH2 with to a certain
extent independent parameters.
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PULSE CONTROL IN A FREE ELECTRON LASER AMPLIFIER
Luca Giannessi, ENEA C. R. Frascati and Elettra-Sincrotrone Trieste, Italy

Abstract
A significant progress has been made in controlling the

properties of the radiation emitted by a FEL amplifier. Ex-
periments have demonstrated the possibility both to increase
the temporal coherence and to reduce the amplifier length
to reach saturation, by seeding it with an external source.
This may be a solid state, short pulse, laser (Ti:Sa,OPA..),
doubled or tripled in a crystal, or a high order harmonic
pulse generated in gas. The coherence improvement and the
increased compactness of the source are only the first benefi-
cial offspring of this marriage between the optical laser world
and that of FELs. Non-linear effects in the seeded FEL dy-
namics may be exploited to shorten the pulse length beyond
that allowed by the FEL natural gain bandwidth. Multiple
seed pulses can be used to generate pulses whose temporal
distance and properties are also controlled. Similarly, the
FEL gain can be adapted to match the seed properties by
tailoring the electrons phase space to generate ultra-short
output pulses at unparalleled intensities.

INTRODUCTION
The free electron laser is a very special laser amplifier rel-

ing on a quasi “medium-free” amplification mechanism. The
active medium is indeed constituted by electrons interacting
with the ponderomotive potential made by the undulator and
the laser field itself. This fact allows great control on the
resonances coming into play and the amplification process
may be designed in an extremely wide spectral range. Sin-
gle pass FELs operate in mirrorless configurations where
the radiative interaction of electrons is mainly that with the
laser optical electromagnetic wave at the resonant frequency,
permitting the lasing process down to the VUV or X-ray spec-
tral range. FEL light sources dedicated to user experiments
are fully functional both in the hard X-rays, such as LCLS
and SACLA [1, 2], and in the soft X-rays, as FLASH and
FERMI [3–5]. After a first phase where the main scientific
and technical challenge was that of achieving sufficient gain
to reach saturation, the problem shifted to that of gaining
full control of the properties of the emitted radiation. We are
now learning how to influence the amplification process and
modify the properties of radiation according to the needs of
experiments where the FEL light is the investigation tool.
Several experiments have demonstrated the possibility of
both increasing the temporal coherence and reducing the
amplifier length required to reach saturation, by seeding the
amplifier with an external source. The electron beam, can be
shaped to influence the gain spectrum and effectively modify
the gain frequency bandwidth to generate ultrashort pulses,
even beyond the limit posed by the intrinsic gain bandwidth
of the FEL process. Other experiments have shown the abil-
ity of the FEL to act as harmonic converter, extending to
very high order the emission of harmonics. In this contribu-

tion we have reviewed some of the experiments carried out
at SPARC and FERMI, that were done within this specific
scientific framework.

SEEEDING AND HARMONIC
GENERATION

The FEL conversion from electron kinetic energy to en-
ergy of the optical wave has the typical behavior of an in-
stability, with an exponental growth regime followed by a
saturation process [6–9]. The gain of the instability, as re-
sulting from the one-dimensional theory and in the cold
beam limit, is described by the universal scaling parameter
ρ f el [9], related to the power e-folding (gain) length LG

by the relation LG = λu/(4π
√
3ρ f el ). When the process

starts from the electronic noise, after an exponential growth
over a distance Lsat ∼ 20 LG the signal saturates at a power
Psat ∼ ρ f el Pbeam where Pbeam = Ipeakγ m0c2/e0 is the
power carried by the electron beam. The natural line width
of the output radiation from the SASE process in the classical
regime is of the order of the parameter ρ f el . The frequency
spectrum of the emitted radiation corresponds to the white
noise associated to the initial electron random distribution,
filtered by the FEL gain bandwidth. Self amplified sponta-
neous emission output usually has poor longitudinal coher-
ence, with a temporal and spectral structure consisting of a
series of spikes uncorrelated in phase or amplitude [10–12].
This natural evolution of the FEL process may be influ-

enced at startup by seeding the amplifier with an external
source. The coherence properties of the seed are transferred
to the electron modulation, leading to coherent emission
at the undulator resonance and at its harmonics. The input
seed, in order to be effective, must be intense enough to
dominate the beam shot noise associated intensity, which
may be derived according to the model in [13] and is given
by Isn ≈ 3ω γ m0c2ρ2

f el
, where ω is the FEL resonant fre-

quency.
Harmonic generation in gas [14] is one of the most promis-

ing methods to generate radiation in the VUV region of the
spectrum, and this method was used at different facilities
to seed directly an FEL amplifier at wavelengths ranging
from 160 nm down to 38 nm [15–19]. Seeding at the short-
est wavelengths has pointed out the increasing difficulty in
overcoming the electron beam associated shot noise power,
which is linearly proportional to the photon energy. An alter-
native is to seed the FEL at longer wavelengths and exploit
the harmonic generation mechanism to reach the desired
spectral range. The first idea on implementing an FEL as
an harmonic converter appeared in [20]. Afterwards dif-
ferent schemes involving higher order harmonic bunching
and harmonic generation were proposed and studied both
theoretically and experimentally by several authors [21–27].
Harmonic generation combined with a high gain FEL am-
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plifier (HGHG [26]) was investigated in two experiments
done at Brookhaven [28, 29] that are considered important
milestones in the development path of seeded FELs ampli-
fiers. This development led to the design and construction
of FERMI, the first seeded FEL user facility, that produced
the first light in 2010. The HGHG cascade scheme is imple-
mented in FERMI FEL-1, to generate fully coherent radia-
tion pulses in the VUV spectral range [4]. The seed signal,
continuously tuneable typically in the range 230-260 nm, is
obtained from a sequence of nonlinear harmonic generation
and mixing conversion processes from an optical parametric
amplifier. The radiation resulting from conversion in the
FEL up to the 13th harmonic is routinely delivered to user
experiments [30]. The HGHG cascade may also be seeded
by two temporally separated pulses. The FEL produces mul-
tiple, virtually jitter free, VUV pulses which may be sepa-
rated in frequency within the FEL amplifier bandwidth. The
generation of two-colour extreme ultraviolet pulses of con-
trolled wavelengths, intensity and timing was demonstrated
in a pioneering experiment where the time evolution of a
titanium-grating diffraction pattern was studied by tuning
the two coherent pulses to the titanium M-resonance [31].

With a double conversion stage based on the fresh bunch
injection technique concept [32,33] FERMI FEL-2 [5] ex-
tends the spectral range of the seeded FEL facility down to
4 nm at the first harmonic of the final radiator, providing
radiation to experimental stations in the soft-X ray region of
the spectrum.

SHAPING THE FEL GAIN
Single Spike

Tailoring the longitudinal properties of the electron beam
distribution is another method of controlling the output char-
acteristics of the FEL pulse. An example is provided by the
“single-spike” operation where lasing is enabled in a region
of the bunch comparable or shorter than the FEL coopera-
tion length [34, 35]. Some pulse shortening methods rely
upon purposeful degradation of the FEL gain outside a small
temporal region; after several gain lengths, this region will
dominate the FEL output [36]. However, the single-spike
approach may be characterized by a very short gain length,
due to the high brightness beams achievable when the bunch
charge is reduced (< 10 pC) to shorten the pulse length. This
generally implies an efficient radiation production, but also
a relatively small absolute pulse energy. On the other hand,
an alternative option consists in introducing a linear corre-
lation (chirp) in the electron longitudinal phase space and
in tapering the undulator to enable the preservation of FEL
gain along a determined spatio-temporal path [37, 38]. This
scheme combines therefore electron beam energy chirp with
a judiciously-chosen undulator-field taper, i.e., a smooth
variation of peak magnetic field along the beam propagation
axis. The scheme was demonstrated at SPARC [39], where
it was shown the possibility of generating isolated radiation
spikes in a single pass FEL operating in SASE mode, with-
out an increase in the gain length or a loss of efficiency, but

in fact with an increase by a factor of 20 in the pulse energy.
This was due to the involvement in the gain process of a lon-
gitudinal extension of the e-beam comparable to the slippage
length. This efficiency improvement was accompanied by a
narrowing of the spectral width in a single moded spectral
shape. The properties of the radiation in these conditions
were further investigated in [40] where a FROG diagnostic
was implemented to simultaneously measure the temporal
and spectral content of the radiation along with the pulse’s
phase information. A time bandwidth product of about 1.2
was measured, with a pulse duration of about 100fs (fwhm),
compatible with the spectral width independently measured.

Chirped Pulse Amplification
An alternative way to obtain ultrashort pulses, while pre-

serving the FEL interaction over a longitudinally extended
region of the electron bunch, is by optically compressing
the radiation after amplification. An electron beam with a
nonzero energy chirp, seeded by a properly chirped optical
pulse, may generate a radiation pulse which may be then
compressed in an additional optical stage (the compressor).
This method corresponds to the chirped pulse amplification
technique implemented in solid state lasers. Here the issue
is not that of reducing the peak power in an active medium,
but to allow the use of an extended electron beam longitu-
dinal region, increasing the active bunch charge, without
compressing the electrons to the ultimate limit. Chirped
pulse amplification (CPA) in FEL amplifiers was proposed
originally in [41] and further studied in the framework of
a SASE amplifier in [42]. Critical is the efficiency of the
the optical compressor which has also to be tunable in the
wavelength region of interest.

Generation of Trains of Ultrashort Pulses
Different techniques relying on concepts adapted to FELs

from mode-locked cavity lasers, have been proposed for
modifying the characteristic time scales of x-ray pulses be-
yond the FEL bandwidth limitation [43–45]. These meth-
ods foresee the generation of trains of high peak coherent
power flashes with large contrast ratio by applying a series
of spatiotemporal shifts between the co-propagating radia-
tion and the electron bunch. This undulator configuration
corresponds to a multiple resonances-undulator [46,47], and
from the point of view of the spectral gain distribution, it has
some analogies to the gain distribution of a double-peaked
electron energy distribution. An experiment was carried out
at the SPARC FEL [48], where the double-peaked electron
energy spectrum was obtained by the laser comb technique,
in the velocity bunching regime [49,50]. The electron beam,
constituted by two short and balanced bunches, is extracted
from the linac accelerating section near the maximum com-
pression. At this point, the two beamlets, temporally super-
imposed in the longitudinal phase space, are characterized
by a different value of the mean energy. The SASE emis-
sion corresponds to that of the two simultaneously lasing
ultra-short electron bunches in single spike regime, sepa-
rated in resonant frequency by a relative distance larger than
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the ρ f el parameter. The output radiation corresponding to
the optical interference of the two pulses, was measured by
a FROG diagnostics, and presented the expected comb tem-
poral distribution with a corresponding spectral structure
broader than the single beam amplifier bandwidth [51]. This
method, which has been tested at SPARC FEL in the infrared,
could be extrapolated in the production of sub-femtosecond
pulses in the X-rays.

SATURATION AND SUPER-RADIANCE
At radiation saturation, the exponential gain process is

replaced by a cyclic energy exchange between the electron
beam and FEL radiation, with the period corresponding
to that of the longitudinal synchrotron oscillation of those
electrons trapped in the ponderomotive well. We may distin-
guish between a situation where the radiation pulse length is
much longer than the slippage distance covered during one
period of synchrotron oscillation, and the situation where the
pulse length is comparable or shorter than this distance. In
both cases the pulse shape is strongly affected by saturation
effects.

Small Slippage: Pulse Splitting
In the first case we may neglect the fact that radiation

slips over the electron current. Saturation effects, intended
as over-bunching in the longitudinal phase space, may be
induced in a HGHG FEL already at the entrance of the final
radiator, by increasing the seed power or by increasing the
dispersion in the chicane after the modulator. In these con-
ditions the temporal distribution of the modulated electrons
goes through a wave-breaking process at the central peak,
while the temporal edges where the seed power is lower, may
contain the correct density modulation at entrance to the ra-
diator to produce two satellite pulses which are amplified
in the radiator. This regime of operation was originally in-
vestigated in [52] and studied in combination of a frequency
chirped seed pulse in [53]. In this configuration, the FEL
is seeded by a powerful laser pulse carrying a significant
frequency chirp. As a result, the output FEL radiation is
split in two pulses, separated in time (as in the previous
case) and having different central wavelengths. The spectral
and temporal distances between FEL pulses can be indepen-
dently controlled, providing the possibility of using the FEL
at the same time as a pump and as a probe with multicolor
synchronized pulses, where the two output pulses can be
independently diagnosed with dispersive optics [54].

Large Slippage: Super-radiance and Harmonic
Heneration

In the mid 1990s a number of papers analyzed theoret-
ically and numerically the consequences of the slippage
on the pulse evolution in a FEL amplifier [55–57]. It was
pointed out the existence of a super-radiant regime where a
short optical pulse slips over the electron beam and increases
its energy while keeping a self-similar shape. In this regime,
the radiation pulse has a peak power increasing with the

square of the distance along the undulator and a longitudinal
width decreasing with the inverse square root of this dis-
tance. The radiated power is proportional to the square of
the electron current. The pulse spectral bandwidth increases
and the pulse undergoes longitudinal focusing. This regime
was studied at BNL in an experiment where the NISUS un-
dulator was seeded by an infrared Ti:Sa laser of 150 fs of
pulse duration [58]. Pulse shortening down to about 82 fs
was observed, and the pulse energy scaling vs distance along
the undulator was verified. Another important feature of
this regime is in the generation of harmonics of high orders
and the behavior in a cascaded FEL configuration [59]. In
a cascaded FEL operating in the super-radiant regime the
distinction between the modulator and the radiator typical of
common HGHG-FEL schemes is no longer appropriate: the
steps of energy modulation, density modulation and emis-
sion take place simultaneously at different locations along
the optical pulse. As in steady state FEL dynamics, the
density modulation induces intense emission of radiation
at higher order harmonics, but this occurs during the pulse
propagation along all the undulator. When the electron beam
passes from one stage of a cascade to the next, the region of
high density modulation will emit a short pulse of coherent
radiation at the new resonant wavelength. This pulse slips
on a fresh portion of the electron beam and may be amplified
in the exponential gain regime or, as happens in most cases,
may be intense enough to saturate and enter the super-radiant
regime.

The behavior of the single-pass FEL in deep saturation has
been studied at SPARC by seeding the entire amplifier with
six undulators tuned at 400 nm with short laser pulses with
peak power of the same order of the FEL saturation power.
The observation of harmonic emission up to the 11th order
was reported in [60]. Later on the behavior of the system
in a HGHG configuration was also studied at SPARC [61].
In a FEL cascade, at the transition from a modulator to a
radiator, the high frequency components in the leading edge
of the pulse are expected to induce the growth of a new
super-radiant pulse at the harmonic frequency, which then
grows, according to the scaling relations, in the next undula-
tor. The six SPARC undulators were configured to establish
an HGHG FEL, with the first undulator tuned with the reso-
nance at 400 nm, playing the role of modulator, and the other
five tuned at 200 nm, as radiators. The evolution of the pulse
in the radiator was studied by measuring its energy and spec-
tral properties. Energy per pulse substantially larger than the
FEL saturation energy, without applying any undulator taper,
was observed. An energy scaling vs the longitudinal position
along the undulator of the type E ∝ z3/2 was measured, in
satisfactory agreement with the theoretical model and simu-
lations. Successful generation of high harmonic radiation
output in a harmonic cascade configuration [62] has been
recently accomplished at FERMI, both in FEL-1 [63] and
FEL-2 [64] and harmonics up to order 65 and 192 of the
input seed were respectively observed.
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SMALL-SCALE ACCELERATOR-BASED RADIATION SOURCES
AND THEIR APPLICATIONS

Young Uk Jeong, KAERI, Daejeon, Korea

Abstract
Small-scale accelerator-based radiation sources can be 

used more widely for developing advanced technologies 
and exploring new science with high convenience and 
low cost. Sometimes they are competitive comparing with 
giant facilities like X-ray free-electron lasers (X-FELs). 
We have developed a table-top terahertz (THz) FEL for 
substituting X-ray or millimeter-wave-based security 
imaging technologies (body scanners) and a laboratory-
scale ultrashort electron accelerator for investigating 
femtosecond dynamics of atoms or molecules with pump-
probe experiments. I will present on the status of the 
development of the small-scale radiation sources and 
plans for the pump-probe experiments. Additionally 
recent research results on biological study with the 
operating KAERI (Korea Atomic Energy Research 
Institute) THz FEL will be given with the information of 
the references.

THZ FREE-ELECTRON LASER DRIVEN 
BY MAGNETRON-BASED MICROTRON
We have developed a laboratory-scale terahertz (THz) 

free-electron laser by using a compact conventional 
microtron with a magnetron RF generator. The brief 
history and references of the developments are listed as 
follows.

FIR FEL Development (1995-1998) [1-3]
- Target wavelength of 30-40 m with a 12.5-mm-

period undulator
- Failed in FEL lasing 
THz FEL Development (1998-2007) [4-16]
- Target wavelength of 100-300 m with a 25-mm-

period period
- First lasing at the end of 1999 ( =100-170 m)
- FEL & beam dynamics study
- System stabilization & upgrade ( =100-300 m)
THz Applications (2004-present) [17-23]
- THz imaging, spectroscopy, meta-material study, 

THz-bio interaction, & so on
Table-top THz FEL Development (2008-present)
[24-27]
- Rack-type FEL for security inspection (dimensions 

of 1.5 x 2.5 m2)
- Target wavelength of 300-600 m with the average 

power of 0.1-1 W

ULTRAFAST ELECTRON DIFFRACTION 
FACILITIES

An RF-photogun-based linear accelerator for ultrafast 
pump-probe research is under construction [28]. The 
layout of the KAERI ultrashort accelerator is shown in 

Fig. 1. This system has four beamlines. Two of them are 
for ultrafast electron diffraction (UED) experiments on 
solid and gas targets. The main target parameters of the 
UED beamlines are listed on the Table 1. The electron 
bunch duration and timing jitter of the UED beamlines are 
designed to be less than 50 fs in FWHM and 30 fs in rms.
The UED beamlines can perform single-shot 
measurement with a temporal accuracy less than 100 fs.
This small-scale facility can be used for investigating 
time-resolved diffraction experiments with samples of gas, 
liquid, solid, and surface. The performance of the UED 
for those samples can compete with that of the X-FEL 
facilities. The details on the facility will be shown in these
Proceedings [29].

The application experiments of the UED beamlines will 
be performed by the collaboration with universities in 
Korea. We are planning to investigate the reaction 
dynamics of gas-phase samples of pyridine and 
cyclohexadiene (CHD) with higher temporal resolutions 
than those of previous studies. 

Figure 1: Layout of the KAERI ultrashort accelerator for 
femtosecond pump-probe experiments.

Table 1: Simulated Beam Parameters of The KAERI UED

Bunch Charge 1 pC
Beam Energy 2.6 MeV
Bunch Length (FWHM) < 50 fs
Norm. Emittance 0.3 mm mrad
Energy Spread (r.m.s.) 0.3%
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PHASE SPACE MANIPULATIONS IN MODERN ACCELERATORS∗

Dao Xiang†, Shanghai Jiao Tong University, Shanghai, China

Abstract
Beam manipulation is a process to rearrange beam’s dis-

tribution in 6-D phase space. In many cases, a simple phase

space manipulation may lead to significant enhancement in

the performance of accelerator based facilities. In this pa-

per, I will discuss various beammanipulation techniques for

tailoring beam distribution in modern accelerators to meet

the requirements of various applications. These techniques

become a new focus of accelerator physics R&D and hold

great promise in opening up new opportunities in accelera-

tor based scientific facilities.

INTRODUCTION
The ability to tailor a beam’s 6-D phase space to meet

the demands of various applications is of fundamental inter-

est in accelerator physics. For instance, the electron bunch

length typically needs to be reduced in FELs to drive the ex-

ponential growth process while it may need to be increased

in storage rings to increase beam life time. Beammanipula-

tions include a wide array of techniques that use rf cavities,

dispersive elements, lasers, etc. to rearrange beam distribu-

tion in 6-D phase spaces. On the one hand, one has the free-

dom to use many elements to design a beam for a specific

application (see. e.g. [1]); on the other hand, beam manip-

ulation has to obey some basic rules (e.g. the emittances

of the subspaces cannot be partially transferred from one

plane to another if the beam is uncoupled before and after

the transformation [2]). Here I will discuss a few representa-

tive beam manipulation techniques and show how they may

enhance the capabilities of modern accelerators.

GENERAL DISCUSSIONS
In transverse plane, dipoles are used to bend the beam

and quadrupoles are used to focus the beam. When they are

integrated in a suitable way, they can form a closed loop (an

electron storage ring) which allows the beam to circulate for

millions of thousands turns. While it appears trivial to con-

trol the transverse beam size with quadrupoles, focusing the

beam to extremely small size requires special efforts. For

instance, a ∼500 m final focus beam line is needed to focus
the electron beam to nanometer (nm) level in linear collid-

ers [3]; another extreme is electron microscope where the

spherical aberration is corrected up to the 5th order to pro-

vide sub-50 pm resolution which allows one to see individ-

ual Hydrogen atom [4].

In longitudinal plane, beam phase space manipulation

typically requires an element to change beam energy and a

dispersive element to change beam path length. This is be-

∗ Work supported by the National Natural Science Foundation of China
under Grants No. 11327902.
† dxiang@sjtu.edu.cn

cause relativistic electrons travelmore or less with the speed

of light (e.g., for 1 GeV electron, 1− v/c ≈ 1.3 · 10−7. As a
result, for modern beams with typical small energy spreads,

the relative longitudinal velocities of electrons are so small

that they do not change their relative positions when the

beam travels along a straight line in a drift. With a disper-

sive element, one can force the particles to follow different

paths and the beam longitudinal distribution can be readily

shaped.

BEAMMANIPULATION FOR FELS
So farmost of the high-gain FELs in the short wavelength

(VUV to hard x-ray regime) have operated in the SASE

mode in which radiation from the electron beam shot noise

is exponentially amplified to the GW level. While a SASE

FEL has excellent transverse coherence, its temporal coher-

ence is rather limited (noisy in temporal profile and spec-

trum). In this sectionwe discuss several beammanipulation

techniques that may improve temporal coherence of FELs

by providing coherent bunching to seed the FEL amplifica-

tion process.

To provide bunching at short wavelength, fine structures

in beam current distribution have to be created. The cre-

ation of a charge density modulation at sub-optical wave-

lengths in an electron beam with lasers is analogous to the

manipulation of the electron bunch length in a magnetic

bunch compressor. The difference is that the energy chirp

(correlation between a particle’s energy and its longitudi-

nal position) is imprinted by lasers rather than RF cavities.

The process of longitudinal bunch compression, to the first

order, can be described as a linear transformation where

the bunch length is reduced while the energy spread (con-

servation of phase space area) and peak current (conserva-

tion of charge) are both increased. This is achieved by first

accelerating the beam off-crest in RF cavities to establish

a correlated energy chirp (e.g. with bunch head having a

slightly lower energy than the bunch tail), and then sending

the beam through a dispersive chicane. The particles with

lower energy are bent more in the chicane and therefore tra-

Figure 1: Various harmonic generation schemes for seeding

FELs.
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verse a longer path length than the higher energy particles

that are bent less. As a result, the low energy electrons slip

back longitudinally while the high energy electrons catch

up, which leads to bunch compression.

Replacing the RF cavity with a laser allows one to create

much finer structures in beam phase spacewithout changing

the overall bunch length. This is because the laser wave-

length is typically much shorter than the electron beam du-

ration, so the laser does not give beam a net energy chirp.

As a result, after dispersion the overall bunch duration is

kept constant. Instead, the time-varying laser field imprints

a sinusoidal energy chirp (called an energy modulation) on

the beam phase space which leads to varying local compres-

sion/decompression of the beam current on the scale of the

laser wavelength after dispersion. The result is a density

modulation in the current distribution of the beam, both at

the laser frequency and at its harmonics.

For example, the phase space evolution in high-gain har-

monic generation (HGHG [5]) scheme (Fig. 1a) is shown

in Fig. 2. A laser is first used to interact with the beam in a

modulatorto produce sinusoidal energymodulation in beam

phase space (Fig. 2b). After passing through a chicane, half

of the particles that have the negative energy chirp (blue par-

ticles in Fig. 2b and Fig.2c) are compressed, while the other

half with the positive energy chirp (red particles in Fig. 2b

and Fig. 2c) are decompressed. As a result of this trans-

formation, the energy modulation is effectively converted

into a density modulation (see Fig. 2d where the beam den-

sity consists of many spikes equally separated by the laser

wavelength) that contains harmonic frequency components

of the laser fundamental frequency.

Figure 2: Evolution of the phase space in HGHG scheme.

(a) before the modulator; (b) after the modulator; (c) after

the chicane; (d) density distribution after the chicane nor-

malized to the initial beam current. The horizontal axis is

the beam longitudinal position normalized to the laser wave-

length and the vertical axis is particle’s energy deviation

with respect to the reference particle normalized to the rms

slice energy spread of the beam. The energy modulation is

three times larger than the beam energy spread.

Analysis shows that thewidth of the current spike normal-

ized to the laser wavelength is approximately 1/A, where
A = ΔE/σE is the ratio of energy modulation amplitude

ΔE to the beam energy spread σE . Therefore, in general

generation of the hth harmonic requires the energy mod-
ulation to be approximately h times larger than beam en-

ergy spread, an undesired consequence for FEL applica-

tions where the increased energy spread may significantly

reduce the FEL gain. Another undesired consequence for

HGHG is that if the hth harmonic is to be achieved, the
peak current of the bump is also increased by about h times
(as can be seen in Fig. 1d), which may cause undesirable

collective effects. Furthermore, the spectrum of the bunch-

ing is found to be sensitive to beam imperfections such as

nonlinear beam energy chirps that may easily broaden the

bunching spectrum by changing the separation of the cur-

rent spikes [6, 7].

These limitations can be overcomewith the echo-enabled

harmonic generation (EEHG [8, 9]) scheme in the double

modulator-chicane system (Fig. 1b). In EEHG the beam

is also first energy modulated by a laser in the first mod-

ulator. But quite differently, the first chicane is chosen to

have a large momentum compaction such that after passing

through the strong chicane the density modulation is macro-

scopically smeared (Fig. 3a). Simultaneously, complicated

fine structures (e.g. ‘energy banding’) are introduced into

the phase space, which has been recently observed experi-

mentally [10]. A second laser is then used to further mod-

ulate the beam energy in the second modulator (Fig. 3b) to

imprint additional correlations in phase space. A second

weaker chicane orients these correlations vertically in the

energy space, which yields a charge density modulation at

very high harmonic frequencies. As a result of this nonlin-

ear process, the harmonic bunching structure emerges as a

recoherence effect after a short disappearance, like an echo

Figure 3: Evolution of the longitudinal phase space in

EEHG scheme. (a) after the first strong chciane; (b) after

the second modulator; (c) after the second weak chicane;

(d) density distribution after the second chicane.
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(Fig. 3c and Fig. 3d). The first stage of EEHG may also

be understood as bunch local decompression such that the

spread of each energy band is reduced compared to the ini-

tial energy spread; and the second stage of EEHG is then

similar to HGHG.

The key advantage of EEHG technique is that it can gener-

ate very high harmonicswith harmonic numbermuch larger

than the ratio of energy modulation to energy spread. This

makes it possible to generate very high frequency bunch-

ing while simultaneously keeping the beam energy spread

small, which allows the generation of soft x-rays from a UV

seed laser in a single stage. Another advantage of EEHG is

that by splitting the single current bump into many bumps

per wavelength, the peak current of each current bump can

be significantly reduced, which mitigates the potential col-

lective effects related to the high peak current. For instance,

as seen in Fig. 3d, with the energy modulation three times

larger than the beam energy spread, the peak current is only

increased by a factor of 2 while the harmonic number is ex-

tended to ∼ 20. Even higher harmonics can be produced
by increasing the momentum compaction of the first chi-

cane while keeping the energy modulation amplitudes es-

sentially unchanged. Furthermore, due to the highly nonlin-

ear phase space gymnastics that decompress local regions

of the beam, the spectrum of the bunching is made to almost

immune to the phase space imperfections. This allows the

generation of transform-limited highly coherent radiation in

realistic conditions when the beam has considerable nonlin-

ear chirps [11].

To push the harmonic number to beyond 100, very re-

cently a novel seeding scheme that uses a triple modulator-

chicane (TMC) system has also been proposed [12]. This

scheme is schematically shown in Fig. 1c where the first

and second chicanes have opposite momentum compaction

and the first and third lasers have the same wavelength and

π phase shift. To illustrate the physics behind the TMC
scheme, the evolution of the beam longitudinal phase space

is shown in Fig. 4. For simplicity, in Fig. 4 the lasers have

the same wavelength in the three modulators and only the

phase space within one wavelength region is shown.

The beam phase space after interactionwith the first laser

is shown in Fig. 4a where the energy modulation is 3 times

larger than the beam slice energy spread. Similar to the

EEHG scheme, separated energy beamlets are generated

(Fig. 4b) after the beam passes through the first chicane

with a moderate R56 as a result of bunch decompression
with a decompression factor D. After interaction with the
second laser of which the energy modulation is 20 times

smaller than beam slice energy spread, the beam phase

space evolves to that in Fig. 4c. Because the energymodula-

tion is much smaller than beam’s initial energy spread, it is

actually very difficult to see the difference between Fig. 4b

and Fig. 4c. The second chicane with opposite momentum

compaction (R(2)
56
= −R(1)

56
) compresses the beamlets by a

factor of D and amplifies the modulation imprinted in M2.

The resulting beam phase space is shown in Fig. 4d which

is similar to that in Fig. 4a. If no modulation is imposed

in M2, the second chicane will restore beam phase space

to the same distribution as that before the first chicane, be-

cause the transfer matrix from the exit of M1 to the exit

of the second chicane is unity. With a small energy mod-

ulation in M2, the second chicane will transform the beam

phase space to a distribution similar to that before the first

chicane with the presence of energy modulation from M2

superimposed on the modulation from M1 (Fig. 4d).

The laser in M3 is chosen to give the beam the samemod-

ulation amplitude as that in M1, but with π phase shift, so
that the overall energy modulation in M1 is canceled in M3.

After the cancellation, the modulation from M2 becomes

dominant, as shown in Fig. 4e. The wavelength of the mod-

ulation in Fig. 4e is roughly D times shorter than that in M2.
A third chicane with small R56 further converts the energy
modulation into density modulation (Fig. 4f). By integrat-

ing the modulators and chicanes in a clever way, the 22nd

harmonic is generated with a modulation in M2 that is 20

times smaller than beam slice energy spread and the final

energy spread growth is only about 15%.

The unique advantages of TMC scheme that only a small

energy modulation is needed in M2 and the second chi-

cane compresses the modulation imprinted in M2 to shorter

wavelength opens new opportunities for using low power

high-order harmonic generation (HHG) source (see, for ex-

ample [13]) at short wavelength to seed x-ray FELs. As

an example, in [12] the feasibility of generating significant

bunching at 1 nm and below from a low power ( 100 kW)

HHG seed at 20 nm assisted by two moderate power UV

lasers at 200 nm while keeping the energy spread growth

within 40% has been shown. The supreme up-frequency

conversion efficiency of the TMC scheme together with its

unique advantage in maintaining beam energy spread opens

new opportunities for generating fully coherent x-rays at

sub-nanometer wavelength from external seeds.

Both HGHG and EEHG have been demonstrated exper-

imentally. So far the record for HGHG is the 60th har-

monic obtained in a two-stage configuration [14] and that

Figure 4: Evolution of the longitudinal phase space in TMC

scheme.(a)-After the first modulator; (b)-After the first chi-

cane; (c)-After the second modulator; (d)-After the second

chicane; (e)-After the third modulator; (f)-After the third

chicane.
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for EEHG in a single stage is 15th harmonic [15]. While

the EEHG is still in the early experimental development

stage [15–18], the two distinct advantages of EEHG, i.e.

high frequency up-conversion efficiency and insensitivity

to electron beam phase space imperfections have both been

demonstrated. For instance, Fig. 5 shows the radiation

spectra of HGHG and EEHG produced with a 2.4 micron

seed laser when the beam has considerable quadratic energy

chirp. The beam is accelerated at an off-crest phase (about

2.5 degrees from on-crest phase) to imprint a positive en-

ergy chirp and the exact energy chirp is varying from the

fluctuation of timing jitter and RF phase jitter. From the re-

sults, one can see that while the radiation from HGHG has

large fluctuations in the central wavelength and relatively

large bandwidth, that from EEHG is essentially unchanged

with a much narrower bandwidth. These results should for-

ward the development of future seeded x-ray FELs that aim

to produce laser-like x-rays.

Figure 5: Fifty consecutive radiation spectra for EEHG (a)

and HGHG (b) with a chirped beam. Note, the central wave-

length of HGHG signal is shifted by the linear chirp and the

bandwidth of the HGHG signal is increased by the nonlin-

ear chirp, while those for EEHG are essentially unaffected.

BEAMMANIPULATION FOR THZ
RADIATION

For structures at THz wavelength and above, the drive

laser as required in a photocathode rf gun may be shaped

accordingly to generate the desired pattern in beam current

distribution, taking advantage of the promptness of the pho-

toemission process [19–21]. Alternatively, onemayuse two

lasers to manipulate the beam longitudinal phase space for

generation of charge density modulation at THz frequency.

For instance, in the scheme proposed in [22] a laser is used

to generate energy modulation in the beam phase space in

the first undulator; after interacting with the second laser,

the beam phase space consists of fast modulation at the

sum frequency and a slow modulation at the difference fre-

quency (see Fig. 6). After passing through a chicane, the

energy modulation at the difference frequency can be con-

verted to density modulation. If the frequencies of the two

lasers are close to each other, the difference frequency will

be much lower than the laser frequency. In this case the

relativistic electron beam is used as the nonlinear medium

to down-convert the frequency of two optical lasers to THz

range, and therefore one can generate long-scale periodic

structures in electron beam through short-scale laser modu-

lations.

This technique has been demonstrated at SLAC’s

NLCTA where density modulation around 10 THz was gen-

erated by down-converting the frequencies of an 800 nm

laser and a 1550 nm laser [23]. One of the many advan-

tages of this technique is the flexibility it offers to tune the

central frequency of the modulation, which can be achieved

through tuning of laser wavelengths, beam energy chirp,

and chicane momentum compaction. In principle, this al-

lows one to generate coherent narrow-band THz radiation

covering the whole THz range. A variant of this scheme

that allows one to use two lasers with the same wavelength

to produce THz using the EEHG setup has also been briefly

discussed in [23] and studied in detail in [24]. Here an en-

ergy chirp is used to produce a slight shift of the wavelength

of the modulation from the first laser, which also leads to

density modulation at THz frequency when superimposed

with the second laser modulation. This schemes removes

the need of an OPA for producing lasers with different wave-

lengths for THz generation.

It is also possible to use a transverse mask to generate

fine structures in beam transverse distribution, and then use

emittance exchange technique [25–27] to convert the spa-

tial structures into time structures [28]. For a beam line

that couples the beam dynamics in x and z planes, analysis
shows if its 4 by 4 transfer matrix has such a form that it is

2 by 2-block antidiagonal, then a particle’s final transverse

Figure 6: Energy modulation with a laser at λ1 (blue line)
and at 0.9λ1 (red line); a combination of the two energy
modulations (magenta line); the black dotted line illustrates

the envelope of the slow modulation at the difference fre-

quency of the two lasers.
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coordinates will only depend on its initial longitudinal coor-

dinates, and vice versa. As a result, beam’s transverse and

longitudinal degrees of freedomwill be exchanged after the

beam passes through the beam line. The first beam line for

transverse-to-longitudinal EEX proposed in 2002 consists

of a RF deflecting cavity in the center of a chicane [25].

This scheme is easy to implement, but the exchange is not

complete. Later a complete EEX beam line was found in

which the deflecting cavity is put between two identical

doglegs [26]. However, this scheme introduces offset in

beam trajectory which might be undesirable in some cases.

Recently a chicane type exact EEX beam line was also pro-

posed [27] where a pair of quadrupoles is used to form a

negative unity transfer matrix for the transverse plane in the

chicane. The negative unity section reverses the dispersion

of the first half of the chicane, which is optically equivalent

to flipping the sign of a dogleg. This beam line also pro-

vides exact EEX and may be easier to implement because

it doesn’t introduce offset, and turning off the quadrupoles

and deflecting cavity makes the beam line a simple chicane.

Because the transverse and longitudinal phase space are ex-

changed, one can produce tailored beam distribution in lon-

gitudinal plane by shaping the initial beam distribution in

transverse plane [28].

BEAMMANIPULATION FOR ADVANCED
ACCELERATORS

Advanced accelerators driven by laser and electron beam

hold great promise in downsizing accelerator based scien-

tific facilities through the orders of magnitude higher accel-

eration gradient. With a special mask, one may generate a

beam with linearly ramped current [29] through emittance

exchange that will significantly increase the transformer ra-

tio in electron beam driven advanced accelerators.

Here I will focus on how one may enhance the perfor-

mance of inverse FEL (IFEL) where a high power laser is

used to boost beam energy in an undulator. In rf accelera-

tors, the electron bunch is much shorter than the wavelength

of the rf field, and therefore a monoenergetic beam can be

routinely obtained. However, obtaining a monoenergetic

beam in laser accelerators is not trivial, because typically

the electron bunch length is much longer than laser wave-

length and different particles would see different phases

(some get accelerated while others are decelerated). One

promising way to obtain monoenergetic beams in laser ac-

celerators is to first use a laser to generate microbunches,

and then put the bumps at the acceleration phase so that

most of the particles see more or less the same field which

will lead to net acceleration. This has been demonstrated

both at FIR wavelength [30] and optical wavelength [31].

As shown in Fig. 7, with the electron bunch being much

longer than laser wavelength, in a single stage IFEL half

of the electrons are accelerated while the other half decel-

erated (middle). In a cascaded IFEL, much more electrons

can be accelerated by a strong laser pulse after being packed

into optical microbunches by a weaker initial laser pulse

Figure 7: Benefits of cascading in an optical IFEL: a rel-

ativistic electron beam with small energy spread (top) can

be accelerated with a co-propagating laser (middle), or with

two lasers in sequence (bottom).

(bottom), which leads to reduced beam energy spread and

higher trap efficiency.

BEAMMANIPULATION FOR UED/UEM

Accelerator based ultrafast electron diffraction (UED

[32–34]) and ultrafast electron microscopy (UEM [35–37])

facilities are complementary to FELs and may also provide

both high temporal and spatial resolution in probing mat-

ter at extremely high precision. In UEDs, one of the main

challenges is how to produce beam with ∼ 10 fs duration
and sufficient number of electrons (say ∼ 106). The beam
at the exit of the photocathode rf gun typically has a posi-

tive energy chirp from the longitudinal space charge force,

which would further increase bunch length in the following

drift. One solution is to use an rf cavity to reverse the energy

chirp and then the bunch length may be reduced in a drift or

chicane. The other is to use an Alpha magnet that has pos-

itive R56 to compress the beam. With these manipulation
in longitudinal plane, one may realize ∼ 10 fs resolution in
UED.

In UEMs, one of the main challenges is to produce beam

with energy spread below 10−4 and normalized emittance
below 0.1 micron [36, 37]. To reduce beam emittance, the
beam charge needs to be reduced and bunch length needs

to be increased to mitigate the space charge effect. How-

ever, as bunch length increases, the nonlinear rf curvature

tends to increase the beam global energy spread. This can

be compensated for with a harmonic cavity, similar to that

in FELs where harmonic cavities are used to linearize the

beam longitudinal phase space to enhance the performance

of bunch compressors. For instance, as shown in Fig. 8,

with the compensation in the harmonic cavity, beam energy

spread can be reduced from 10−3 to below 10−4.
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Figure 8: Beam longitudinal phase space at the exit of the

s-band photocathode rf gun (a) and at the exit of the c-band

harmonic cavity (b).

SUMMARY
In this paper, various techniques for manipulating beam

distribution in phase space are discussed. I focused on the

techniques that I’m most familiar with. There are many

techniques not included in the discussion, such as beam

conditioning, emittance partitioning, etc., and the interested

readers can find more information elsewhere. For read-

ers particularly interested in beammanipulationwith lasers,

more information can be found in the review article [1].

These techniques becomea new focus of accelerator physics

R&D and I believe very likely these advanced concepts will

open up new opportunities in accelerator based scientific fa-

cilities and the science enabled by them.
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PARTICLE TRACKING SIMULATIONS FOR EXFEL COMPLEX SHAPE 
COLLIMATORS 

V.G. Khachatryan*, V.H. Petrosyan, T.L. Vardanyan, CANDLE SRI, Yerevan 0040, Armenia 
 

Abstract 
The study sets the objective to investigate through 

numerical simulation the produced secondary radiation 
properties when the electron beam particles hit collimator 
walls. Using particle tracking simulation code FLUKA, 
the European XFEL electron beam as well as beam halo 
interaction with the collimator were simulated [1,2]. The 
complex geometrical shape and material composition of 
the collimator have been taken into account. Absorbed 
dose spatial distribution in the material of the collimators 
and particle fluencies from the downstream surface of the 
collimator were simulated for the total secondary 
radiation and its main components. 

INTRODUCTION 
The beam halo consists of particles per bunch with 

large betatron or energy amplitudes. Evaluation of the 
number of large-amplitude particles which can be 
expected due to the scattering processes, wakefields, and 
magnet nonlinearities is a difficult task. The beam 
collimation systems are applied to get rid of beam halo. 
description of collimators with the picture of general view 
and the photo of “Collimators Block” unit is provided 
Nina Golubeva [3] The XFEL main collimator CL.COLM 
(4 collimators) is a sytem consisting of 4 Titanium alloy 
tubes (diameters are 4, 6, 8 and 20 mm) distributed 
vertically,  internal pure Al block and outer Copper block 
(length=50cm) with brazed cooling tubes[4]. Collimator 
with its movers will be located inside the steel housing 
(length=1m), in vacuum. In numerical calculations with 
FLUKA only the main characteristics of geometry has 
been taken into account. Therefore, somewhat simplified 
geometry was used in calculations which includes only 
main collimator block, steel housing and beam pipe (with 
40.5mm diameters). The thickness of the titanium tubes 
and beam pipe wall is 2 mm. All tubes (0.5m long) are not 
tapered. Vertical direction movers enable the usage of any 
of four aperture of the collimator. The general view does 
not correspond to the exact final design. EXFEL linear 
accelerator beam main parameters are specified in Table 1 
[2]. 

Table 1: Beam Parameters at Undulators 
Energy 17.5 GeV 
Emittance (normalized) ≤ 1.4 mm-mrad 
Beta function ≈ 220 m 
Spot size 9 x 10-5 m 
 

 

Figure 1: The photo of “Collimators Block” unit (The 
photo is provided by N. Golubeva) [3]. 

BEAM IMPACT ON COLLIMATOR WALL 
At the undulator the beam size corresponds to the beta 

function value 220 m [3]. We took 17.5 GeV for the beam 
energy and 1.4 mm-mrad for the beam normalized 
emittance. 

Bending or corrector magnets supply current values 
deviations from the stationary ones deflect the beam to 
the collimator wall. The simulation of the beam impact on 
the collimator is important from the radiation protection 
point of view, since high rate of the radiation produced 
can be harmful for both humans and sensitive equipment. 
Spatial distribution of the radiation field downstream 
collimator may indicate where an additional shielding 
would be useful. We assume that miss-stirred beam hits 
the front wall of the titanium tube at the coordinates x=0, 
y=0.4 cm. Electromagnetic cascade has been developed in 
the body of the titanium tube and then the shower spreads 
out to the neighbouring volumes (Figure 2). All the plots 
shown in Figures 2 and 3 are normalized to one of the 
primary particle. One can see that downstream to 
collimator outside beam pipe dose rate (Dose-Equivalent) 
reaches to a few Pico Sievert (≤10 pSv) per primary 
electron. That corresponds to 0.06 Sieverts per 1nC. Plots 
in the Figure 2 (right column) depict dose distribution 
[pSv] along the channel with maximum value. A full scale 
electromagnetic shower developments starts at the middle 
of the collimator. Figure 3 shows particle fluencies from 
the downstream surface of the collimator [GeV-1 cm-2]. 
Note that the Fluence from the surface of the housing 
flange prevails in the low energy region while at higher 
energies most radiation passes through the beam pipe 
cross sectional area. 

 ____________________________________________  
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Figure 2: Dose distribution in picoSieverts (left column). Dose distribution in picoSieverts along channel with 
maximum value (right column). 

 
Beam electrons lose their energy in the volume of the 

collimator mainly though electromagnetic showers 
(~75.6%), (Table 2). Hadron and muon energy loss 
channels compose only 0.1 % of the total energy loss. 
Unwanted hazardous radiation accounts for 24% of 
incident beam energy carried by the particles escaping the 
collimator.  
Table 2: The energy available per beam particle in GeV 
and percentage of total energy loss is divided into several 
prompt radiation channels 
 GeV Percent 
Hadron and muon energy loss 2.5×10-2 0.1 
Electro-magnetic showers 1.32  75.6 
Nuclear recoils and fragments 1.3 ×10-3  0.0 
Low energy neutrons 4.6 × 10-4  0.0 
Particles escaping the system 4.20  24 
Energy per beam particle 16.5  100 

 

Figure 3: Particle fluencies from the downstream surface 
of the collimator [GeV-1 cm-2]. 
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BEAM HALO INTERACTION WITH 
COLLIMATOR 

When radiation detectors indicate that the electron 
beam hits collimator wall, the beam will be steered to the 
dump quickly enough to avoid significant damage by the 
radiation. Thus that mechanism cannot be considered as a 
halo source. Besides, the produced particles are widely 
spread over energy, spatial and angular ranges and the 
magnetic lattice will draw them promptly out of the beam 
orbit. 

The peripherals of the beam starts just from the beam 
gun and part of it passes through the magnetic lattice and 
reaches undulators. The particles of the beam halo are 
being lost continuously in interactions with the beam pipe 
walls. The most efficient way to get rid of the beam halo 
is collimation. In the result of the halo particles impacts 
on the collimator walls, a secondary particles coming out 
of collimator volume are being produced (Photons, 
electrons, positrons, neutrons, etc.). The dominating 
component of the secondary radiation is the gamma 
component. They are insensitive to the magnetic field of 
lattice and keep their direction of the motion becoming 
part of the general radiation background. Part of the 
electrons can contribute to the beam halo. 

Since some processes (energy spread, lattice 
imperfections, interactions with the beam diagnostic 
equipment, various types of beam instabilities etc.) 
contribute to the beam halo continuously, further 
collimation is necessary. Therefore, four collimators of 
the same type will be installed in EXFEL collimator 
section. 

Input and Output Files Description 
To make use of beam transport codes or just lattice 

transfer matrices it is convenient to rely on the FLUKA 
capabilities to take beam input and output files as an 
ASCII table with the particle parameters presented in the 
separate columns. 

In order to do calculations from the custom beam 
distribution, the user should give the ASCII file. A layout 
of the data is organized as a table with 9 columns (ID, 
X,Y, Z,  COSX, COSY, COSZ, E), where ID is a type of 
particle (for example 3 for electrons), X,Y,Z are 
coordinates in [cm], COSX, COSY, COSZ are the cosines 
of moving direction with respect to axes and E is the 
energy in GeV.  It is possible to give input file with the 
mixture of different particles using IDs of particles. 

Output files are given in the same format as input files 
and are written to the different files depending on particle 
types. For electrons, positrons, protons, photons, neutrons 
individual output files are created and data of other 
particles are written in the same file as the mixture of 
particles. The program is flexible enough to give output 
files with different formats and any customization is 
possible if desired. Data organization in that format make 
possible to use transfer matrices from the magnetic lattice 
description to transport beam parameters between the 
individual collimators. 

Initial Halo Types 
Two options of the beam halo particles spatial 

distribution inside beam pipe have been considered: 
1) Particles are normally distributed along radial 

direction with the maximum at the beam pipe axis; 
2) Particles distances from the beam pipe axis are 

uniformly distributed. 
Divergence angles are chosen to be correlated with the 

particle distance from the axis, in a way that xx' ~ε, where  
ε=0.41×10-10 is the beam natural emittance. 

 

 

Figure 4: Beam halo particles spatial distribution (5 000 
entries) at the entrance (top) and exit (bottom) of the first 
collimator. 

Halo at the First Collimator Exit 
Beam halo particles spatial distribution at the entrance 

and exit of the first collimator is presented in Figure 4. 
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When the beam halo consisting of the normally 
distributed within inner area of the beam pipe interacts 
with the first collimator, the halo coming out from 
downstream surface of the collimator in the beam pipe 
region is dominated by the photons (Figure 5). The 
majority of the electrons and positrons have the energy 
close to core value 17.5 GeV are being driven by the 
magnetic lattice to the 2nd collimator entrance while 
almost all photons are being lost because of the dogleg 
shape of the undulator section.  

 

Figure 5: Particle fluencies from the beam pipe region of 
the 1st collimator surface (Particles per primary electron) 
produced by the beam halo. 

FLUKA simulations show that interaction of the beam 
halo with the first two collimators significantly reduces 
halo population (Tables 3, 4). If one assumes that halo 
particles mean energy is about 17.5 GeV, then 43% of 
halo energy is absorbed in the first collimator volume, 
while the mean energy of halo particles incident on the 
second collimator becomes 1.2 GeV, 24% of which is 
being lost there. 

Table 3: Particle fluencies from the beam pipe region of 
the collimator surface (Particles per cm2 per primary 
electron). Surface area is 12.87 cm2 

Particle Type Collimator1 Collimator2 
All Particles 0.38  0.21 
Electrons 4.06 10-2  2.31 10-2 
Positron 2.8 10-2  1.57 10-2 
Photons 0.31  0.177 
Neutrons 1.7 10-5  1.77 10-7 

Table 4: Particle fluencies from the collimator-housing 
surface (Particles per cm2 per primary electron). Surface 
area is 50265.48 cm2 

Particle Type Collimator1 Collimator2 
All Particles 11.57  6.59 
Electrons 1.21  0.70 
Positron 0.81  0.47 
Photons 9.54 5.41 
Neutrons 5.63 10-3  2.26 10-4 

SUMMARY AND CONCLUSION 
Using particle tracking simulation code FLUKA, the 

European XFEL electron beam as well as the beam halo 
interaction with the collimator were simulated. The XFEL 
main collimator CL.COLM (4 collimators) is a system of 
four collimators inserted into dogleg shape collimator 
section. In numerical calculations with FLUKA the 
characteristics of geometry have been taken into account 
using SIMPLE GEO package. 

We took 17.5 GeV for the beam energy and 1.4 mm-
mrad for the beam normalized emittance. Beta function is 
≈ 220 m (Spot size (σx) is 9 x 10-5 m) at the collimator. 
The beam halo consists of particles per bunch with large 
betatron or energy amplitudes. Two types of beam halo 
filling the inner volume of the beam pipe were simulated. 

Bending or corrector magnets supply current values 
deviations from the stationary ones can deflect the beam 
to the collimator wall. The simulation of the beam impact 
on the collimator wall is important from the radiation 
protection point of view, since high rate of the radiation 
produced can be harmful both for humans and sensitive 
equipment. The results of the simulations of the beam 
impact on the collimator wall show that downstream to 
collimator outside beam pipe dose rate (Dose-Equivalent) 
reaches to a few Pico Sieverts (≤10 pSv) per primary 
electron. 

To find the effectiveness of the collimator in reducing a 
beam halo the interaction of the two different types of 
halo with the collimator were simulated. The parameters 
of the electrons coming out from the downstream surface 
of the collimator were transferred to the entrance of the 
next collimator at the EXFEL collimator section using 
linear transfer matrices. 

The study of the beam halo dynamics is in progress 
including the evaluation of the number of large-amplitude 
particles which can be expected due to the scattering 
processes, wakefields, and magnet nonlinearities [5]. 
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HELICAL UNDULATOR RADIATION IN INTERNALLY COATED 
METALLIC PIPE* 

T. Vardanyan#, A. Grigoryan, L. Hovakimyan, M. Ivanyan, A. Tsakanian, V. Tsakanov,                              
CANDLE SRI, Yerevan, Armenia  

Abstract 
The vacuum chambers of many advanced undulator 
sources are coated internally in order to reduce the 
impedance of the vacuum chamber or improve the 
vacuum performance. Although the impedances and 
radiation properties of the internally coated metallic pipes 
for straightforward moving charge are well studied, the 
peculiarities of the particles wiggling motion on the 
radiation characteristics in such structure are missed. In 
this paper we obtain exact expressions for the fields of a 
particle moving along a spiral path, as in the single-layer 
resistive as well as in the two-layer metallic waveguides, 
modelling NEG coating of the waveguide walls. Based on 
these results, it will be possible to obtain the necessary 
characteristics of the radiation of helical undulators, very 
close to reality. The solution is obtained as a 
superposition of a particular solution of inhomogeneous 
Maxwell's equations in a waveguide with perfectly 
conducting walls, and the solutions of the homogeneous 
Maxwell equations in the single-layer and double-layer 
resistive waveguides. Solution in the form of the 
multipole expansion for inhomogeneous Maxwell's 
equations for a waveguide with perfectly conducting 
walls, are also obtained in this study. 

INTRODUCTION 
We consider the spiral motion of a point charge in a 

resistive circular waveguide, modeling the charge motion 
in the vacuum chamber of a helical undulator. Helical 
undulator radiation, which has a number of important 
specific properties (axial symmetry of the distribution of 
the radiation power and its narrow directional and narrow 
band character) is widely used in modern synchrotron 
radiation sources [1,2].  

The problem was considered earlier in the 
approximation of the spiral motion of the bunch in the 
free space [3] and in the presence of cylindrical [3-5] or 
rectangular [6] vacuum chamber with perfectly 
conducting walls. Limitation on the transverse dimensions 
of the vacuum chamber by the magnet poles causes a 
significant impact on the character of the chamber wall 
radiation. In connection with this it is necessary to take 
into account the finite conductivity of vacuum chamber 
walls, which is made in this paper. In this paper we 
consider also the case of a two-layer metal vacuum 
chamber, the presence of which, under certain conditions, 
causes the presence of narrow-band resonance of 
wakefield radiation in case of rectilinear motion of a 

particle [7]. 
In this paper, the method of expansion of the field in 

multipoles [8,9] is used, in contrast to the method of 
eigenfunction expansion of the waveguide, used 
previously to solve similar problems. The work examines 
the particle radiation, moving along a spiral trajectory in 
perfectly conducting cylindrical waveguide, in the 
resistive cylindrical waveguide and in the two-layer metal 
waveguide. 

RADIATION IN A PERFECTLY 
CONDUCTING  CIRCULAR WAVEGUIDE  

Density distribution of charge and current in a 
cylindrical coordinate system in time domain are 
represented as follows: 

 

       vtzar
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and in frequency domain: 
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Here a  is the radius of the helical curve, b  the 

gyroscopic rotation frequency, v  the longitudinal 
velocity of the particle, eez


,  the unit vectors of 

cylindrical coordinate system. Solutions for the radiation 
fields are searched using the pair of combinations of 
vector-valued functions [8,9]: 
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Here nI , nK  are the modified Bessel functions of the 

first and second kind, respectively and  k , where   

is a Lorentz factor and vk   with frequency  . 

With the help of these functions solutions of the 
inhomogeneous Maxwell's equations for the radiation 
fields in the waveguide with a perfectly-conducting walls 
can be constructed. The result is a combination of TM 

 0zH  and TE  0zE  waves: 

 
TETMi EEE


      (4) 
with 
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Coefficients u  are determined from the condition of the 
zero-equal tangential component of the electric field on 
the waveguide surface: 0 EEz  at ar   ( a  is a 

waveguide radius). The case 0u  corresponds to the 
free space. Amplitudes 2,1A  and 2,1B  are determined 

from the condition of continuity of the magnetic 

components TM
rH and TE

rH  at ar   and from the 

discontinuity of component TMH  and TE
zH , equal to 

2gv  and  2ag b , ( g  is the normalization factor) 

respectively, for the same value of radius, 
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Thus, the longitudinal component of the current generates 
TM wave, while the transverse ones generates TE mode.  

RADIATION IN RESISTIVE-WALL 
CIRCULAR WAVEGUIDE 

The electromagnetic properties of the metal walls of 
the waveguide are characterized by the metal conductivity 
 and its dielectric permittivity  j 0 . The 

radius of the waveguide is still b , and the wall thickness 
is considered infinite. The solution is sought in the form 

of a sum of the particular solution iE


of inhomogeneous 
Maxwell equations (4)-(6), obtained for a waveguide with 

perfectly conducting walls, and the general solution rE


of 
the homogeneous Maxwell equations for the resistive-
wall waveguide: 

ir EEE


   (7) 

Partial solutions for the internal region within the 
waveguide  br 0  and in its walls   rb  can be 

written as follows: 
 
for br 0 : 
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For  rb : 
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Here 0
2  j  with 0  magnetic permeability of 

vacuum. 
Amplitudes 2,1C  and 2,1D  are determined from the 

condition of continuity of the tangential component of the 
electric and magnetic fields (8) and (10) on the boundary 
between two media (at br  ).  

We write down the value of the tangential component 
of the radiation fields in an ideal waveguide on the 
boundary between two media (at br  ): 
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In matrix form, the system of equations for amplitudes 
written as follows: 
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Here        bKKbIIbKKbII nnnnnnnn   ,,, . 

Thus, the problem reduces to solving a linear system 
of four algebraic equations with four unknown 
amplitudes. 
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RADIATION IN THE TWO LAYER 
RESISTIVE-WALL CIRCULAR 

WAVEGUIDE 
Here we consider the spiral motion of a particle in a 

two-layer circular waveguide. Ideally conducting 
waveguide walls are coated from inside with a non-
magnetic metal layer. The inner radius of the waveguide 
and electromagnetic parameters of the inner coating are 
the same as in the previous case. An additional parameter 

dbb 1 is the outer radius of the inner coating, where 

d  is its thickness. Solution is sought, as before, by the 
method of partial waves. In this case, there are two 
boundaries between media: at br   and 1br  . 

Field inside the waveguide (at br 0 , as in the 
previous case, is defined by expressions (6) - (9), while 
the field inside the metal coating  1brb  , in addition 

to the modified Bessel functions of the second kind 
 rKn   also contains the modified Bessel functions of the 

first kind  rKn  : 
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Six equations for the amplitudes 2,12,1 , DC  and 2,1F  

determined from the matching conditions of the tangential 
electric and magnetic components of fields (8) and (14) 
on the vacuum-metal boundary  br  and the condition 

of zero-equal tangential electric field components (14) at 
the metal-perfect conductor boundary  1br  : 
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1,0,0 bratEE z  .    (16) 

 
In matrix form, the system of equations for amplitudes 

may be written as follows: 
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and two single-column matrixes X̂ and Â : 
 

 212121 ,,,,,ˆ FFDDCCX   

 0,0,,,0,0ˆ
,,

i
bz

i
b HHA     (19) 

CONCLUSION 
 
Expressions are obtained for the radiation fields in the 

ideal-conductive, resistive, and double-layer metal 
waveguides for a charged particle moving along a spiral 
trajectory coaxial with the axis of the waveguide. 

The form in which the solutions are obtained 
(superposition of solutions for inhomogeneous and 
homogeneous Maxwell equations) allows ones to select 
part of the radiation due to the resistivity of the walls of 
the waveguide, and to investigate its effect on the 
undulator radiation. 
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HIGH ACCURACY SHIMMING TECHNIQUE FOR THE PHASE 
SHIFTERS OF THE EUROPEAN XFEL 

Yuhui Li, Joachim Pflueger, The European XFEL, Notkestr 85, 22607 Hamburg, Germany 

Abstract 
For the European XFEL 91 phase shifters are needed, 

which have to fulfil stringent field integral specifications: 
There should be no observable beam deflection when the 
strength, i.e. the magnetic gap is changed 

In order to facilitate the mass production of 91 phase 
shifters within the tough XFEL schedule a shimming 
technique was developed. It is based on measured shim 
signatures and is straight forward and fast to apply. The 
method is described and results are presented 
demonstrating that all requirements can be fulfilled.  

INTRODUCTION 
The undulator systems of the European XFEL need a 

total of 91 phase shifters. They should be transparent to 
the electron beam: This means that there should be no 
detectable effect by changing their strength i.e. their 
magnetic gap. As a consequence the gap dependent first 
field integrals error of a phase shifter must not exceed 
0.004Tmm (4Gcm) for phase shifter gaps > 16mm. For 
smaller gaps tolerances can be relaxed as shown in table 
1. In addition these requirements must be fulfilled in a 
good field region in the horizontal plane ±0.5mm around 
the device axis limiting allowed integrated gradient to 
below 0.004T. A summary is given in table 1. 

These tolerances are tight. The magnetic design has a 
high magnetic symmetry to eliminate any systematic gap 
dependency due to geometry [1]. Nevertheless small 
effects may arise due to imperfections in the magnetic 
material and errors in the pole contours. From 
observations made on the first prototype [1] it became 
clear that the gap dependence cannot be compensated by 
the pole height tuning as applied to the XFEL undulators 
[2]. By placing shims on poles and/or magnets gap 
dependent effects can be compensated. Moreover a smart 
strategy can also provide a good field region of ±0.5mm 
in the horizontal plane to facilitate alignment. Therefore a 
systematic method was developed which allows the 
determination of shim parameters to compensate any 
measurable gap dependency and to provide a sufficient 
good field region. 
 

Table 1: Gap dependent Tolerance Specifications 
Gap (mm) >16 15 14 13 12 10.5 
Spec (Gcm) ±4 ±7 ±10 ±13 ±16 ±18 
Good field 
range (mm) ±0.5 

 
On the other hand, a fast and effective tuning procedure 

is a key issue for an economic and timely production of a 
large number of phase shifters. This paper explains a fast 

and systematic shimming technique to obtain the required 
gap dependent field integral specification and 
simultaneously a small enough gradient to have the 
required good field range. Measured results are presented. 

MAGNETIC MOMENT IN SHIMS 
A shim is made from highly permeable such as low 

carbon iron. When placed on a pole or magnet the 
external magnetic field induces a magnetic moment in the 
shim. Its effects are similar but not identical to that of an 
additional small permanent magnet. 

Fig. 1 explains the effect and shows a schematic cut 
through a hybrid type magnet structure as are used for the 
Phase Shifters [1]. The magnetization of the magnets is 
parallel/antiparallel to the beam axis. The flux is 
redirected perpendicular to the axis by the poles. If a shim 
is placed on a magnet besides a pole the magnetic 
moment vector in the shim is mainly parallel to axis and 
only a small contribution is perpendicular to the axis. In 
contrast a shim on a pole mainly induces a perpendicular 
contribution and acts similar to a pole shift. 

The magnetic field  of a magnetic moment  at 
position  is given by:  

 
35

0 )(3
4

)( mrmrrB . (1) 

Therefore the field integral caused by  perpendicular to 
the axis is given by: 
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mmdzB .   (2) 

Where and  represent the magnet moment parallel 
and perpendicular to phase shifter axis, respectively.  is 
the distance from the magnetic moment to the axis as 
shown in Fig. 1. According to Eq. 2 only contributes 
to the vertical field integral and  does not. The induced 
magnetic moment of shims on poles is mainly  and by 
shims on magnet is predominantly . So shims on poles 
are clearly more efficient. Unfortunately they eat up the 
effective phase shifter gap and are not self-adhesive by 
magnetic forces and therefore need to be restrained 
(glued). In contrast shims on magnet don’t narrow the gap 
due to a 0.5mm pole overhang with respect to magnets. 
Experimental tests have demonstrated that in contrast to 
Eq. 2 magnet shims still give a small strength suitable for 
weak corrections. They stay on magnets firmly. They are 
a convenient choice Phase Shifters shimming. 
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The field induced by the shim on the beam axis 
depends on the distance d. Therefore by changing the 
transverse dimensions and positions of the shims the gap 
dependent contribution to the field integral is changed. So 
different gap dependencies may be created with different 
shim geometries. 
 
 
 
 
 
 
 
 
 
 
Figure 1: a): Magnetic moments in magnets and poles in a 
hybrid undulator. b) Magnetic moments in shims on 
magnets and poles. c) The orientation of a magnet 
moment vector and its contribution to the field in a point. 

SYSTEMATIC TUNING STRATEGY 
Two Basic Assumptions 

Field integrals and transverse field integral gradients 
are changed by shims. A systematic tuning technique 
must determine shim geometry and placement. To do so 
two assumptions are essential [3,4]:  

1. Linearity principle: The contribution of any shim is 
proportional to its thickness. 

2. Superposition principle: The contribution of a 
combination of several shims equals to the sum up of the 
contributions of the individual shims. 

It was demonstrated by RADIA simulations as well as 
by measurements that for the magnet shimming these 
assumptions hold fairly well [3,4]. In practice the shim 
thickness varies from 0.1mm to 0.5mm. 

Geometry 
Fig. 2 illustrates the magnet configuration of a Phase 

Shifter: It is comprised by four identical magnet modules. 
Each contains one full magnet and two half magnets. Fig. 
2 defines 32 different positions where shims can be 
placed. Symmetry requires that shims on different 
positons function accordingly. Experience has shown, that 
the symmetry principle for half and full magnets needs to 
be applied differently. Accordingly the 32 different 
positions can be grouped in two types: Shims on half 
magnets and shims on full magnets. In each group the 
function of the shim follows the symmetry properties. 

Without loss of generality position 1 in Fig. 2 is 
selected to represent the “original” position “O” for half 
magnets and position 3 as the original position for full 
magnets.  

Positions opposite to the original positons on the X axis 
such as 2, 4 are named “mirror” positions, “M”. Positions 
on poles with opposite sign are named as “reversed” 
position “R”. There are positions which are both opposite 

to the original position and on the reversed poles. They 
are named “MR”. 
 

 
Figure 2: Illustration of the four modules of a phase 
shifters and definition of the 32 different magnet 
positions. 
 

Table 2: Combination of Shims and Functions 
Combination 
Type Expression Function 

“O”+”O” 2f(x) Integral doubles, gradient 
doubles; 

“O”+”M” f(x)+f(-x) Integral doubles, gradient 
eliminates 

“O”+”R” f(x)-f(x)=0 Integral eliminates, 
gradient eliminates 

“O”+”MR” f(x)-f(-x) Integral eliminates, 
gradient doubles 

“M”+”M” 2f(-x) Integral doubles, gradient 
double & reverse 

“M”+”R” f(-x)-f(x) Integral eliminates, 
gradient double & reverse 

“M”+”MR” f(-x)- f(-x)=0 Integral eliminates, 
gradient eliminates 

“R”+”R” -2f(x) Integral double & reverse, 
gradient double & reverse 

“R”+”MR” -f(x)-f(-x) Integral doubles & reverse, 
gradient eliminate 

“MR”+”MR -2f(-x) Integral doubles & reverse, 
gradient double 

 
The field integral induced by a shim on an “O” position 

as a function of the transverse position  is described by a 
function of ,  is the axis position. Here  
can stand for horizontal or vertical field integral. The 
contributions by shims on the other symmetry positions 
can be described using  and applying the according 
symmetry operation: For “M” shims it goes like , 
for “R” shims like  and for “MR” shims like 

. These relationships regularize important 
geometric properties for a combination of shims on 
different positions in terms of both gap dependent field 
integrals and transverse gradients. Table 2 summarizes 
the combination function of shims at two different 

a) b) c) 

   
  

   
   

Phase shifter axis 
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positions. Two things need to be emphasized: 1.) The 
symmetry operations apply only to shims which have 
identical geometry. 2.) The shims may be distributed over 
different locations i.e. on different sides of a pole and/or 
on poles with different polarity so each position gives a 
contribution to the field integral. 

Full and half magnets are not equivalent and need to be 
distinguished. In addition each shim produces both a 
horizontal and vertical field integral.  

So there are four cases, which need to be considered 
separately: Shims on half/full magnets and their effects to 
vertical/horizontal field. For each case there are the “O”, 
“M”, “R” and “MR” positions. The magnet positions 
related to Fig. 2 for these cases are different.  
The magnet positions the “O”, “M”, “R” and “MR” 
positions for the four cases are summarized in Table 3. 
 
Table 3: Magnet Positions with “O”, “M”, “R”, “MR” 
Symmetry for Horizontal/Vertical Field Integrals and 
Half/Full Magnets 

Magnet 
& work direction 

Symmetry 
Group 

Positions Labelled 
in Fig. 2 

Half magnet 
& Vertical field 

“O” 1, 9, 17, 25 
“M” 2, 10, 18, 26 
“R” 7, 15, 23, 31 
“MR” 8,16, 24, 32 

Full magnet 
& Vertical field 

“O” 3, 11, 19, 27 
“M” 4, 12, 20, 28 
“R” 5, 13, 21, 29 
“MR” 6, 14, 22, 30 

Half magnet 
& Horizontal field 

“O” 1, 15, 17, 32 
“M” 8, 10, 24, 26 
“R” 7, 9, 23, 25 
“MR” 2, 16, 18, 32 

Full magnet 
& Horizontal field 

“O” 3, 13, 19, 29 
“M” 6, 12, 22, 28 
“R” 5, 12, 21, 27 
“MR” 4, 14, 20, 30 

 
The symmetry relations described in Table 2 and Table 

3 are the basis for the shimming technique: 
According to Table 2 the effect of two shims can be 

eliminated and according to Table 3 the symmetry group 
for horizontal or vertical field contains different positions. 
It allows to combine shims to correct the field error in one 
direction without changing the other direction. On the 
other hand, according to Table 2 the compensation to gap 
dependent field and gradient errors can also be separated. 
So small gap dependent field integral and gradient errors 
can be compensated at the same time. 

In order to demonstrate the strategy by using symmetry 
groups of “O”, “M”, “R”, “MR” in Table 3 the impact of 
a shim of dimension 36x8x0.4mm placed on a full magnet 
was measured. 

Following Table 3 eight different positions 3, 4, 5, 6, 
11, 12, 13, 14 out of the 16 allowed for the vertical field 
integrals of full magnet were selected for the test. Fig. 3 
demonstrates the results. Fig. 3 top shows the original 

data for these eight measurements. Sign and dependence 
depends on the symmetry group. Two measurements were 
made on each symmetry position “O” at 3, 11; “M” at 
4,12; “R” at 5,13; “MR at 6,14. All pairs are in good 
agreement. In Fig. 3 bottom the curves are transformed 
back to “O”. Using the relations of table 3 and table 2 the 
overlap of these curves is quite good demonstrating that 
the assumptions on symmetry hold well. 
 

 

 
Figure 3: Measurements for test the positions in groups of 
“O”, “M”, “R” and “MR”. Top: Impact on the vertical 
field integral of a shim of 36x8x0.4mm on 8 different 
positions. Bottom: Data transformed back using the 
symmetry group in Table 3. 

FIELD INTEGRAL TUNING 
For the large scale production of the 91 Phase Shifters a 

fast tuning method was developed. It is based on: a) 
measured signatures of a selection of 5 types of shims 
with different geometries on half and full magnets, b) the 
consequent use of the symmetry properties described in 
tables 2 and 3, c) the application of the linearity and 
superposition principle and finally d) the numerical 
optimization using superposition of combinations of 
shims and their signatures by trial and error with 
subsequent evaluation of field integrals and gradients. 
Discrete steps were selected for the thickness of the 
shims: 50, 100, 200, 300, 400 and 500 m. 

Shimming Signatures 
For the numerical optimization the dependence of 

horizontal/vertical field integrals and on-axis gradient on 
the Phase Shifter gap needs to be known for different 
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shim geometries and for full and half magnets. A linear 
dependency on thickness is assumed. These dependencies 
are called “Signatures”. Many different shim geometries 
were investigated. Five shims with different dimensions 
and positions were selected for further work. The criterion 
was that their signatures were quite different. Fig. 4 top 
illustrates the gap dependence of the horizontal field 
integral for these five shims. Fig. 4 bottom shows the 
dependency of the vertical field integrals on x at a Phase 
Shifter gap of 10.5mm. At this gap field integrals and 
gradients are highest. The gradient for the optimization is 
represented by the slope at x=0. 
 

 

 
Figure 4: Signatures of the five types of shims selected 
for the tuning. Top: Signatures for gap dependent field 
integrals. Bottom: the signature for the gradient was 
evaluated from the slope of the Field integral vs. x at x=0. 
Shim dimensions are given. The positions with respect 
magnet edges are indicated. 

Tuning Results 
Results for the vertical field integrals and gradients are 

shown in Fig. 5. One of the prototype phase shifter was 
used for demonstration of these results. Fig. 5 top 
demonstrates the efficiency of the tuning. A large 
deviation, especially at large gaps, could be reduced so 
that it fits into the specs window, see table 1. The gradient 
is low enough that these specs are preserved inside the 
good field area of ±0.5mm around the axis. This is 
explicitly shown in Fig. 5 bottom by the dependence on x 
at the minimum gap of 10,5mm before and after tuning.  

SUMMARY 
A systematic strategy for the field integral tuning for 

the phase shifter of the European XFEL was developed. It 
is based on measured signatures of a set of known shims 
using the linearity and superposition principle. A shim 
configuration, which minimizes field integral errors and 
transverse gradient, is found by numerical simulation on a 
large number using a numerical trial and error method. 
This is a fast method to tune the field integrals and 
gradients for the Phase Shifters for the European XFEL to 
specifications or even below. It is being now used for the 
mass production of these devices. 
 

 

 
Figure 5: Demonstration of the tuning of the vertical field 
integrals. Top: Open symbols, status as found. Full 
symbols: Field integral after tuning: On axis red and at  
±0.5mm blue, black. The specs window, see table 1, is 
indicated for comparison. Bottom: The low gradient is 
demonstrated by the X-dependence at 10.5mm gap before 
and after tuning. 
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TEMPERATURE EFFECTS OF THE FLASH2 UNDULATORS
M. Tischer∗, A. Schöps, P. Vagin, DESY, Hamburg, Germany

Abstract
FELs are very sensitive to small changes in the resonance

condition of the emitted radiation. As a consequence, per-
manent magnet undulators in FELs usually require exten-
sive temperature control in order to assure stable operation
conditions. In principle, the temperature dependence of per-
manent magnet material is well known but more things need
to be considered like different thermal expansion of various
mechanical parts or thermally induced deformation which
do not only affect the K parameter but also the field quality.
We have performed temperature dependent magnetic mea-
surements in a range from 19 to 28 degrees Celsius and have
analyzed the magnetic performance of the undulator. The
results of this case study can be transferred to all FLASH2
undulators and shall allow for a simple temperature depen-
dent gap correction in order to make the spectral properties
insensitive to temperature changes of the insertion devices.

MAGNET MATERIAL REMANENCE
The temperature coefficient for the remanent magnetiza-

tion of the magnet material VACODYM 776AP used for the
FLASH2 undulators is -1100ppm/K [1]. For determining
the effects of changes in the remanence on the magnetic field
amplitude in a complex structure like a hybrid undulator,
also the geometry and the saturation of the poles have to be
taken into account.

Figure 1: Calculated undulator magnetic field amplitude Bu

versus magnet material remanence Br (left) and ∆Bu/Bu

versus ∆Br/Br normalized for Br = 1.24...1.26T (right).

The dependence of the magnetic field Bu on the rema-
nence of the magnet material Br was calculated using Ra-
dia [2]. For the FLASH2 pole and magnet geometry, it
can be described as: Bu(Br ) = 0.75 · Br + 0.14T (Fig. 1).
Therefore the expected relative change in magnetic field
∆Bu /Bu due to the temperature-induced change in the rema-
nent magnetization Br , normalized for Br = 1.24..1.26T, is
∆Bu /Bu = -1100ppm/K · 0.87..0.81 = -960..-890ppm/K.

∗ markus.tischer@desy.de

MAGNETIC MEASUREMENTS
Recently temperature effects have also been studied for

XFEL undulators [3]. For the FLASH2 undulators, mag-
netic field maps were measured with different methods for
crosschecking that the temperature dependence of the field
sensors is properly compensated. The field was measured by
a Hall probe, a pick-up coil and a stretched wire. The Hall
probe and coil gain were calibrated by an NMR magnetome-
ter in a 0.4T permanent magnet at each temperature change.
This single point calibration was used for the Hall probe
as mainly its gain and offset change with temperature, and
changes of a higher order nonlinearity could be neglected.
For the coil, the gain of the whole measurement system was
calibrated, not just the coil area, as the coil and the integrator
input resistances are also temperature dependent.
The alignment of the bench scan axis with respect to un-

dulator magnetic axis was performed at each temperature
change by magnetic measurements, in order to compensate
probe displacement caused by thermal expansion of the un-
dulator and the measurement bench.
In contrast to the Hall probe which has a small sensitive

area with a width of 100µm, the coil measures a field which
is averaged over its size of 3mm. For a sinusoidal magnetic
field of an undulator with a period of 31.4mm, such an
averaging reduces the measured field amplitude by up to 1%
[4]. This gain error for the sensitivity of the coil would be the
same for different temperatures, and the relative temperature
dependence of the field amplitude could still be measured
with a such sensor even without any gain compensation.

The stretched wire for the field integral measurements
was installed transversely to the magnet structure, instead
of the usual orientation along the undulator. This way, by
moving the wire along the magnet structure, it measures
the vertical field, averaged transversely over the whole pole
width. Therefore the measured field could not be compared
directly to the Hall probe and coil measurements on the beam
axis. However, the temperature dependence of the average
field should be the same as the temperature dependence
of the field on beam axis. Also, only a small part of the
magnet structure could be measured due to the limited range
the moving stages of 100mm, covering only few undulator
periods. The stretched wire setup was not calibrated. With
1mm wire step size, its gain is defined by the mechanical
accuracy and temperature stability of the linear stages.
The measured temperature dependence for the magnetic

field amplitude shows a linear behaviour with a tempera-
ture coefficient of -885±3ppm/K (Fig. 2). The 3 different
measurement methods obtain this value in almost perfect
agreement. The measured value compares very well to the
calculated value of the Br -induced temperature dependence.
This indicates that other effects like thermal expansion of
the support structure should be smaller than 80ppm/K.
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Figure 2: Measured undulator magnetic field amplitude vs
temperature for different gap settings, measured with the
Hall probe (top), coil (middle), and stretched wire (bottom),
normalized to the field amplitude at 19oC. The measured
temperature coefficient is -885ppm/K with excellent agree-
ment between the three different measurement methods.

UNDULATOR GAP
The time-dependence of several sensor readings during

the change of the ambient temperature was studied in order to
reveal the time constants for the thermal behavior of different
components. In this case, the readings of the temperature
sensors at the magnet girders, the air temperature and the
readings of the motor’s rotary encoders have been monitored.
Since the control system uses the additional linear encoders
mounted on the magnet girders as a feedback for position
control to maintain a constant magnetic gap, the changes
of the rotary encoder readings at the motor axes reflect the
thermal behavior of the support structure.
Figures 3 and 4 show that the readings of the rotary en-

coders follow the air temperature while the actual girder
temperature adapts to the ambient conditions with a much
longer time constant of about 10 hours. This behaviour can
be explained by the fact that the caliper arms for the encoder
systems have 25 times less mass than the magnet girders
and a surface to volume ratio which is approximately 2.5
times higher. As pointed out clearly in Fig. 4, they adapt
much faster to changes of the ambient temperature and cause
the control system to correct for their length variation long
before the actual gap has also adapted to the temperature
changes.

Figure 3: Motor rotary encoder reading and undulator tem-
perature settling after a step change from 19.7oC to 28.1oC.
The undulator temperature is measured by four Pt100 tem-
perature sensors placed on the magnet girders. There are
two processes, a fast change because of the encoder caliper
arm expansion, which almost follows the air temperature
change during the first hour, and then a slow temperature
settling of the massive girders and the support structure.

Figure 4: Motor rotary encoder reading during temperature
changes. The temperature oscillations and instability are
due to a single event failure of the temperature stabilization.
This is a good illustration of the fast temperature response of
the linear encoders compared to the undulator temperature.

Fitting the gap correction over time (Fig. 3) with

g(t) = g0 + a0(1 − e−t/t0 ) + a1(1 − e−t/t1 )

provides g0 = 9.18mm, a0 = 40µm, t0 = 0.8h, a1 = 35µm,
t1 = 10.7h. A total gap change of 40+35=75µm per 8.4K
corresponds to 9µm/K gap correction by linear encoders.

UNDULATOR SUPPORT STRUCTURE
The distance between the bearings for upper and lower

spindles at the support is 1360mm (Fig. 5). It is made of
steel type S235JR with a thermal expansion coefficient of
12ppm/K. The spindles themselves are made from a high-
grade steel with similar thermal expansion coefficient and an
effective length of 368mm each at a gap of 9mm. Therefore
the girder fixation points have a thermal expansion coeffi-
cient of 1360mm · 12ppm/K - 736mm · 12ppm/K = 7.5µm/K.
The linear encoder caliper arms are made from aluminum
with an expansion coefficient of 25ppm/K and a length of
625mm; the related thermal expansion is -625mm · 25ppm/K
= -15.6µm/K. Therefore the linear encoders should measure
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Figure 5: Undulator support structure with the dimensions
of relevant parts in mm.

and compensate 7.5 - 15.6 = -8.1µm/K. Which is in a good
agreement with the measured value of 9µm/K (Fig. 3) of
the correction by control the system with opposite sign.

With a closed loop feedback for the undulator gap by lin-
ear encoders, the thermal expansion of the support structure
does not affect the actual gap setting, as it is measured and
controlled directly by linear encoders. Both the encoder
caliper arms and the magnet girders are made of aluminum.
Thus their thermal expansions almost fully compensate each
other. Only the air gap between poles is not compensated.
It correspondes to an effective length of about 30mm of alu-
minum with the thermal expansion coefficient of 25ppm/K
providing 30mm · 25ppm/K = 0.75µm/K undulator gap tem-
perature dependence. For the minimum undulator gap of
9mm and 1T field, an increase in gap of 1µmwould result in
a magnetic field change of -100µT. The thermal expansion
of the undulator gap of 0.75µm/K corresponds to a magnetic
field change of -75ppm/K.

UNDULATOR PERIOD
From the measured magnetic field maps it is possible to

extract longitudinal positions of the magnetic field maxima.
By calculating the average difference between them, it is
possible to find the temperature changes of the undulator
period. The measured value is +18ppm/K. Its sign is
opposite to the magnetic field amplitude temperature depen-
dence, but being 50 times smaller it can not compensate the
latter in the emitted wavelength or undulator K parameter,
which is a product of undulator period and field amplitude.

UNDULATOR AXIS VERTICAL OFFSET
The vertical cosh(y) dependence of the undulator’s mag-

netic field could be approximated by a parabola with a 2nd
order coefficient of 2.57%/mm2 at a gap of 10mm. With a
beam height of 1.4m and a thermal expansion coefficient of
12ppm/K for the steel support structure, the undulator mag-
netic axis vertically drifts by 17µm/K. Therefore an on-axis
field change of +7ppm/K2 is expected. Due to its parabolic
dependence it should be considered in case of temperature
changes above a few degrees.
The measured mechanical offset drift of the undulator

magnetic axis is 11µm/K, which is smaller than calculated
for the undulator support structure, however the granite mea-
surement bench also has its own temperature expansion that
partly compensates the measured thermal drift of the undu-
lator’s magnetic axis in these measurements. In the tunnel,
the vertical drift of the undulator’s magnetic axis relative to
the beam position should be considered.

CONCLUSION
In order to apply gap corrections to compensate tempera-

ture changes, several effects should be considered:
The temperature dependence of the undulator gap, which

includes two parts: the thermal expansion of the linear en-
coders’ caliper arms, which should be corrected based on
air temperature or additional temperature sensors on the lin-
ear encoders; and the thermal expansion of the girders and
support structure with a time constant of about 10 hours.

The temperature dependence of the magnetic field ampli-
tude due to the remanence change of the magnet material,
which should be compensated based on the temperature of
the undulator girders.

With the known temperature dependence of the magnetic
field and an exponential approximation for the field ampli-
tude versus gap behavior, the required correction for a given
gap value and temperature can be calculated.
Operation without linear encoders, using only motor en-

coders, requires not only a gap correction of the support
structure deformation under magnetic forces, but also a com-
pensation of the support structure’s thermal expansion.
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THE PHOTON BEAM LOSS MONITORS AS A PART OF EQUIPMENT 
PROTECTION SYSTEM AT EUROPEAN XFEL 

N. Gerasimova#, H. Sinn, European XFEL GmbH, Hamburg, Germany 
S. Dziarzhytski, R. Treusch, DESY, Hamburg, Germany 

Abstract 
For the X-ray beam transport systems, the problem of 

potential damage to the equipment by mis-steered photon 
beam emerged with advent of powerful X-ray Free-
Electron-Lasers (FELs). In particular high repetition rate 
machines as European XFEL, where not only focused 
beam can produce ablation, but even unfocused beam can 
melt the beamline components while machine operates in 
multibunch mode, demand for implementation of 
equipment protection. Here we report on development of 
photon beam loss monitors at European XFEL facility. 
The photon beam loss monitors will react on the mis-
steered photon beam and interface the machine protection 
system. The prototype comprises the vacuum chamber 
with fluorescence crystals positioned outside the photon 
beampath. The fast sub-hundred ns fluorescence induced 
by mis-steered beam can be detected by photomultiplier 
tube allowing for intra-train reaction of machine 
protection system. First tests have been carried out at 
FLASH and shown the feasibility of detection based on 
PMT-detected fluorescence. In addition to the efficient 
YAG:Ce crystal, the robust low-Z material as CVD 
microcrystalline diamonds has shown a potential to be 
used as fluorescence crystals. 

INTRODUCTION 
The high energy and high intensity accelerator facilities 

use the beam loss detection systems to react on losses of 
the particle beam and prevent radiation damage to the 
equipment. Different types of such beam loss monitors 
exist (see, for instance, [1]). The beam loss detection 
becomes an essential part of the machine protection 
system in case of superconducting linacs.  

In case of photon beam transport systems, the problem 
of potential damage to the equipment was not considered 
till very recently. The total energy of a particle beam is 
usually much higher than the energy of produced by it 
photon beam. However with advent of highly brilliant X-
ray Free-Electron-Lasers the potential danger of damage 
to the photon beam transport systems has been realised. 
Focused X-rays can ablate components of the beam 
transport systems. And in case of high repetition rate 
machines as European XFEL, trains of photon pulses 
capable to melt the beamline components even in case of 
unfocused beam [2]. In order to prevent such damage, we 
propose to introduce photon beam loss monitors reacting 
on mis-steered beams and interfacing the machine 
protection system in a way similar to electron (particle) 

beam loss monitors. To our knowledge the development 
presented in this paper is the first attempt to introduce a 
protection system for the photon beamlines. 

DETECTION SCHEME 
The kind of potential damage to the photon beam 

transport system differs from those in case of a particle 
beam. While highly energetic particles escape the vacuum 
chamber of the accelerator, and beam losses are usually 
detected outside the vacuum, the X-ray beam, in 
particular of low photon energies, is potentially capable to 
produce highly localized damage to the vacuum chamber 
itself or to the components inside the vacuum. This leads 
to necessity of introducing a detection system reacting on 
losses of photon beam into the vacuum of the beamline. 
The possible realization of such detection will be 
presented in following subsections. As for electronics and 
interface to machine protection system, this part of beam 
loss detection system can be in high degree adopted from 
the beam loss monitors for the particle beam. In our case, 
the systems developed for the electron beam loss 
detection at European XFEL [3] will be used. 

Conceptual Scheme 
The conceptual scheme of proposed photon beam loss 

monitors is presented in Fig. 1. As discussed above, the 
main task of the photon beam loss monitors is to prevent 
hitting of the beamline components by the photon beam. 
To react on mis-steering of the photon beam, some 
‘screen’ can be introduced into vacuum vessel around the 
nominal beam path (represented in yellow in Fig. 1). This 
‘screen’ converts the X-rays into visible light. The 
conversion of photons into visible range enables relatively 
easy detection, since many types of detectors are available  

 

 

Figure 1: Conceptual scheme of the photon beam loss 
monitor (see text). 

 ____________________________________________  
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and positioning of detector outside the vacuum vessel is 
possible. Types of converting screens will be discussed in 
next subsection, and a detector for visible light will 
follow. Among the requirements to the detection system 
comprising converting screen and detector of visible light 
is a fast response allowing to react within the pulse train 
and to stop machine (or reduce number of bunches in 
train) in order to prevent damage. The maximal repetition 
rate of photon pulses at European XFEL of 4.5 MHz 
results on desirable detection response < 220 ns. Another 
important issue is a radiation hardness of the ‘screen’ in 
order not to be destroyed by the X-ray beam. And finally, 
since the beam loss monitors interface the machine 
protection system, the detection scheme should provide 
clean, highly reliable signal of high signal-to-noise ratio. 

Conversion of X-rays into Visible Light  
Conversion of intense X-ray radiation into visible light 

can be realized either by using luminescent material or by 
detecting thermal light. These two possibilities have its 
advantages and disadvantages. While luminescence 
response is strongly material dependent property, thermal 
light is less material dependent and would be induced in 
any material due to the temperature increase after 
absorption of intense X-ray pulses. Thus, in case of 
thermal light, one can choose almost any radiation stable 
material, for instance B4C – material, which, due to high 
damage threshold, will be used at European XFEL for the 
slits and dumps in photon beamlines. In contrast to 
thermal light, the choices of luminescent material are 
much more limited. However, though not in any arbitrary 
material, the luminescence response reaches much higher 
spectral brightness, allowing, thus, for much easier 
detection. Taking this into account, we decided to start the 
development using the luminescent materials for 
conversion of X-rays into visible light. 

The two luminescent materials have been chosen to be 
tested in the prototype of the photon beam loss monitors: 
monocrystalline YAG:Ce and polycrystalline CVD 
diamonds.  

YAG:Ce is well known scintillator material and is 
widely used to convert energy of the particles and X-rays 
into visible light. The light yield of YAG:Ce luminescence 
of about 8 photons/keV is high. The fast, <100 ns, time 
response makes YAG:Ce attractive to applications 
demanding for time resolution. The yellow characteristic 
luminescence of Ce in YAG falls into the wavelength 
range corresponding to maximal sensitivity of 
conventional detectors as PMT. All these properties make 
YAG:Ce a good candidate for a fast and efficient 
convertor of X-rays into visible light. Indeed, the 
monocrystalline YAG:Ce is widely used to image X-rays 
at XUV/X-ray FELs as FLASH and LCLS. However, the 
applications of YAG:Ce at these powerful machines are 
limited by the damage threshold of YAG, which demands 
for high attenuation or / and reducing number of pulses in 
train. The problem of relatively low damage threshold 
holds for most of well-known scintillator materials, since 
the scintillators are usually used to detect a weak signal 

and have been optimized for highest possible absorption, 
corresponding to high-Z materials. While to reduce the 
damage threshold, one should aim for low-Z materials in 
order to minimize absorption and thus reduce the density 
of excitations in material. This means that new 
luminescent materials should be developed for high-
intensity applications. 

CVD diamonds: The low-Z material known for its 
superior properties relative to any kind of damage is 
diamond. The damage threshold in diamonds, exposed to 
X-ray beam of European XFEL, is expected to be by two 
orders of magnitude higher than in YAG. The 
monocrystalline diamonds are excessively expensive for 
the presented here project (in total, several tens of large, 
of few cm2 surface, crystals are needed). However, 
polycrystalline CVD diamonds, which are available for a 
much lower price, are still very robust materials. The high 
penetration depth of X-rays in diamonds reduces the 
excitation density and increases single shot damage 
threshold, while high thermal conductivity helps to 
sustain long pulse trains. 

The light yield of CVD diamond luminescence is 
known to be very weak compared to YAG:Ce 
luminescence, - the best reported yield in CVD diamonds 
is by two orders of magnitude lower than in YAG:Ce. 
Still, due to high intensities of FEL radiation, this yield 
can be acceptable, in particular taking into account that 
only the integral signal, without spatial resolution, is to be 
detected by the beam loss monitors. 

Another particularity of luminescence from diamonds is 
its spectral signature. In YAG:Ce the spectral content of 
luminescence is well-defined and almost does not depend 
on growth conditions, due to its origin in Ce atoms which 
are embedded in YAG in very low concentration of 
typically 0.2%. In contrast, the defects responsible for the 
luminescence in diamonds are strongly dependent on 
preparation conditions. More than a hundred of different 
luminescent centres in diamonds have been reported. 

Finally, the decay time of X-ray induced luminescence 
in diamonds is about 10 fs, which is even faster than in 
YAG:Ce. 

In summary, the CVD diamonds would be preferable 
convertor into visible light, provided that the luminescent 
signal can be clearly detected. Finally, one more property 
of luminescence should be investigated and taken into 
account for applications with intense X-ray beams, 
namely saturation. This phenomenon is known to be 
limiting the signature of YAG:Ce luminescence, in 
particular for lower photon energies, when the penetration 
depth decreases and the density of excitations in material 
increases. 

Detection of Visible Light 
Among existing detectors for visible light, the photo-

multiplier tube (PMT) is sufficiently fast for our 
application, with typical time response of few ns. The 
high sensitivity and the high dynamic range make the 
PMT a good candidate to be used in photon beam loss 
monitors. Moreover, the PMT is often used for the beam 
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loss monitoring in accelerators. In latter case, the PMT 
faces directly the surface of the medium transporting 
visible light: glass or fiber transporting Cherenkov 
radiation, or scintillator transporting luminescence. Such 
geometry allows for easy optical shielding from the 
ambient light. For the case discussed here, namely 
detecting the light induced by photon beam in the 
luminescent screen (or screen producing thermal light), a 
direct contact between the screen and the PMT is hardly 
possible. Being located at some distance from the screen 
(preferable realization would be outside the vacuum 
chamber), the PMT, due to its high sensitivity, can ‘see’ 
even very weak light coming through the beam transport 
system. If light, coming from the outside of the vacuum 
system, can be eliminated by optical shielding of the 
vacuum chamber, the light, coming along the beamline, is 
a more challenging obstruction. In particular, being 
originated from the same bunches as the FEL light, 
bending magnet radiation of the electron dump system 
and spontaneous radiation in undulators (in contrast to 
ambient light) cannot be filter out by the nanosecond 
timing response of the PMT. Thus, the problem of signal 
to noise ratio can question the feasibility of the PMT 
detector in case of weak signals. Additional filtering by 
spectral filters is possible in case of luminescence, since 
the spectral response is well defined (in contrast to 
thermal light, which spectral response is wide and 
strongly temperature dependent). This possibility to clean 
the signal favours the luminescent screen versus the 
thermal one. The sensitivity range of the detector should 
be considered as well. Though the detectors of high 
sensitivity in IR range are available nowadays, they are 
more expensive than those for visible light and usually 
exhibit lower signal-to-noise ratio. This fact favours again 
luminescence, in particular with spectral response in the 
middle of visible range, versus thermal light. Lastly, since 
the PMTs are used for the electron beam loss monitors at 
European XFEL [3], implementing the same detector type 
for the photon beam loss monitors would be a cost 
effective solution allowing for easy integration. 

FEASIBILITY TESTS AT FLASH 
To check on proposed detection scheme comprising the 

luminescent screen and the PMT detector, the feasibility 
tests have been carried out at FLASH.  

The prototype of the photon beam loss monitor, 
presented in Fig. 2, has been constructed in a way to 
optimize detection of weak luminescent (or thermal light) 
signal. Since both types of radiation, luminescence and 
thermal light, are emitted into entire solid angle of 4π sr, 
the closest possible distance between the screen and the 
detector (or lens, focusing onto detector) ensures maximal 
angular collection of the visible light. In the simplest case 
of the detector located outside the vacuum vessel, the 
geometry was optimized to reduce distance from the 
beam axis to the window flanges, where the detector is 
attached. The feedthroughs will allow to position 
4 screens: from sides, from above and from below, in 
order to confine the photon beam path according to 

 

Figure 2: Prototype of a photon beam loss monitor used 
for the feasibility tests at FLASH. 

the photon energy and the beam loss monitor location in 
the beamline. In tests, presented below, the feedthroughs 
were used only for positioning of the test samples into the 
beam. The HAMAMATSU R7600U-00-M4 PMT has 
been attached to one of optical windows directed to the 
luminescent screen. Due to large effective area of the 
PMT of 18 mm x 18 mm, no lens has been used to focus 
collected light onto PMT. Such a lens can increase the 
collection angle of the visible light and can be introduced 
if required. Neutral density and bandpass filters can be 
attached to the PMT depending on signal level and 
spectral content of luminescence. The PMT maximum 
sensitivity is in the range 300 – 500 nm. The chamber was 
optically shielded when the PMT was in operation. In 
order to check the origin of detected by PMT signal, a 
Basler acA640-120gm CCD equipped with RICOH FL-
HC1214-2M lens has been attached to the second window 
flange. Images of the spot on sample, recorded with the 
CCD, provided a resolution of 8.5 pix / mm in horizontal 
direction and 12 pix / mm in vertical direction.  

FLASH was operating at 7 nm (corresponding to the 
photon energy of 177 eV). The measurements were done 
behind the focus at the PG2 beamline. The spot size on 
sample was about 0.85 mm x 1.75 mm. The beam of an 
average energy of about 50 μJ per pulse has been 
transmitted onto the sample. The single pulse 
measurements have been performed with the repetition 
rate of 10 Hz.  

Several polycrystalline CVD diamonds from different 
producers (from Diamond Materials, Germany, from 
General Institute of Physics, Russia and from TISNUM, 
Russia) have been investigated. The samples have been 
produced under different conditions and are characterized 
by different content of impurities as nitrogen and boron. 
The thickness of the CVD diamond samples were in the 
range 50 – 300 μm, which is much higher than 
penetration depth for 177 eV photons of about 0.4 μm. 
Thus all the XUV photons were absorbed in the samples. 
Similar in case of YAG:Ce with penetration depth of 
below 0.07 μm and the sample thickness of 500 μm. The 
reference YAG:Ce samples have been produced by Crytur 
ltd., Czech Republic, and by Academy of Science of 
Armenia.  
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The signal from all the samples has been detected by 
both PMT and CCD detectors. The PMT high voltage has 
been set to 340 V in case of YAG:Ce and to 600 V in case 
of diamonds. In both cases the neutral density filter on the 
PMT was attenuating the signal by two orders of 
magnitude. The signal from YAG:Ce was of the same 
level and spectral content for the samples from different 
producers, while the signal from CVD diamonds differs 
strongly from sample to sample. The light yield in 
diamonds has been estimated 2 – 3 orders of magnitude 
lower than in YAG for the measurement conditions.  

The CCD was used to check on the origin of the signal. 
While moving the samples through the beam, both PMT 
signal and CCD images were taken simultaneously. The 
PMT signal was appearing only when the beam spot was 
seen by CCD on the sample. An example of simultaneous 
measurements by PMT and CCD is presented in Fig. 3. 
One can see the clear signature of luminescence in one of 
the CDV diamond samples.  

This is a very encouraging result demonstrating that not 
only luminescence from YAG:Ce, but from 
polycrystalline CVD diamonds as well, can be used for 
the photon beam loss monitors. Indeed, for the presented 
system, even by several magnitude lower signal can be 
clearly detected due to possibility of increasing the gain 
of PMT by more than order of magnitude and removing 
two orders of magnitude attenuation filters from the PMT.  

The fluctuations of the PMT signal have been observed. 
By correlating the PMT signal with the FEL intensity 
measurements by the gas monitor detector (Fig. 4), it can 
be demonstrated that the fluctuations reflect the SASE 
fluctuations. The amplitude of fluctuations in the PMT 
signal is lower than in gas monitor detector, which 
indicates some degree of saturation in diamond 
luminescence. The saturation effects are to be 
investigated, and present measurements indicate even 
higher saturation in YAG:Ce. At higher photon energies of 
the European XFEL operation range, the density of 
excitations will be by several orders of magnitude 
reduced resulting much higher saturation threshold.  

 

 

Figure 3: Signal from the CVD diamond, recorded with 
PMT (main pannel), and simultaneously recorded by 
CCD image (insertion). 

 

Figure 4: Signal from the CVD diamond measured with 
PMT compared to the signal from gas monitor detector. 

CONCLUSION 
The concept of novel photon beam loss monitors for the 

European XFEL is proposed. The induced by mis-steered 
X-ray beam luminescence in CVD diamonds can be 
detected by PMT, interfacing the machine protection 
system. The feasibility of such a detection has been 
proved at FLASH.  
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IMPLEMENTATION PHASE OF THE  
EUROPEAN XFEL PHOTON DIAGNOSTICS 

Jan Grünert, Jens Buck, Wolfgang Freund, Andreas Koch, Marc Planas, Florian Dietrich,  
European XFEL GmbH, Hamburg, Germany

Abstract 
The European XFEL facility with 3 undulators and 

initially 6 experimental end-stations requires an extensive 
set of photon beam diagnostics for commissioning and 
user operation, capable of handling the extreme brilliance 
and its inherent damage potential, and the high intra 
bunch train repetition rate of 4.5 MHz, potentially causing 
additional damage by high heat loads and making shot-to-
shot diagnostics very demanding [1].  

After extensive design [2-5] and prototype studies, in 
2014 the installation of the photon beam devices starts 
with the equipment in the first photon tunnel XTD2 which 
is where the SASE1 hard X-ray undulator is located. This 
contribution reports on the device construction progress 
by focusing on the XTD2 tunnel devices and their 
implementation into the tunnel environment. 

OVERVIEW 
The photon part of the European XFEL facility is here 
defined as starting from the undulators, followed by the 
photon transport system leading into the experimental hall 
with the experimental endstations. The photon transport 
system contains beam transporting and shaping X-ray 
optics as well as X-ray photon diagnostics and is located 
in the photon tunnels XTD1 through XTD10. The hard X-
ray undulator SASE1 is located in tunnel XTD2 which is 
also the first tunnel in the installation sequence to be 
equipped with the machine. As an example of the photon 
diagnostics devices in the overall facility, in this article 
we will describe the devices in XTD2 and their current 
implementation. 
After definition of the overall diagnostics layout [1], long 
design phases of the individual devices, prototyping and 
production, most devices for XTD2 are ready for 
installation. Their implementation into the tunnel is 
prepared, which means that their design was 
accommodated to the space restrictions at their particular 
tunnel position, possible collisions were checked, 
infrastructure interfaces defined, and where required 
special infrastructure such as the rare-gas supply was 
designed.  

Implementation 
A particular feature of the XTD1 and XTD2 tunnels and 
an example of the tunnel implementation difficulties is 
that here the photon beamline is at a different and varying 
height – up to 2.65 m above the tunnel floor, whereas in 
all other tunnels there is a standard beamline height of 

1.4 m. These two tunnels containing the undulators 
SASE2 and SASE1 respectively have downward slopes 
towards their ends in order to allow for transport paths 
crossing underneath the photon and electron beamlines 
when approaching the shaft buildings which are the 
branching points of tunnels and connect the incoming 
tunnel to the subsequent two outgoing tunnels. Due to this 
feature it was decided to build concrete platforms for the 
devices bringing the floor up so that the devices and their 
mounts can be built for the standard beamline height, 
avoiding special versions of the devices which are present 
in all tunnels. One such platform can be seen in Fig. 7. 

Installation Sequence 
The sequence of tunnel installations of infrastructure 

and also photon transport and diagnostics was fixed in the 
same order as the future commissioning sequence: first 
SASE1, then SASE3, and finally SASE2 will be installed. 
SASE1 is the hard X-ray beamline with a directly linear 
transport of the electron beam into the undulator - in 
SASE2 the electrons need to pass a bend before entering 
into the undulator which is an additional complication. 
Once electrons are transported through SASE1 they 
necessarily pass through the soft X-ray undulator SASE3 
on their way to one of the two available main dumps, 
which is why the SASE3 area is installed next after 
SASE1. 

DEVICES 
This proceedings paper focuses on the photon 

diagnostics devices in XTD2 which is a representative 
subset of all diagnostics. In this conference the temporal 
diagnostics will be presented in another contribution 
(MOP014), as well as more details on the undulator 
commissioning spectrometer (MOP009) and details about 
the imagers (MOP013). 

 The photon diagnostics devices in XTD2 are all 
downstream of the separation point where the electron 
beam is separated from the photon beam. The first device, 
pushed as far as spatially possible towards the source, 
towards this separation, is a filter chamber and the 
transmissive imager. The space is very limited since the 
electron beamline is still very close, branching off at only 
a small angle. 

The Filter chamber, see Fig. 1, is the most upstream 
photon diagnostics component and allows for initial 
spectroscopy by selecting and inserting X-ray filters, 
using characteristic K-lines of metals, and it contains 
absorbers for synchrotron radiation during undulator 
commissioning. 

 

 ___________________________________________  
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Figure 1: Filter chamber. 

 
The Transmissive Imager will deliver the most 

upstream photon beam image, with the largest possible 
unobstructed view on the undulator radiation before any 
X-ray optics. With light transmitted to a second, 
downstream imager one can determine undulator beam 
pointing. It‘s an OTR screen from the electron beam 
diagnostics work-package converted for X-ray use. 

Next in line is the undulator commissioning 
spectrometer or K-monochromator which is used 
during commissioning for tuning the gaps and phases of 
individual undulator segments. It can operate in 2-bounce 
or 4-bounce mode and requires either photodiodes or the 
2D-imager-SR downstream for detection. It rests on a 
fully motorized support structure and can be completely 
retracted from the beam [4], see Figs. 6,7 and poster 
MOP009. 

After a set of differential pumps, the X-ray beam enters 
the X-ray Gas Monitor (XGM), see Fig. 2, which non-
destructively delivers absolutely calibrated per-pulse 
intensity and also x/y-beam position data, using 
photoemission in rare gases. It consists of four UHV 
chambers on a common girder, resting on two steel 
pillars. Each chamber is equipped with a split electrode 
and can therefore deliver beam position in one transverse 
direction. Two chambers per direction are needed because 
one measures an absolute intensity calibrated at a 
synchrotron, but is averaging over many photon pulses, 
while the other chamber contains a very sensitive large 
area custom built electron multiplier which delivers a 
relative intensity value for every shot in the pulse trains, 
even at harder X-ray energies beyond 20 keV where rare 
gas cross sections become challenging small. The XGM is 

a contribution by DESY, and it‘s implemented together 
with WP74. To provide the support up to the girder, 
WP74 performed FE-analysis of possible vibrations and 
determined that good stability could be obtained with two 
separated hollow steel pillars with rectangular shape, 
which rest on the ground on manually adjustable threaded 
rods and are then fixed to the floor by grouting. 

 
Figure 2: X-ray gas monitor. 

The next monitoring device is the Photoelectron 
Spectrometer (PES), see Fig. 3, which delivers non-
destructively the FEL spectrum and polarization on a 
shot-to-shot basis. It requires high-speed DAQ 
electronics, an elaborate frame motion, magnetic field 
compensation, and rare gas supply. This device [2] is 
developed together with the P04 team at PETRA3. 

 

 
Figure 3: Photoelectron spectrometer. 
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Differential Pumping Units are inserted in the photon 
transport between the XGM and PES to separate the gas 
environments of these two devices. Changing pressure or 
type of gas in one device will therefore not affect the 
operation and accuracy of the other, which is especially 
important to guarantee the absolute calibration of the 
XGM intensity data. 

The 2D-imager-FEL (Fig. 4) is the main device to 
determine the FEL beam shape and important for 
commissioning and FEL optimization [3]. Several 
scintillators and a photodiode can be inserted into the 
beam. In combination with the transmissive imager, it 
allows to determine the beam pointing.  

Figure 4: 2D-imager-FEL. 

After passing across the two offset mirrors, the beam 
arrives at the MCP-based detector (Fig. 5) which records 
X-ray intensities from the spontaneous level (~nJ) all the 
way up to FEL in saturation (~mJ), in order to establish 
lasing at the critical intensity threshold and to study and 
optimize the gain curve. Built-in redundancy by installing 
three MCPs in the device ensures commissioning 
reliability. This contribution by JINR / Dubna has a long 
history at FLASH, and was tested at DORISIII with 
hard X-ray synchrotron radiation [5]. It has a basic 
aluminium frame since the position accuracy 
requirements are low compared to the devices that were 
placed on grouted steel pillars. 

Figure 5: MCP-based detector (center) and Pop-in 
monitor type II-45° (right). On the left, the chamber of the 
second offset mirror can be seen, which is very close in 
order to minimize the required transverse motion of the 
MCPs for different photon energies and their 
corresponding mirror angle settings. 

The X-rays arrive finally at the last diagnostics device 
in XTD2, the Pop-in Monitor. This Imaging Station is 
required to find and adjust the FEL beam downstream of 
X-ray optics in general and here in particular for the two 
offset mirrors. The Pop-in monitors currently come in 
four types (here it’s a type II-45°) to cover different field 
of view ranges depending on their location in the 
beamline. 

Table 1 lists the complete sequence of photon 
diagnostics devices in XTD2 along with their positions in 
tunnel coordinates. 

Table 1: Sequence of Photon Diagnostics Devices in 
XTD2 (positions are given as distances from the FEL 
origin in the undulator) 

Position [m] Device name 

180.3 m Filter chamber 

181.3 m Transmissive Imager 

200.3 m K-monochromator system, incl. 2D-
imager-SR 

209.7 m X-ray gas monitor (XGM) 

216.6 m Differential Pumping by WP74 

220.0 m Photoelectron spectrometer (PES) 

242.5 m 2D-imager-FEL 

259.6 m MCP detector 

261.1 m Pop-in Monitor Type II-45° 
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Figure 6: K-monochromator. 

 

 
Figure 7: K-monochromator on concrete pedestal. 

CONCLUSION 
The X-ray photon diagnostics devices were designed 

and produced for the tunnel XTD2, and their 
implementation in terms of collision checks, 
infrastructure planning etc. has progressed to a point that 
they are ready for installation. Most devices will be 
reproduced for the SASE2 beamline and with 
modifications for the soft X-ray beamline SASE3. 
Additional devices not described here are located in 
downstream photon tunnels and in the experiemental hall, 
most notably all diagnostics of temporal pulse properties. 
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X-RAY PHOTON TEMPORAL DIAGNOSTICS  
FOR THE EUROPEAN XFEL 

Jia Liu*, Jens Buck, Florian Dietrich, Wolfgang Freund, Jan Grünert, Michael Meyer, 
European XFEL GmbH, Hamburg, Germany 

Abstract 
The European XFEL facility (XFEL.EU), which will be 

commissioned starting 2016 shows exceptional features 
with its high delivery rate of light pulses and extremely 
high average brilliance. Characterizing the temporal 
properties of the FEL pulses on a shot-to-shot basis is 
important and challenging. Here we report about the 
concept and recent progress concerning temporal 
diagnostics for XFEL.EU. Spectral encoding and THz-
streaking are the techniques which will be implemented to 
deliver arrival time and pulse duration monitoring while 
coping with the high repetition rate and high brilliance of 
XFEL.EU. 

INTRODUCTION 
European XFEL (XFEL.EU) will be commissioned in 

2016 and become operational in 2017. Its most prominent 
advantages will be its extremely high number of light 
pulses per second (27000 p/s) and two or three orders 
higher average brilliance than other FEL facilities. The 
FEL pulses in XFEL.EU are produced in 10 Hz bunch 
trains that contain up to 2700 individual pulses within the 
600 μs time of one bunch train, corresponding to a pulse 
separation of 220 ns between individual light pulses or a 
4.5 MHz repetition rate, as illustrated in the conceptual 
(CDR) and technical design reports (TDR) [1-5].  

When choosing and designing the timing tools for 
XFEL.EU, the extremely high peak brilliance and high 
repetition rate must be addressed. A universal 
independent shot-to-shot temporal tool shall be 
developed, which is expected to be applicable in a broad 
range of x-ray photon energies and with various x-ray 
pulse lengths under different operation modes.  

Adapted from attosecond (as) metrology, where the as 
XUV pulses generated via high harmonic generation 
(HHG) are characterized by using a few-cycle near 
Infrared laser pulse [6-8], the x-ray THz streaking 
technique was experimentally successfully employed for 
single shot soft x-ray temporal diagnostic [9-12], utilizing 
THz radiation from a THz undulator or an external laser 
based THz source. Very recently, hard x-ray streaking 
was successfully demonstrated as an arrival time monitor 
and pulse length monitor in SACLA across a broad 
photon energy range of 5 to 12 keV.  

Independent photon arrival time monitoring based on 
spectral encoding was first demonstrated by LCLS and is 
also planned for XFEL.EU. It needs to be shot-to-shot 
burst mode compatible, and ideally permit extraction of a 
veto signal. Since spectral encoding was demonstrated so 
far only for repetition rates of 10 Hz to 120 Hz, an 

extension to MHz repetition rates for XFEL.EU has yet to 
be studied and developed.  

STREAKING ELECTRONS WITH THZ 
RADIATION 

The energy distribution of photoelectrons ejected from 
noble gases ionized by x-ray pulses can be broadened and 
shifted by an external optical field depending on its 
ionization time instant, and the temporal properties of the 
x-ray pulse are then mapped onto the kinetic energies of 
the photoelectrons. One can thus uniquely determine the 
relative time delay between x-ray and external field as 
well as the pulse length of the x-ray pulse by comparing 
the photoelectron energy with and without external 
streaking field.  

Long wavelength THz pulses are chosen to get rid of 
the intrinsic time jitter of the x-rays since longer 
wavelength streaking fields give rise to a larger linear 
streaking region which is less sensitive to the x-ray time 
jitter. 

A single-cycle THz pulse, generated by tilted pulse 
front pulses in a Lithium Niobate (LN) crystal, with zero 
crossing temporal duration of ~600 fs to 1 ps, will be 
implemented [13]. An example of a THz pulse, generated 
from 2.5 mJ, 1 kHz, 800 nm is illustrated in Fig. 1. The 
THz radiation has a central frequency of 0.65 THz and 
extends up to 3 THz, with the electric field strength of 
130 kV/cm. More effect will be studied and further 
optimizations to the THz pulse shape and field strength 
will be done, e.g. by cooling down the LN crystal or using 
organic crystals like DAST for higher frequency and 
higher field strength THz generation [14]. 

 

 
Figure 1: Typical single-cycle THz pulse from LN using 
the tilted pulse front method.  

It should be pointed out that the temporal resolution of 
THz streaking is related to the THz field strength and the 
initial photoelectron energies and is limited to the 
bandwidth of the x-ray pulse, the energy resolution of the 
electron time of flight (eTOF) spectrometer and shot-to-

 ____________________________________________  
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shot time jitter. The temporal resolution can be improved 
by either applying a more intense THz field or streaking 
higher energetic electrons for a given eTOF spectrometer. 

We performed a theoretical analysis of THz streaking 
for different photon energies, pulse durations and 
temporal jitter using the THz field shown in Fig. 1 with a 
peak electric field of 200 kV/cm. Examples of the Kr 2p 
streaking traces below photon energy of 2 keV with 
different pulse length and time jitter can be found in the 
left column of Fig. 2. Each energy spectrum is an average 
of 50 shots, and 300 corresponding shot-to-shot 
photoelectron energy spectra can be found in the right 
column of Fig. 2 for the fixed time delay of zero delay.  

 
Figure 2: Simulation results of streaking Kr 2p electrons 
below 2 keV x-ray photon energy by assuming (a) 35 fs, 0 
fs time jitter, 0 eV photon jitter, (c) 35 fs, 50 fs time jitter, 
0 eV photon jitter, (e) 35 fs, 100 fs time jitter, 0 eV 
photon jitter, (g) 35 fs, 100 fs time jitter, 5 eV photon 
jitter, (i) 10 fs, 100 fs time jitter, 5 eV photon jitter; in the 
right column corresponding shot-to-shot photoelectron 
spectra are shown with the fixed zero delay.  

One can directly see how the streaking trace changes 
with different x-ray pulse input parameters, and this in 
turn provides the possibility of reconstruct the x-ray pulse 
information by recording streaking traces. In principle, 
the energy jitter contribution can be eliminated from the 
single-shot spectrometer data and the arrival time of each 

shot can be determined by mapping the center of mass 
photoelectron energy into time. Together with the shot-to-
shot energy spectral bandwidth and shape, one can 
calculate the pulse length and profiles in a shot-to-shot 
basis [10-12].  

As mentioned above, an independent photon arrival 
time monitor based on spectral encoding will also be 
developed for XFEL.EU. To ensure operation at the high 
repetition rates in the MHz range, there is a number of 
issues that have to be studied ranging from fast data 
acquisition to fast relaxation material, heat load and 
damage control, as well as MHz white-light generation 
and characterization [15]. 

CONCLUSION 
In this paper, potential fundamental shot-to-shot x-ray 
photon temporal diagnostic methods for XFEL.EU are 
discussed. The THz streaking and spectral encoding 
techniques will be implemented in view of the high 
repetition rate in the MHz range and the high brilliance of 
XFEL.EU. A laser-based THz generation prototype and 
simulations of THz streaking of x-ray induced 
photoelectrons are presented as examples.  
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A POWER SWITCHING IONIZATION PROFILE MONITOR (3D-IPM) 
H. Breede, L. V. Vu, M. Sachwitz, H. Grabosch, DESY, Zeuthen, Germany 

Abstract 
FLASH at DESY in Hamburg is a linear accelerator to 

produce soft x-ray laser light ranging from 4.1 to 45 nm. 
To ensure the operation stability of FLASH, monitoring 
of the beam is mandatory. Two Ionization Profile 
Monitors (IPM) detect the lateral x and y position and 
profile changes of the beam. The functional principle of 
the IPM is based on the detection of particles, generated 
by interaction of the beam with the residual gas in the 
beam line. The newly designed IPM enables the 
combined evaluation of the horizontal and vertical 
position as well as the profile. A compact monitor, 
consisting of two micro-channel plates (MCP) is 
assembled on a conducting cage along with toggled 
electric fields in a rectangular vacuum chamber. The 
particles created by the photon beam, drift in the 
homogenous electrical field towards the respective MCP, 
which produces an image of the beam profile on an 
attached phosphor screen. A camera for each MCP is used 
for assessment. This indirect detection scheme operates 
over a wide dynamic range and allows the live detection 
of the clear position and the shape of the beam. The final 
design is presented. 

INTRODUCTION 
To ensure a smooth operation of the free electron laser 

FLASH at DESY Hamburg, numerous detectors for the 
precise measurement of the electron and laser beam are 
necessary. The great advantage of the here described 
Ionization Profile Monitor (IPM) is an undisturbed 
determination of the position and intensity distribution of 
the laser beam. 

MEASURING PRINCIPLE OF AN 
IONIZING PROFILE MONITOR (IPM) 
The FLASH laser beam with a variable wavelength 

from 4.1 to 45 nm is located in an Ultra High Vacuum 
(UHV) beam pipe. Despite the vacuum a certain amount 
of residual gases still exist. If the laser beam hits a 
residual gas atom, it becomes ionized and charged 
electrons and ions are created. By means of a 
homogeneous electric field, these electrons and ions can 
be deflected in a  rectilinear way towards the micro-
channel plate (MCP). Here, the impacting particles create 
an avalanche of secondary electrons in the micro tubes of 
the MCP and are being visualized on the phosphor-screen 
see Figure 1). These results in an image of the intensity-
dependent laser beam profile (see Figure 2). 

 
 

 
Figure 1: Conventional set up [1]. 

 
Figure 2: Image of the FLASH laser beam [1] [2]. 

CONVENTIONAL SET UP 
Figure 2 shows an IPM module for the laser beam 

position measurement as implemented in FLASH [1] [2]. 
Problems and disadvantages of this design are the 
following: 

 The large size of the monitor (approx. 400 mm x 300 
mm x 200 mm) results in an insufficient 
homogeneity of the electrical field applied. Therefore 
the exact path of the electrons or ions from the origin 
of creation to the MCP is unknown and the spatial 
resolution is in the order of about ±50 microns. 

 The size makes the IPM harder to manufacture and 
more expensive due to the high number of high 
voltage feedthroughs. 

 To detect the horizontal and vertical parameters of 
the laser beam (3D) two consecutive detectors have 
to be implemented with perpendicular orientation to 
each other demanding large space. 

 To take a look at the single bunches rather than just 
examining the whole train, the IPM needs a time 
resolution of at least 100 ns, the conventional set is 
not capable of. 

A NEW DESIGN OF THE IONIZATION 
PROFILE MONITOR 

In order to tackle the challenges described above the 
following design is proposed: 
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 Unification of the separate horizontal and vertical 
monitors with an alternating homogeneous electric 
field. 

 A special cage protects the area of interest from 
electrical stray fields to ensure an optimal 
homogenous electric field. 

 Decreasing the size of the device to 203 mm × 
218 mm × 246 mm while at the same time reducing 
the applied electrical voltage with the appropriate 
low cost feedthroughs. 

 With the Finite Element Method (FEM) a 
comparison of different residual gas particles is 
performed concerning their trajectories in the electric 
field. 

 This procedure offers an optimization of the design 
by simulating the trajectory of the particles in the 
electrical field with the deflection caused by the 
inhomogeneity of the field. Varying the CAD 
monitor model helps finding out the best possible 
determination of the laser beam position. 
 

Following the principles described above in figure 3 the 
resulting new design of a 3D detector is presented. The 
inner cage with a measure of 100 mm × 100 mm × 
100 mm consists of equally sized pads, plates and two 28 
mm diameter holes for the passage of the beam. Figure 3 
shows that 30 different electrical potentials are needed to 
achieve a homogeneous field in two directions.  

 
Figure 3: Design of the 3D ionization profile monitor. 

Device Specifications 
The following special components were chosen: 

 1x stainless steel block with measures 140 mm × 
203 mm × 203 mm 

 1× 41-time electrical feedthroughts with plugs and 
cables 

o W-MPC2-41-DE-CE-SSG [3] 
 2x grid bonded in a ring washer by Precision 

Eforming 
o MN49 bonded to 20mm SS Frame [4] 

 potential support plates and pads consisting of 
stainless steel 

 an inner retainer of the cage consisting of MACOR 
by MCI UG [5] 

 a pulse generator for generating an alternating 
orthogonal electrical field 

o A-GBS-MATRIXPULS 1×25 by  
GBS ELEKTRONIK GmbH 

o with a frequency of 100 kHz [6] 
 2x micro-channel-plate and P47 phosphor screen 

assembly by HAMAMATSU 
o F2222-27P227 [7] 
o Emission range 375 - 600 nm 

 2x special coated sight glasses for optimal 
transmission 

o VPCF40DUVQ-L-BBAR2 [3] 
o Fused Silicia with anti-reflective 

coating 
 a Camera especially for the emission range of the 

phosphorscreen 
o Basler acA2500-14gm with an Aptina 

CMOS MT9P 
 an Objective especially for the emission range of the 

phosphorscreen and the small distance to this screen 
o Schneider Kreuznach Makro-Symmar 

5.8/80 
 

The time difference between a photo of the horizontal 
and the vertical view should be as fast as possible in order 
to get a complete snapshot of the beam profile at a 
specific moment. 

Temporal Resolution 
The selected camera offers a shutter frequency of 12 

pictures. This means that 12 times per second the position 
and the profile of the beam can be measured.  The time 
between the horizontal and the vertical measurements of 
the profile is limited to the time of fly of the ions and the 
intensity of light of the screen. A N2+ Ion needs 1 μs from 
the middle of the assembly to the screen. The intensity of 
the light is unknown and it has to be tested. Certainly, the 
shutter time is much longer than the time of fly. But a 
shutter time of 400 μs is realistic, resulting in a complete 
profile measurement of the beam every Millisecond. 
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Optical Limits of Measurements 
In order to have a very short shutter time a special 

optical system is needed. Different lenses, glasses and 
cameras where compared. The following Table 1 shows 
the relative spectral emission, transmission and spectral 
response of the chosen parts and the optical system.  

Table 1: Signal Intensity of the Optical System 
Phosphor-

screen
Hamamatsu 

F2222-27P227

Inspection 
Glass 
Vacom

VPCF40DUVQ-
L-BBAR2

Objektive
Schneider 
Kreuznach

Makro-Symmar
5.8/80

Camera
Basler

acA2500-14gm

relative Light-
absorption
with Makro-
Symmar and 

AcA2500-14gm
wave-
lengh
in nm

rel. spectral 
emission

in 1

rel. 
transmission

in 1

rel. 
transmission

in 1

rel. spectral 
response

in 1

rel. trans-
mission of light 
relating 25 nm

350 0,00 0,90 0,00 0,00 0,00
375 0,10 0,90 0,66 0,00 0,00
400 0,70 0,90 0,85 0,48 6,43
425 0,95 0,90 0,95 0,56 11,37
450 0,95 0,90 0,95 0,60 12,18
475 0,80 0,90 0,96 0,61 10,54
500 0,70 0,90 0,97 0,61 9,32
525 0,55 0,90 0,97 0,60 7,20
550 0,35 0,90 0,97 0,58 4,43
575 0,22 0,90 0,97 0,55 2,64
600 0,12 0,90 0,97 0,50 1,31

48,11%Relative signal intensity of the
beam photo relating to the sender:  

 
The chosen parts leads to a signal intensity of 48,11% 

because of unavoidable transmission and response losses. 
Semiconductor detectors these avoid. 

FEM ANALYSIS 
To analyse the homogeneity of the electric field and to 

determine the trajectory of different particles obtained 
with the design described above, a FEM analysis was 
carried out using ANSYS 14 modules workbench [8] and 
classic [8]. In the simulations different variations and 
possible future developments of the design were included 
directly from the CAD-model. 

Potential Ratios 
Simulation studies performed with the ANSYS 14.5 

workbench module package proved the potential ratios, as 
can be seen in Figure 4, to be optimal for a homogeneous 
electric field and hence for a straight flight of particles. 
Since the MCP has a diameter of merely 20 mm, only in 
the marked “area of interest” the electric field must be 
homogeneous. Also, the expected beam variation in X or 
Y is below ± 5 mm. Homogeneity in a larger space does 
not result in a higher spatial resolution.  

The electrically conductive potential supporting points 
are assumed as being an ideal conductor with equal 

potential at any point. The permittivity of the ceramic was 
assigned to  = 6 and of the vacuum to  = 1. 

 Figure 4: Equipotential lines of the electrical field [8]. 

CONCLUSION 
The first prototype of a 3D-IPM is currently under 

construction and will be completed and tested in 2014. 
Before any test with a toggling electrical field, there will 
be tests with a rigid field. First practice tests are planned 
in 2015 at FLASH in DESY Hamburg site. 
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MEASUREMENT OF THE OUTPUT POWER IN MILLIMETER WAVE 
FREE ELECTRON LASER USING THE ELECTRO OPTIC SAMPLING 

METHOD 
A. Klein#, A. Abramovich, D. Borodin, A .Friedman, H. Marks, 

Department of Electrical and Electronic Engineering, Ariel University, Ariel, Israel

Abstract 
In this experimental work an electro optic (EO) 

sampling method was demonstrated as a method to 
measure the output power of an Electrostatic Accelerator 
Free Electron Laser (EA-FEL). This 1.4 MeV EA-FEL 
was designed to operate at the millimeter wavelengths 
and it utilizes a corrugated waveguide and two Talbot 
effect quasi-optical reflectors with internal losses of 
~30%. Millimeter wave radiation pulses of 10 μs at a 
frequency of about 100 GHz with peak power values of 1-
2 kW were measured using conventional methods with an 
RF diode. Here we show the employment of an electro-
optic sampling method using a ZnTe nonlinear crystal. A 
special quasi optical design directs the EA-FEL power 
towards the ZnTe nonlinear crystal, placed in the middle 
of a cross polarized configuration, coaxially with a 
polarized HeNe laser beam. The differences in the ZnTe 
optical axis due to the EA-FEL power affects the power 
levels of the HeNe laser transmission. This was measured 
using a polarizer and a balanced amplifier detector. We 
succeeded in obtaining a signal which corresponds to the 
theoretical calculation. 

INTRODUCTION 
Continue Wave (CW) and pulsed millimeter 

wavelength (MMW) and Terahertz (THz) radiation have 
many applications in medicine, industry, military and 
security [1]. In order to realize those applications, 
knowledge of the MMW or THz beam properties such as 
beam power, beam diameter and beam cross section 
pattern are required. For the MMW Electrostatic 
Accelerator-Free Electron Laser (EA-FEL) operating at 
100 GHz we used heterodyne detection and received good 
results [2]. For higher frequenc radiation and pulsed 
sources, photoconductive antennas and far-infrared 
interferometric techniques are used [3, 4]. Photocon-
ductive antennas have higher responsivity, and their 
signal-to-noise ratios are better than liquid helium cooled 
bolometers. Their detection bandwidth with a short dipole 
length can exceed 1-3 THz. The drawback of those 
photoconductive antennae is the resonant behavior and 
the limited operating bandwidth. Interferometric 
techniques provide an autocorrelation of terahertz pulses 
but important parameters of the beam are lost and it is 
complicated to realize. In this study, we report the use of 
an alternative optoelectronic method, free-space electro-
optic sampling [5], to characterize freely propagating 
terahertz bandwidth CW or pulsed electromagnetic 

radiation. The advantages of this method are the 
sensitivity and speed of response allowing the 
identification of a short pulse envelope. Also this method 
can detect the cross-section of the THz beam radiation. In 
this work we demonstrated power measurements of single 
pulses and in-the future we intend-to image the cross 
sectional pattern of MMW and THz pulses. Our detection 
is independent of the source of MMW and we use 
inexpensive components, which include a HeNe CW 
laser, detector, optical components and two off-axis 
parabolic mirrors (OPM) to focus the MMW beam onto 
the ZnTe Elecro-Optic (EO) crystal cross section (see Fig. 
1). 
 

 
Figure 1: Refractive index ellipsoid of ZnTe Electro Optic 
crystal (a) Symmetric ellipsoid, without electric field and 
(b) The directions and the magnitudes of the main axes 
are changed, when an electric field is applied. 

THEORY 
Electro-Optic Effect in ZnTe [6, 7] 

The EO crystal ZnTe exhibits a birefringence, which 
means a different refractive index property along the 
propagating direction of a laser beam. Each refractive 
index is linear dependent on the electric field’s strength. 
This effect is called Pockels effect. 

The direction of the axes and the dependency of each 
refractive index can be calculated by considering the 
constant energy surface of the electric displacement 
vector space and the impermeable tensor which is linear 
in the electric field. The main refractive indices can be 
known from the refractive index ellipsoid equation by  a 
principal-axis transformation. For a ZnTe crystal cut in 
the 110 plane, polarized laser light enters the crystal with 
amplitude equal to the two main axis, the different 
refractive index in each one cause to different phase 
between them [3]. 

 ___________________________________________  

#klenavi1@gmail.co.il 
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 (1) 

where  is the angle between Electric THz field to X axis, 
 is the angle that determine the new primary axes of 

refractive indexes. 

 (2) 

 (3) 

where  is the wave length of the laser beam, d is the 
crystal thickness,  is the initial refractive index,  is 
the electro-optic constant and E is the electric field 
strength.  

The difference of the propagating speed due to different 
refractive indexes, changes the polarization of the 
incident laser beam. This difference can be represented as 
a relative phase shift between the two components of the 
new primary axes directions. 

The output power in the cross polarizer scheme is: 

  (4) 

EXPERIMENTAL SETUP 
A block diagram of MMW radiation power 

measurements based on the EO sampling method is 
shown in Fig. 2.  The EO sampling is based upon a ZnTe 
EO crystal (see Fig. 1).  A polarized MMW beam from 
the EA-FEL is transferred to the input aperture. A 1.2 
mW CW HeNe laser operating at 633 nm is used as a 
probe beam. The laser beam is polarized by an input 
polarizer and it is perpendicular to the EA-FEL beam. 
The laser beam is focused on a ZnTe crystal, coaxially 
with the measured EA-FEL 100 GHz beam. An off axis 
parabolic mirror (OPM) is used to focus the EA-FEL 
beam on the crystal. The laser beam is transferred through 
a hole in the OPM. The ZnTe crystal cut is 110 and its 
size is 10*10*1 mm (see Fig. 1). The laser beam after the 
analyzer is directed to one of the photo diodes in the 
balanced detector. The photodiode signal is measured 
using an oscilloscope. 

 
Figure 2: Experimental set-up for measuring the pulsed 
beam radiation using EO crystal ZnTe. 

EXPERIMENTAL RESULTS 
The power results measurement of the FEL power are 

shown in Fig. 3 for three conesecutive pulses. The pulse 
duration was measured to be 6μs with power of about 1-2 
kW. In the top graph the results of measurements with the 
EO detector and in the bottom graph for the same pulses 
the power profiles measured by an RF diode. 

 
Figure 3: Experimental results for measuring the pulsed 
beam radiation using the EO crystal ZnTe (top graph) 
using the configuration of Fig. 2.for comparison the same 
pulses were measured simultaneously using an RF diode. 

The experimental results of the RF diode confirm the 
correctness of the power measurements using the EO 
sampling method.  

FUTURE FOLLOW-UP EXPERIMENT 
Our next step is to obtain a cross sectional  image of the 

EA-FEL beam pattern. For that we have to expand the 
detection system by using higher power laser and beam 
expander to overlap the MMW beam from the EA-FEL. 
The influences of the MMW beam cross section on the 
ZnTe crystal properties and consequently on the laser 
beam will be captured a using sensitive CCD camera.  

SUMMARY AND CONCLUSION 
For 100 GHz, 2-10 μs pulse with about 1-2KW of input 

power, a good electro-optic signal was obtained. The 
signal was compared with a signal from a well-known RF 
Diode detector. The EO sampling method provides the 
ability to measure much shorter pulses due to the fast 
response of the ZnTe crystal. Imaging of the cross section 
of the EA-FEL MMW beam can be carried-out. Unlike 
RF diode detectors, no RF attenuators are required. The 
power measurements demonstrated in this study are 
broadband, mobile and independent of the MMW or THz 
source.  
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CONCEPTUAL STUDY OF A SELF-SEEDING SCHEME AT FLASH2

T. Plath, L. L. Lazzarino, Universität Hamburg, Hamburg, Germany

K. E. Hacker, T.U. Dortmund, Dortmund, Germany

Abstract

We present a conceptual study of a self-seeding installa-

tion at the new FEL beamline, FLASH2, at the free-electron

laser at DESY, Hamburg. For self-seeding, light from a

first set of undulators is filtered by a monochromator and

thus acts as a seed for the gain process in the main undula-

tor. This scheme has been tested at LCLS at SLAC with a

diamond monochromator for hard X-rays and with a grat-

ing monochromator for soft X-rays covering energies be-

tween 700 and 1000 eV. For such a design to offer benefits

at FLASH2, it must be modified to work with X-rays with

wavelength of about 5 nm (248 eV) where the damage thresh-

old of the monochromator in the setup and the divergence

at longer wavelengths become an issue. An analysis of the

potential performance and limitations of this setup is per-

formed using GENESIS 1.3 and a method developed for the

soft X-ray self-seeding experiment at the European XFEL.

With a total of 9 undulators in the first stage and 8 undula-

tors after the monochromator, a pulse energy contrast ratio

of 3.3 was simulated with an initial peak current of 2.5 kA.

INTRODUCTION

Starting the lasing process in Free-Electron Lasers (FELs)

from noise limits the longitudinal coherence and shot-to-shot

wavelength stability of the FEL radiation. To overcome the

limitations of self amplified spontaneous emission (SASE)

operation, the FEL process can be initiated by an external

light field from either a tabletop laser or from an upstream

FEL. When the seed light comes from an upstream FEL, the

process is called self-seeding.

Self-seeding, originally proposed by [1], describes a seed-

ing scheme in which the light from a first set of radiators is

sent through a monochromator and used to seed a second

set of radiators. It has been experimentally demonstrated

at LCLS for hard X-rays [2] and soft X-rays with energies

from 500-1000 eV [3, 4].

This is a study of a soft X-ray self-seeding design for

FLASH2 [5]. An FEL energy of 248 eV was chosen be-

cause this is close to the high energy limit of operation. Our

design is based on the one used at LCLS [4]. The simulation

methods are adapted from the ones used for the European

XFEL [6].

Our studies show that tolerances on the electron bunch

are very tight due to the space constrains of FLASH2. To

generate sufficient pulse energies in both, the first and the

second undulator stage, the electron peak current has to be

about 2.5 kA with an emittance of 1.5 mm mrad and a slice

energy spread of 200 keV at an electron bunch energy of

1.1 GeV. These conditions are estimated through simulation

alone and are not based on past performance at FLASH2.

Achieving a slice energy spread of 200 keV with 2.5 kA peak

current would be challenging. A larger energy spread would

decrease the performance and self-seeding operation under

the given space constraints would no longer be possible.

While losses in the monochromator are comparable to

the LCLS and European XFEL designs, the divergence of

the beam is larger due to the longer wavelength operation

regime, leading to lower intensity and a best predicted pulse

energy contrast between the seed and SASE background of

3.3.

Hardware Setup at FLASH2

FLASH2 is the second FEL beamline at FLASH, the

Free-Eectron Laser at DESY in Hamburg. In this paper

we describe a rearrangement of the 12 existing undulator

modules as well as the addition of 7 further modules and a

3 m long chicane for self-seeding and study the performance

given the space constrains.

Altogether there are 21 open spaces for the self-seeding

undulators and chicane, 18 of which are filled in this design.

MONOCHROMATOR AND CHICANE

Monochromator Design

The monochromator shown in Fig. 1 consists of a vari-

able line spacing (VLS) toroidal grating followed by a plane

mirror (M1), a cylindrical mirror (M2) and another plane

mirror (M3). Between the first and the second mirror, a slit

is located: it allows for the selection of the transmitted band-

width, stray light reduction and much easier alignment of the

optics. The VLS grating focuses the dispersed wavelengths

into lines at the slit position, while the grating sagittal curva-

ture and M2 tangential curvature focus them in the middle

of the first undulator module of the seeded undulator stage.

The monochromator parameters can be found in table

1 for a minimum of 200 eV (6.2 nm) and a maximum of

350 eV (3.5 nm) photons. The working point for the FEL

simulations in this paper lies at 248 eV (5 nm).

Chicane Design

The chicane delay and the monochromator delay need to

be approximately equal so that the longitudinal overlap with

the radiation is preserved. The chicane additionally destroys

the micro-bunching from the first undulator stage leaving a

smeared out longitudinal charge density to be seeded in the

main undulator.

The chicane as shown in Fig. 1 consists of 4 steering

dipoles with 300 mm yoke length. The magnetic length of

each magnet is given by 330 mm with a maximum possible

magnetic field of 0.25 T. The FODO structure of FLASH2

limits the overall chicane length to about 3.2 m. The chicane

parameters can be found in table 2 for the minimum and

Proceedings of FEL2014, Basel, Switzerland MOP018

Seeded FELs

ISBN 978-3-95450-133-5

53 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Table 1: Monochromator Parameters for Two Different Pho-

ton Energies of Photons (200 eV and 350 eV are the mini-

mum and maximum values for the chicane. The working

point for this paper will be 248 eV.)

Parameter 200 eV 350 eV

Grating

position (z) [mm] 791

line density [l/mm] 1000

linear coeff [l/mm2] 4.08

quadratic coeff [l/mm3] 0.0034

tangential radius [m] 120

sagittal radius [m] 0.200

diffraction order 1

incident angle [deg] 1

exit angle [deg] 6.462 4.898

incident radiation peak

intensity [GW/cm2] 16

M1

position (z) [mm] 819.7 827.4

incident angle [deg] 3.731 2.949

Slit

position (z) [mm] 2373

width [µm] 3

M2

position (z) [mm] 2423

incident angle [deg] 3

tangential radius [m] 1.863

M3

position (z) [mm] 2459

width [µm] 3

transmission [%] 6.1 6.6

maximum photon energies of the monochromator. Since the

delay of the monochromator changes with the wavelength of

the photons, the magnetic fields of the chicane dipoles has

to be adjusted to change its delay accordingly.

While traversing the chicane, the electrons are not only

influenced by linear optics, but are also subject to coherent

synchrotron radiation (CSR). To estimate the energy spread

blow-up induced by CSR, simulations with the particle track-

ing code CSRtrack [7] have been done. The total energy

spread of the electron bunch increases from about∆γ = 0.44

before the chicane to ∆γ = 0.74 after the chicane.

Table 2: Chicane Parameters for Two Different Photon Ener-

gies of Photons (200 eV and 350 eV are the minimum and

maximum values for the chicane. The working point for this

paper will be 248 eV.)

Parameter 200 eV 350 eV

distance D12 [mm] 900

distance D23 [mm] 200

magnetic field [T] 0.2344 0.2207

deflection angle [deg] 1.10 1.03

R56 [mm] 0.808 0.717

horizontal offset h [mm] 23.0 21.7

horizontal offset after dipole hI [mm] 2.88 2.71

timing difference ∆t [ps] 1.469 1.302

In comparison to the 200 keV used in the simulation, an

initial 500 keV keV slice energy spread based on measured

performance at FLASH1 would increase the gain length in

the first stage and a tenth undulator would be required to still

achieve sufficient seed power for the second undulator stage.

The CSR in the chicane would however increase this energy

spread further. At an energy spread of about 1 MeV at the

entrance of the second undulator stage, the saturation length

of such an electron beam would exceed the space available

at FLASH2.

Resolving Power

While the monochromator setup does employ an optional

slit, there is a lower limit to the resolving power, R, the

monochromator can operate with: the electron bunch itself

acts as a slit since it is only in overlap with a specific fraction

of the light pulse. This allows for coupling of a certain spec-

tral range only and determines the amount of power coupling

to the electrons. From this, an instrumental function for the

monochromator and the second undulator stage describing

the coupling factor of the seed radiation as a function of its

wavelength can be calculated. To estimate this resolving

power the method proposed in [6] has been followed.

The monochromator gives a horizontal offset to different

wavelengths at the point of interaction with the electron

bunch in the second undulator stage. The overlap of the light

pulse and the electron bunch will therefore get worse with

higher ∆λ and thus diminish the coupling of the light to the

electrons.

The results of the Genesis 1.3 [8] simulations are shown in

Fig. 2. The input coupling factor is given by the peak power

of the FEL pulse after a few gain lengths and is normalized

to the peak power at perfect overlap. The resolving power

of the setup is then given by the FWHM of the shown curve

R =
λ

∆λ
= 17500.

Figure 3 shows the spectrum of the first undulator stage

with the window that will be cut out by the monochromator
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Figure 1: Drawing of the chicane between first and second undulator stage and monochromator. The red line shows the

orbit of the electrons, while the yellow dotted line shows the path of the light pulse. Blue elements are optical element

while the quadratic white boxes are the chicanes dipoles.

with the electron bunch acting as a slit. This window can be

moved on the wavelength axis by rotating the M1 mirror.
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Figure 2: Input coupling factor as a function of wavelength

difference of the incoming seed radiation. While the red

crosses show Genesis 1.3 simulation results, the blue dashed

line is the Gaussian Fit, giving the resolving power.
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Figure 3: Spectral output of the first undulator stage. The

blue lines show the fraction cut out by the resolving power

of the electron bunch.

This resolving power is, however, a local property since
dλ

dx
increases linearly with the z position along the undulator.

The resolution is given after 2-3 gain lengths after which the

seed radiation coupled to the electron bunch.

FEL SIMULATIONS

First Undulator Stage

The first undulator stage of the self-seeding setup has to

deliver enough input power to successfully seed the second

stage with the monochromator losses and resolving power

taken into account. A Genesis 1.3 simulation for the SASE

case at 5 nm for FLASH2 has given the properties of the

FEL pulse after different numbers of FLASH2 undulator

modules.

Table 3: Photon Pulse Properties After Different Number of

Undulator Modules for the First Undulator Stage (divergence

and beam size of the light pulse are given at the maximum

power along the undulator axis)

Undulator Modules: 7 8 9

photon pulse energy [µJ] 0.282 1.020 3.939

divergence [mrad] 0.7 0.7 0.6

beam size (rms) [mm] 0.18 0.14 0.12

SASE bandwidth (∆λ/λ)SASE 1.75% 1.59% 1.46%

resolving power Rm 17500 17500 17500

photon pulse energy

monochromator [pJ] 55 229 924

Table 3 shows the resulting photon pulse properties and

the estimated results for the pulse after the monochroma-

tor. The photon pulse energy after the monochromator is

estimated by

E
(2)

in
=

Tm

Rm (∆λ/λ)SASE

E
(1)
out , (1)

where E
(2)

in
denotes the input pulse energy of the second

undulator stage, E
(1)
out the output pulse energy of the first
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Figure 4: FLASH2 layout for a possible self-seeding scheme at 5 nm. The grey boxes show places where additional undulators

could be installed if required. The last space was reserved for either a transverse deflecting structure or afterburner. The

space before the radiator could be used for a seeding scheme.

undulator stage, Tm the transmission of the monochromator,

Rm its resolving power.

From this we recommend a total of 9 undulators in front

of the monochromator to have sufficient seed pulse energy

of about 924 pJ with a pulse length of 129 fs and from this a

peak power of about 6 kW for the second stage.

According to the simulations the laser beam on the grating

will have a peak fluence of 12 µJ/cm2, that is 4 orders of

magnitude lower than the expected damage threshold of

about 1J/cm2 while repetition rate does not exceed 120 Hz

[3].

Seeded Undulator Stage

The Genesis 1.3 simulations for the undulators after the

monochromator employ Gaussian electron and seed pulses

only. The properties of the electron beam are derived from

the first stage and the chicane effects (such as CSR), the

properties of the seed pulse are defined by the first stage

and the above discussed influence of the monochromator. It

is, however, not the same electron distribution, but a newly

generated one that goes into this simulation. From the prop-

erties of the first undulator stage and the monochromator

an input seed pulse energy of 924 pJ and a pulse length of

129 fs can be expected.
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Figure 5: FEL gain curves for a 6 kW seeded electron bunch,

compared to a SASE case. The green vertical line shows the

end of the 4th FODO cell and with this the 8th undulator

modules. The energy contrast ratio between the seeded light

pulse to the SASE background is about 3.3.

Figure 5 shows FEL peak powers for a 6 kW seed com-

pared to the SASE case. It can be seen that the seeded

run reaches saturation after 9 undulators at about 30 m. To

measure the performance of a self-seeding, experiment not

only the peak power of the FEL light, but also the spectral

brightness and contrast to the SASE case is important.

Figure 6 shows the spectral profiles of the FEL pulse

after 8 undulator modules compared to the SASE case. The

energy contrast of the seeded FEL pulses compared to SASE

pulses is about 3.3 . When using 9 undulators for the second

stage this contrast decreases by a factor of 2 which is why

this study recommends 8 undulator modules for the second

radiator stage with a final peak power of PPeak ≈ 0.5 GW.
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Figure 6: Spectral power profile of FEL pulses 8 undulators.

The red line shows the SASE background and the blue line

the seeded FEL pulse.

Its bandwidth is estimated by a Gaussian fit to be

(∆λ/λ)seeded ≈ 7.5 · 10−4. This is a factor of about 20

narrower than the SASE bandwidth. Given this bandwidth a

transform limited pulse would have a length of ∆t ≈ 9.1 fs,

while the FEL pulse from the simulation has a length of

∆t ≈ 18.3 fs and thus close to Fourier limited.

Figure 4 shows the proposed arrangement of undulators

and the chicane for a possible self-seeding setup at 5 nm.

CONCLUSION

A possible self-seeding setup at the FLASH2 facility has

to deal with tight space constraints and has thus to run at high

peak currents of about 2.5 kA to be able to generate seeded

FEL pulses close to saturation with a bandwidth about 20

times narrower than the SASE pulse.

While the calculations show a peak power of 6 kW after

the monochromator, it might be very challenging to achieve

this performance from both the monochromator and the first

undulator stage, since this study has been taken out with

ideal Gaussian bunches and pulses. Less power from the

first stage would lead to a worse energy contrast and less
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peak power of the final FEL pulse. All calculations have to

be redone with a full start-to-end simulation and based on

experience at FLASH2 in order to determine the tolerances

more accurately.

Additionally the monochromator needs to be further op-

timized to allow a lower resolving power and thus leading

to more energy in a shorter light pulse with a reasonable

divergence and focus point.

The present simulation shows that a self-seeding scheme

at 5 nm would use 9 undulator modules in the first stage, a 3

meter chicane spanning only one undulator slot and 8 undu-

lator modules for the second set of radiators. There are 21

available slots for hardware, 18 of which are used up in this

design. To account for the possibility of poorer performance

in this first undulator stage, an additional radiator would be

recommended, leaving 2 open slots, one at the end for a

TDS or afterburner, and one at the beginning for a compact

external seeding concept.
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DOUBLE-GRATING MONOCHROMATOR FOR ULTRAFAST FREE-
ELECTRON-LASER BEAMLINES 

F. Frassetto, L. Poletto#, CNR-IFN, Padova, Italy 
E. Ploenjes, M. Kuhlmann, DESY, Hamburg, Germany 

Abstract 
We present the design of an ultrafast monochromator 

explicitly designed for extreme-ultraviolet FEL sources, 
in particular the upcoming FLASH II at DESY. The 
design originates from the variable-line-spaced (VLS) 
grating monochromator by adding a second grating to 
compensate for the pulse-front tilt given by the first 
grating after the diffraction. The covered spectral range is 
6-60 nm, the spectral resolution is in the range 1000–
2000, while the residual temporal broadening is lower 
than 15 fs. The proposed design minimizes the number of 
optical elements, since just one grating is added with 
respect to a standard VLS monochromator and requires 
simple mechanical movements, since only rotations are 
needed to perform the spectral scan. 

INTRODUCTION 
One of the most demanded features for free-electron-

laser beamlines is the possibility to monochromatize the 
FEL beam even beyond the intrinsic FEL resolution. 
Grating monochromators are used both at FLASH [1, 2] 
and LCLS [3, 4]. Unfortunately, especially for operation 
in the extreme-ultraviolet region of FLASH, the 
monochromator temporal response strongly affects the 
pulse duration, because of the pulse-front tilt introduced 
by the grating after the diffraction [5]. The full 
exploitation of the ultrashort temporal characteristics of a 
FEL source requires the use of a grating monochromator 
that compensates for the pulse-front tilt, that we define 
Compensated Monochromator (CM). The design consists 
in using two gratings in compensated configuration, i.e., 
the second grating compensates for the pulse-front tilt 
introduced by the first one [6–10]. CMs have been 
realized and used in high-order laser harmonics ultrafast 
beamlines, giving at the output pulses as short as 8 to 10 
fs in the 20-45 nm region [11-14]. A CM for FEL has to 
be designed taking into account the peculiar parameters of 
the source, particularly the peak intensity, and the 
different requirements, particularly the definitely larger 
size of the optics. 

Here we present the design of a CM explicitly tailored 
for extreme-ultraviolet FEL sources, in particular the 
upcoming FLASH II. The driving parameters for the 
design are: a) spectral range 6–60 nm; b) spectral 
resolution in the 1000–2000 range; c) time response 
shorter than 50 fs;  d) minimum lateral displacement to let 

space to adjacent beamlines; e) minimum vertical 
displacement to reduce the change of the beam height; f) 
mirror length shorter than 500 mm; g) grating length 
shorter than 300 mm.  

The monochromator design originates from the 
variable-line-spaced (VLS) grating monochromator that is 
already used at LCLS (see Ref. 2) by adding a second 
grating to compensate for the pulse-front tilt.  

BEAMLINE DESIGN 
The design originates from the variable-line-spaced 

(VLS) grating monochromator, that has been adopted for 
synchrotron radiation beamlines [15], high-order laser 
harmonics [16] and FELs (see Ref.s 3 and 4). The light 
coming from the source is focused by a concave mirror, 
that produces a converging beam. This is intercepted by a 
VLS plane grating, that diffracts the radiation onto the 
exit slit. The variable groove spacing of the grating 
provides the additional free parameters to keep the focal 
distance almost constant as a function of the wavelength 
and to compensate for high-order aberrations. The VLS 
monochromator is also rather simple mechanically in that 
only two optical elements are required and the photon 
energy is scanned by a single rotation of the grating 
around an axis passing through its center.  

The CM is realized by adding a second section with an 
identical VLS plane grating illuminated by the diverging 
monochromatic light coming out from the slit and 
mounted in a compensated geometry with respect to the 
first grating, i.e., internal and external diffraction orders 
are splitted between the two gratings. 

The design has been specialized to the requirements of 
FLASH II: 
a) The monochromator works without an entrance slit, 

being the FEL itself the source point (as the case of 
the monochromator at LCLS). 

b) An additional plane mirror is inserted between the 
two gratings to fold the beam and give very low 
displacement of the output beam with respect to the 
input.  

c) Horizontal and vertical foci are kept separated to 
reduce the radiation density on the slit blades, due to 
high peak intensity. In particular, the first mirror, that 
is demanded to illuminate the grating in converging 
light, is a plane-elliptical one, therefore the focus on 
the intermediate slit is astigmatic, i.e., the beam is 
focused only in the spectral direction.  

The optical layout is shown in Fig. 1. The FEL beam is 
focused by the plane-elliptical mirror M1 toward the 
plane VLS grating G1. The latter diffracts the radiation 
toward the intermediate slit, where the beam is 

 
 ___________________________________________  
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monochromatized. The plane mirror M2 is used to fold 
the beam, therefore reducing the lateral displacement of 
the beamline. The grating G2 has the same groove-space-
variation parameters as G1 and is mounted to realize the 
compensated configuration. The diverging radiation 
coming out from G2 is finally focused to the sample area 
by two plane-elliptical mirrors in Kirkpatrick-Baez 
configuration.  

The whole beamline consists of four mirrors and two 
gratings. With respect to a standard VLS monochromator 
beamline, only two optical elements, the grating and the 
plane folding mirror, have been added to obtain the 
ultrafast response.  

With respect to the monochromator beamline at 
FLASH, which has five mirrors and one grating (see Ref. 
1), the total number of optical elements is the same. With 
respect to the monochromator beamline at LCLS, which 
has three mirrors and one grating (see Ref. 3), one 
additional grating and the plane folding mirror have been 
added. 
 

 
Figure 1: Beamline layout. Distances are in millimetres. 

The spectral dispersion plane is assumed to be the side 
view, i.e., the radiation is dispersed in the vertical plane. 
The incidence angle on the last focusing mirror has been 
chosen to have the output beam parallel to the input beam 
in the vertical plane. The displacement of the output beam 
with respect to the input is kept very low in the vertical 
plane: the output is parallel to the input and just 20 cm 
higher. The lateral displacement with respect to the 
entrance direction is also 20 cm. 

The direction of the output beam with respect to the 
horizontal axis may be exchanged just choosing a 
different incident angle on the mirror M4. Therefore, the 
angle on M4 may be selected to have the output of the 
CM beamline parallel to the other beamlines. This will 
give the additional advantage to have all the beamline 
output axes parallel, therefore it will be easy to use the 
same experimental chambers in different beamlines. 

The beamline parameters are resumed in Tab. 1. Two 
sets of gratings are used to cover the 6 - 60 nm spectral 
region. The FLASH II source has been assumed to have 
size of 200 m FWHM and divergence of 75 urad 
FWHM at 40 nm, that scales as 3/4. Given the limited 
size of the optical elements, a partial cut of the beam 
occurs at wavelengths longer than 40 nm. The vignetting 
is 4% at 40 nm, 6% at 50 nm, 20% at 60 nm. 

Table 1: Beamline Parameters 

 
The optical performances have been simulated by a ray-

tracing program that is able to calculate the pulse-front tilt 
after the grating diffraction. G1 is operated in the internal 
spectrum, i.e., G1 < G1, to have the incident angle on G1 
higher than 84°: 85.0° < G1 < 87.3°. On the contrary, G2 

M1 Plane-elliptical 
Entrance arm 60 m 
Exit arm 3 m 
Incidence Angle 87° 
Size 500 mm  40 mm 
M2 Plane 
Incidence Angle 88.5° 
Size 400 mm  40 mm 
M3 Plane-Elliptical 
Entrance Arm 67.5 m 
Exit Arm 2 m 
Incidence Angle 87° 
Size 500 mm  30 mm 
M4 Plane-elliptical 
Entrance Arm 5 m 
Exit Arm 1.5 m 
Incidence Angle 85.5° 
Size 400 mm  25 mm 
G1A-G2A VLS plane grating 
Spectral region 6-20 nm 
Central groove density 600 gr/mm 
Deviation angle 168° 
Size 250 mm  20 mm 
G1B-G2B VLS plane grating 
Spectral region 20-60 nm 
Central groove density 200 gr/mm 
Deviation angle 168° 
Size 300 mm  40 mm 
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is operated in the external spectrum to realize a 
compensated configuration, i.e., G2 > G2, which results 
in 80.7° < G2 < 83.0°. The use of G1 at incident angles 
higher than 85° makes it safer to operate the grating under 
the intense FEL beam. G2 is illuminated at incident 
angles lower than 83°, but being it located after the 
intermediate slit, the FEL beam intensity is much lower 
than at G1. 

The resolution is shown in Fig. 2 for a 50-um-wide slit. 
It has been calculated as FWHM, where  is the 
wavelength and FWHM the full-width-at-half-maximum 
bandwidth that is transmitted through the intermediate 
slit. The resolution is higher than 1000 in the whole 
spectral range of operation, according to the requirements.  
 

 

Figure 2: Resolution, m slit. 

a) 

b) 
 
Figure 3: Pulse-front tilt at the intermediate plane and at 
the output: a) 600 gr/mm grating; b) 200 gr/mm grating. 

As already outlined, there is no stigmatic focus within 
the optical path of the monochromator, with the exception 
of the end focus. In particular, the spot is astigmatic on 
the intermediate slit, to reduce the radiation density on the 

slit blades. The spot is focused only in the direction 
perpendicular to the slit by M1 and G1. In the direction 
parallel to the slit, there is no focusing power, therefore 
the size of the spot depends from the source divergence. It 
is 6 mm FWHM at 40 nm and scales as 3/4, therefore 8 
mm at 60 nm, 3.6 mm at 20 nm and 2.1 mm at 10 nm. 

The FWHM pulse-front tilt in the intermediate plane 
and at the output is shown in Fig. 3. The double-grating 
configuration is really effective in compensating the 
pulse-front tilt, being able to reduce it from the 
picosecond time scale down to few femtoseconds. 
Therefore, the temporal resolution of the beamline is 
increased by two to three orders of magnitudes. 

Finally, the FWHM spot size is shown in Fig. 4. It 
ranges in the 10-15 um interval.  

 

Figure 4: FWHM spot size in the focal plane. 

The total efficiency of the beamline is mainly 
determined by the efficiency of the gratings, since there 
are two of them. The efficiency curve are strongly 
dependent on the available grating profiles. At present, 
VLS gratings for the extreme-ultraviolet are realized with 
laminar profile. The efficiency curve of the VLS plane 
grating (Jobin-Yvon, France) that has been used to realize 
the spectrometer-monochromator described in Ref. [17] is 
ranging in the 6-16% interval in the 5-20 nm spectral 
region. Taking these as typical values, the efficiency of 
the CM beamline is expected to be 5-15 times lower than 
the efficiency of a standard VLS grating beamline. 

CONCLUSION 
We have presented the design of an ultrafast 

monochromator  explicitly tailored for extreme-ultraviolet 
FEL sources, in particular the upcoming FLASH II at 
DESY (Hamburg). The configuration here presented 
shows that a CM beamline may be realized in a relatively 
simple configuration, extending the VLS-plane-grating 
monochromator configuration to the use with ultrashort 
pulses. Only six optical elements are required: four 
mirrors and two gratings. The mechanical complexity is 
rather reduced, since only two rotations are required to 
perform the spectral scan. Furthermore, the temporal 
resolution of the beamline is increased by almost three 
orders of magnitudes with respect to a single-grating 
monochromator. Indeed, the proposed configuration 
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minimizes the number of optical elements, since just one 
grating is added with respect to a standard VLS 
monochromator beamline, gives very low displacement of 
the output beam with respect to the input, and guarantees 
high focusing properties in the whole spectral range of 
operation. 

It is worth to note that, although being tailored to the 
FLASH II requirements, the proposed concept can be 
extended to any extreme-ultraviolet FEL. 
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Abstract 
The design and characterization of a compact 

spectrometer realized for photon in-photon out 
experiments (in particular X-Ray Emission 
Spectroscopy), conceived to be used at the FERMI free-
electron-laser (FEL) at ELETTRA (Italy) is here 
presented. The instrument can be easily installed on 
different end stations at variable distances from the target 
area both at synchrotron and FEL beamlines. Different 
input sections can be accommodated in order to fit the 
experimental requests. The design is compact in order to 
realize a portable instrument within an overall size of less 
than one square meter. The spectrometer covers the 25
800 eV spectral range, with spectral resolution better than 
0.2%. The characterization on Gas Phase @ ELETTRA 
as instrument for XES and some experimental data of the 
FEL emission acquired at EIS-TIMEX @ FERMI, where 
the instrument has been used for photon beam 
diagnostics, are introduced. 

INTRODUCTION 
X-ray emission spectroscopy (XES) is a well-

established method in surface and solid-state 
investigations at third generation synchrotron radiation 
sources [1-2]. The instrument presented here is designed 
for photon in-photon out experiments, in particular XES, 
at synchrotron and FEL beamlines. The equipment is 
intended to be used at the LDM (Low-Density-Matter) [3] 
and EIS-TIMEX (Elastic and Inelastic Scattering - TIme
resolved studies of Matter under EXtreme and metastable 
conditions) [4] beamlines of FERMI. Additionally, it can 
be used as a diagnostic tool for the real-time shot-to-shot 
acquisition of the FERMI spectral content (both 
fundamental and high-harmonics) and of the shot-to-shot 
fluctuations beam characteristics, especially at energies 
above 250 eV, where it could be complementary to the 
existing spectrometer used as a diagnostic of FERMI [5]. 
Two selectable gratings are used to cover the 25-800 eV 
energy range with a spectral resolution higher than 0.2% 
and an acceptance angle as high as 1.7×10-4 rad. Different 
input sections, with/without an entrance slit and 
____________________________________________ 
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with/without an additional relay mirror can be attached to 
the spectrometer to adapt it to the size of the experimental 
chamber. 

INSTRUMENT DESIGN 
The optical design of the instrument is well established 

both for FELs [6] and high-order laser harmonics [7,8] 
and has been presented elsewhere [9]. It consists of an 
entrance slit, a grazing-incidence spherical diffraction 
grating with variable groove spacing and a detector. The 
25-800 eV range is covered by gratings (Hitachi cod. 001
0437, 1200 gr/mm and cod. 001-0450, 2400 gr/mm). An 
EUV-enhanced back-illuminated CCD camera (Princeton 
Instruments PIXIS-XO 400B, 1340 × 400 pixel, 20-um 
pixel size), is mounted on a motorized linear translation 
stage and is connected to the grating stage by a bellows. 
Since the length of his focal curve is longer than the 
detector size, the latter is moved by means of a motorized 
stage to cover the whole spectral region. Three 
configurations have been realized by connecting three 
different input stages to the grating block. Configuration 
A is shown in Fig. 1. It has a variable-width entrance slit. 
Configuration B, shown in Fig. 2, has an additional 
cylindrical mirror acting as a relay section between the 
slit and the grating. In this way, the distance between the 
input and the grating is increased. Configurations A and B 
were tailored to the needs of the experimental chambers 
of the Gas Phase beamline of Elettra and the LDM 
beamline of FERMI and were designed for measurements 
on gas samples. Configuration C, shown in Fig. 3, is 
mainly planned to be used in chambers for measurements 
on solid targets. It is operated without an entrance slit, 
since the FEL focal spot on the sample acts as point-like 
source of the instrument. Again, a cylindrical mirror was 
added to the configuration, acting as a relay section 
between the source and the grating to adapt the envelope 
of the instrument to the size of the TIMEX experimental 
chamber. To maintain the pressure gradient between the 
inner and outer parts of the shield that contains the 
instrument, a pumping system is connected via a 
dedicated pumping flange to the spectrometer. 

The spectral resolving element of the instrument, 
defined as the energy dispersion on the 20-µm detector 
pixel, is shown in Fig. 4. The global response of the 
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instrument, in terms of counts per input photon, is 
presented in Fig. 5. 

Figure 1: Spectrometer in configuration A. 

Figure 2: Spectrometer in configuration B. 

Figure 3: Spectrometer in configuration C. 

Figure 4: Spectral resolving element of the instrument. 

Figure 5: Global response of the spectrometer. It is 
defined as the product of the efficiency that has been 
measured for each component, namely the gratings, the 
detector and the mirrors. 

The instrumental parameters of the instrument are 
finally summarized in Table1. 

The collection angle in the direction of the spectral 
dispersion is limited by the angular acceptance of the 
gratings, which is 10 mrad for G1200 and 5 mrad for 
G2400. In the direction perpendicular to the dispersion, 
the collection angle is limited by the size of the detector, 
being in the range of 9-17 mrad depending on the 
instrument configuration. 

Table 1: Instrumental Parameters 

Grating G1200 
Central groove density 

Spherical VLS 
1200 mm-1 

Photon energy range 25-250 eV 
Incidence angle  87 deg 
Grating G2400 
Central groove density 

Spherical VLS 
2400 mm-1 

Photon energy range 180-800 eV 
Incidence angle  88.7 deg 
Grating entrance arm 237 mm 
Grating-to-detector distance 235 mm 
CCD detector 
Format 1340 × 400 
Pixel size 20 × 20 µm 
Detector area 26.8 × 8  mm 
Configuration A: entrance slit + grating 
Slit-to-grating distance 237 mm 
Configuration B: entrance slit + relay mirror + grating 
Slit-to-grating distance 457 mm 
Configuration C: relay mirror + grating 
Source-to-grating distance 637 mm 

INSTRUMENT AS X-RAY 
EMISSION SPECTROMETER  

The spectrometer as instrument for X-ray emission 
experiments was fully characterized at the low-energy 
branch of the Gas Phase beamline of Elettra synchrotron 
by acquiring fluorescence spectra from solid and gas 
targets. The instrument was assembled in configuration A 
and mounted perpendicular to the direction of the 
synchrotron beam with the entrance slit 10 mm away 
from the focal point and opening of 200 µm. The photon 
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flux on the sample was in the 109-1011 ph/s range, with 
the lower flux measured above 150 eV, where the plane 
mirror of the branch line has its cut-off in reflectivity. 

Fluorescence from Solid Target 
Measurements on solid targets were performed on 

silicon and on boron or boron nitride powder. The 
samples were positioned on the focus of the branch line at 
an incidence angle variable in the range 60-80 deg, in 
order to have the elastic contribution out of the 
spectrometer. A Si fluorescence spectrum taken at the Si 
L-edge is shown in Fig. 6. The spectrum is in overall 
agreement with literatures on crystalline Si films [10]. B 
and BN fluorescence spectra have been taken at the B K 
edge. In Fig. 7 the main emission peak due to a B(2p)
B(1s-1) transition is presented for B, in agreement with 
the data in the literature [11]. 

Figure 6:� Si L emission fluorescence spectrum for 
crystalline Si. 

Figure 7: B Kα emission fluorescence spectra. 

Fluorescence from Gas-Phase Targets 
To measure fluorescence from gas targets, a suitable 

gas cell was mounted close to the entrance slit of the 
spectrometer, having entrance and exit holes for the 
synchrotron beam and a lateral slit (120-m wide and 5
mm long) parallel to the entrance slit of the spectrometer, 
to maximize the throughput of the fluorescence that is 
collected by the instrument. The pressure in the 
experimental chamber was measured to be few-10-3 mbar 
with a pressure inside the gas cell in the several-10-1 mbar 
range. 

He fluorescence spectra emitted when the exciting 
photon energy was fixed either to the (3,0) resonance at 
64.118 eV or to the (4,-1) resonance at 64.133 eV are 
shown respectively in Fig. 8 and in Fig. 9. The emission 
lines observed in the different experimental conditions are 
in agreement with the literature [12]. When exciting at 
64.118 eV, a peaked photon emission due to the (2p3d)1P
(1s3d)1D transition is measured, whereas the emission at 
40.81 eV is due to He photoionization from higher-orders 
synchrotron light. The emission spectrum changes 
appreciably when different resonances of He are 
populated, as in the case of the (4,-1) resonance at 64.133 
eV. Fluorescence emission from Kr excited at the M4,5 

edge was also measured. Fig. 10 shows the spectrum with 
exciting photon energy at the Kr 3d5/25p resonance 
(91.2 eV). The Kr transitions 3d5/2

-1 5p3/2 (J=1) – 4p3/2
-1 

5p3/2 (J=0,2)  are clearly visible around 80 eV. 

Figure 8: He fluorescence spectrum on (3,0) resonance at 
64.114 eV. 

Figure 9: He fluorescence spectrum on (4,-1) resonance at 
64.133 eV. 

Figure 10: Krypton fluorescence spectrum with 91.2 eV 
exciting photon energy. 
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INSTRUMENT AS A TOOL FOR 
FEL DIAGNOSTICS  

The instrument in configuration C has been interfaced 
to the EIS-TIMEX chamber to perform diagnostics on the 
FERMI beam. Single-shot spectra have been acquired 
successfully. Some of the single-shot spectra acquired at 
the 9th harmonic (35,97 nm) are shown in Fig. 11. The 
intensity fluctuations reflect the shot-to-shot variations in 
the photon-beam parameters and are in agreement with 
the typical pulse-to-pulse distribution of the FEL pulse 
energy. The FEL emission has also been tuned over 100 
eV, where the expected photon fluxes are lower. The 
capability to acquire single-shot spectra at this energies 
confirms the high sensitivity of the instrument to very low 
photon fluxes. The net counts per shot on the CCD 
camera at 103.3 eV are 55000 counts. Considering the 
CCD conversion factor (2 e-/count) and efficiency (13 e

/ph), the grating efficiency (0.17) and the reflectivity of 
the Si mirror that was used to redirect the light into the 
instrument (410-5 at 103.3 eV), the flux entering into the 
TIMEX chamber at 103,3 eV is 1,2⋅109 ph/pulse.  

Figure 11: Single shot spectra acquired at the 9th harmonic 
of the seed laser set at 323.7 nm. 

CONCLUSION 
The portable and compact photon spectrometer to be 

used for X-ray emission experiments and photon 
diagnostics at FERMI has been presented. The 
spectrometer was fully characterized by measuring 
fluorescence spectra from solid and gas targets with 
synchrotron radiation at Gas Phase @ ELETTRA. The 
collected spectra are in full agreement with data reported 
in the literature, in particular the fluorescence spectra 
from gas targets have a signal-to-noise ratio that is higher 
than the data available in the literature, opening the way 
to the use of the spectrometer for specific gas targets 
where experimental data are missing. Single-shot FEL 
emissions have been measured at EIS-TIMEX @ FERMI. 
High resolution in a wide spectral region, high sensitivity 
and high dynamic have been tested for single-shot 
acquisition of the FEL beam. This opens to the possibility 
to use the instrument as an on-line instrument for the 
inspection of the spectral content of the FEL emission, 
complementary to the high-resolution spectrometer 
presently available at FERMI. Furthermore, the 
possibility to use the instrument at energies up to 800 eV 

opens perspectives to test and characterize new 
configurations of the FERMI FEL acceleration sections. 
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COMMISSIONING OF A DUAL-SWEEP STREAK CAMERA                                   
WITH APPLICATIONS TO THE ASTA PHOTOINJECTOR DRIVE LASER* 

A. H. Lumpkin#, D. Edstrom, J. Ruan, and J. Santucci                                                          
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA 

Abstract 
Following re-commissioning of the dual-sweep streak 

camera with a Gig-E readout CCD camera, a 
comprehensive set of measurements has been performed 
on the ASTA drive laser beam components with respect to 
bunch length, phase stability, and multiplicity of peaks. 
The multi-pass amplifier was identified as the primary 
source of the longer UV component bunch length at 4 ps 
and peak multiplicity. This amplifier was replaced with 
three single-pass amplification stages and tests indicate 
clean micropulses and bunch lengths of about 3.6 ps 
sigma. 

INTRODUCTION 
The high-power electron beams for the Advanced 

Superconducting Test Accelerator (ASTA) facility [1]  
will be generated in a photoinjector based on a UV drive 
laser and the L-band rf photocathode (PC) gun cavity. 
Initially, the laser was composed of a Calmar Yb fiber 
oscillator and amplifier, a multi-pass YLF-based amplifier 
(MPA), three single-pass YLF-based amplification stages, 
and two frequency-doubling stages that result in a UV 
component at 263 nm with a 3 MHz micropulse repetition 
rate [2]. The initial objectives of these studies were: 1) to 
evaluate the amplified UV component’s bunch length and 
phase stability and 2) to commission the laser room 
Hamamatsu C5680 streak camera system. A Prosilica 
GC1380 digital CCD with Gig-E readout was used for 
streak camera readout as it was compatible with our 
image processing tools. In the following sections, the 
process of characterizing the UV beam using the streak 
camera is described. This includes identification of a UV 
micropulse length longer than expected, multiplicity 
within the bunch structure, steps taken to mitigate these 
issues, and UV beam characterizations following these 
steps. We have systematically investigated the issues of 
whether the multiplicity was with each micropulse of the 
3 MHz train (using the gated MCP), if any multiplicity is 
on different cycles of the 81.25 MHz rf (using dual-sweep 
streak images), and the origin in the laser system of the 
longer bunch length and the multiplicity.  We describe our 
extensive investigations that indicated both issues 
originated in the multi-pass amplifier.  

EXPERIMENTAL ASPECTS 
A request to have the streak camera readout camera be 

compatible with the Gig-E vision protocol has been 
addressed by selection of the Prosilica 1.3 Mpixel camera  

with 2/3” format. We have then used both the online Java-
based ImageTool and the offline MATLAB-based 
ImageTool processing programs [3,4] in the 
commissioning of the system. Initial measurements of the 
UV component indicated the bunch length Gaussian fit 
sigma was closer to 4 ps, and there was evidence of more-
than-expected peak multiplicity near the 3 MHz main 
peaks with spacing of 65-70 ps. Initially timing effects 
between the controls group 3 MHz source and that 
derived from the master oscillator were detected, but these 
were ultimately ruled out as the source of the peak 
multiplicity through a process of selection of individual 
pulses by gating the streak camera MCP and employing 
the dual-sweep synchroscan functions of the streak 
camera. Unless noted otherwise, the streak camera’s 
synchroscan unit was phase locked to the master 
oscillator, which operationally provides the rf sync for the 
linac and rf gun. We provide a description of the 
commissioning of the streak camera system and image 
acquisition tools and the application to the drive laser. 

The Drive Laser 
The drive laser (Fig. 1) was based on an Yb fiber laser 

oscillator running at 1.3 GHz that was then divided down 
to 81.25 MHz and amplified. The four-stage origination 
and amplification was a set of commercial components 
from Calmar collectively referred to as the seed laser in 
the context of ASTA. The 81.25 MHz packets of  infrared 
(IR) laser, at a wavelength of 1054 nm was initially 
directed into a YLF-based multi-pass amplifier (MPA), at 
3MHz, selected by a Pockels cell referred to as the pulse 
picker.  A number of pulses was selected using two pulse 
cleaner Pockels cells, while three YLF-based single-pass 
amplifiers (SPA) and a Northrup-Grumman SPA (NGA) 
boost the intensity as high as 50 µJ per pulse before the 
two doubling crystal stages generate the green and then 
the UV components at 3 MHz [2]. The UV component 
was transported from the laser lab through the UV 
transport line to the photocathode of the gun for 
generation of the photoelectron beams for use in the SC rf 
accelerator [2]. 

The multi-pass amplifier is a cavity that allows the 
amplification of the IR macropulse dependent on the 
timing of a fourth Pockel’s cell (Conoptics 350-105) 
referred to as the Q-Switch. In combination with a 
Brewster plate, the IR beam is injected into the MPA 
cavity and is amplified using an YLF solid state amplifier, 
similar to those used in the single-pass amplification 
stages, until the Q Switch triggers, directing the amplified 
beam back out by means of the same Brewster plate, 
collinear with its injection trajectory. The round trip time 
for laser within the cavity is 12 ns, and several roundtrips- 

 ______________________  
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generally between 8 and 14 for the purposes of these 
studies- are made, each resulting in a net amplification. 
The number of roundtrips made is adjusted by means of a 
T560 timing-module trigger to the Q-Switch timing. The 
MPA has been replaced by three single pass amplifiers. 

  

The Hamamatsu C5680 Streak Camera System 
Commissioning of the streak camera system was 

facilitated through a new suite of controls centered around 
ACNET, the Fermilab accelerator controls network. This 
suite included operational drivers to control and monitor 
the streak camera as well as Synoptic displays to facilitate 
interface with the driver and Java-based ImageTool 
programs to retrieve images from the readout camera. 
This commissioning period allowed for a number of 
improvements to be made to all aspects of interfacing 
with the streak camera, both in terms of front-end and 
back-end software, and hardware.  

The streak camera consists of a Hamamatsu C5680 
mainframe with S20 PC streak tube and can accommodate 
a vertical sweep plugin unit and either a horizontal sweep 
unit or blanking unit. The UV-visible input optics allow 
the assessment of the 263-nm component as well as the 
amplified green component or IR components converted 
to green by a doubling crystal. We started the studies with 
the M5675 synchroscan unit with its resonant circuit 
tuned to 81.25 MHz and the blanking unit. The low level 
rf is amplified in the camera to provide a sine wave 
deflection voltage for the vertical plates that results in low 
jitter (~1ps) of the streak camera images and allows 
synchronous summing of a pulse train. The temporal 
resolution is about 1.5 ps FWHM, or 0.6 ps sigma, for 
NIR photons at 800 nm. When combined with the C6878 
phase locked loop (PLL) delay box we can track phase 
effects at the ps level over several  minutes (and even 
hours as long as the unit phase balance is stable) and 
within the macropulse to about 200 fs. As a point of 
comparison, the M5676 vertical fast sweep unit has about 
20-ps internal trigger jitter in addition to the nominal 100-
ps trigger jitter of the DG535 delay units.  This would 
mean the streak image would jitter in and out of the frame 
when running on the fastest sweep range with a full scale 
range of about 150 ps, illustrating the critical advantage of 
the synchroscan mode. We have replaced the Hamamatsu 
Peltier-cooled firewire CCD readout camera with a 

Prosilica 1.3-Mpix Gig-E vision digital CCD which is 
thus compatible with the video acquisition [3,4] designed 
for all of the RadiaBeam beamline imaging stations. The 
commissioning of this readout camera as well as the 
image analysis tools was a primary goal of these studies. 

 

 

 

 

 

 

image analysis tools was a primary goal of  these studies. 

There is a fundamental reduced sensitivity issue of the 
Prosilica camera compared to the cooled CCD camera that 
may push us towards the streak tube space-charge limited 
regime. The concept of the streak tube’s using the 81.25 
MHz rf from the master oscillator to generate the vertical 
deflection voltages with the phase-locked delay box was 
critical. This combination enabled a new series of 
experiments at A0PI [5] and will also apply at ASTA. A 
second set of deflection plates provides the orthogonal 
deflection for the slower time axis in the 100-ns to 10-ms 
regime. These plates are driven by the dual-axis sweep 
unit which was also commissioned during these studies.  

In order to assess the sources of the peak multiplicity, 
we anticipated the use of both the streak tube’s MCP gate 
option for the single micropulse selection and the dual-
sweep mode for isolating the 81.25 MHz cycles of the 
synchroscan sampling mode. To examine the latter, the 
blanking unit was replaced with an M5679 Dual Timebase 
Extender unit. This unit provided a ramped horizontal 
deflection similar to the fast vertical deflection unit, but 
works over a considerably longer time-frame. The full-
amplitude range for the dual-sweep unit is 0.1 µs to 100 
ms. The diagram of the final streak camera configuration 
in Fig. 2 is representative of all studies noted hereafter, 
except for the gating study, where gating around one or 
more micropulses was selected using a DG535. In this 
exception, the C5680 Gate Trigger In was connected to a 
DG535 TTL output with the correct gating time.  

Streak camera calibrations were performed with the 
new Prosilica readout camera through use of a Colby 
delay unit (PN109122; SN#8081195) to provide discrete 
and known ps-regime delay changes. Initially, noticeable 
jitter was seen on the image position with the PLL on in 
R1, but we took 10-, 20-, and 30-ps steps and averaged 
the mean positions of the images. The resulting 
calibration factors with 1x1 pixel binning in the CCD 
were:  R4: 2.0 ± 0.1ps/pixel, R3: 1.0 ± 0.1 ps/pixel, R2: 
0.45±0.03 ps /pixel, R1: 0.15±0.03 ps/pixel. After 
reducing the jitter in the system, we adjusted the R1 
calibration factor’s measured value. 

 
Figure 1: Schematic of the ASTA drive laser optical layout showing the seed laser, MPA, SPAs, and the streak camera. 
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Figure 2: A streak camera wiring diagram. N:LGSHx and 
N:LGCTx are ACNET names for beam-synchronized 
VME-based timers. The 81.25MHz is derived from the 
Master Oscillator (MO) and an additional cable delay of 
120 ns was added to N:LGSHx for the purposes of the 
dual sweep studies. 

EXPERIMENTAL RESULTS 

Initial Amplified UV 
Our laser studies began with the evaluation of the 

amplified UV component of the drive laser at the point 
before it is transmitted to the UV transport line to the rf 
PC gun. This is the bunch length that will determine the 
initial photoelectron bunch length in the gun cavity. We 
were aware of the possibility for space-charge effects in 
the streak tube with the lower Q.E of the tube PC and the 
lower sensitivity of the readout camera that would 
combine to require more input signal for the same output 
signal. We were able to attenuate the UV signal input to 
obtain focus mode slit images with a 20-µm tall slit at the 
6-pixel level sigma. This value is higher than the white 
light (4.2 pixel) or green component value and was 
attributed to the inherently larger photoelectron energy 
spread within the tube from UV photon conversion and 
possibly some input optics focus. As shown in Fig. 3, the 
main peak was accompanied by a second peak 70 ps away 
in time. The assessment of whether the multiplicity was 
with each micropulse or just in the synchronous sum was 
pursued. 

It was recognized that one could use the external gate 
mode on the streak camera which would localize the 
recorded image to one 300-ns interval and confirm if the 
multiple pulses observed are associated with the single 
selected UV pulse. Alternatively, the dual-sweep mode 
can be used to ascertain if any of the 5 pulses arrive on 
other rf cycles than one sweep. (The single sweep unit has 
internal trigger jitter plus DG535 trigger jitter, but in 
principle could be timed for one UV pulse interval). As a 
followup, we recorded a set of gated MCP images while 
running in synchroscan mode. As shown in Fig. 4, we set 
the gate width to 250 ns, and then the gate delay was set 
to include only the first of five micropulses. We observed 
the doublet image with only the first micropulse gated and 
the 7.5 ns timing shift. The gate width was progressively  

        
 
Figure 3: Example of UV multiplicity in the streak image 
on the left and the vertical (time) profile at lower right. 

             

Figure 4: Screen captures of scope trace and MCP gate 
(250 ns) and the 5 laser micropulses detected by the 
photodiode. The gate width was stepped in 333-ns steps to 
include 1 to 5 micropulses. 

increased, and we generated a plot of the Gaussian fits to 
the amplitudes of the two peaks with doublet timing on 
the laser as a function of the streak camera MCP gate 
width for micropulses 1-5 as shown in Fig. 5. The first 
peak is also seen with normal timing of the laser. This 
monotonic increase of intensity with micropulse number 
as the MCP gate width was incremented in 333-ns steps 
confirms the assignment of the second peak to each 
micropulse interval.  

                

Figure 5: Plot of the two peak intensities with MCP gate 
width showing the doublet peak 2 tracks with each 
micropulse. 

T
im

e 

70 ps 
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Amplified Green Component 
An additional optical transport path was added at the 

location of the amplified green component to bring it to 
the entrance of the streak camera. Investigations of the 
parameters of the green component were done. With 
OD5.5 the focus image size was reduced to a reasonable 
5.9 ± 0.2 pixels, but this is still larger than the white light 
value. We then proceeded to streak mode and 
immediately saw the multiplicity of peaks, 6-9, in the 
green with about 63 ± 2 ps separation on range 2. In this 
case the offline MATLAB program does fit the baseline 
even with the multiple peaks. The image bunch lengths on 
range 1, SS1 are longer at 40 and 37 pixels in the image 
below than our UV component data at ~28 pixels sigma. 
This is plausible with the nonlinear aspect in the 
frequency doubling crystal process. 

 

        
Figure 6: Amplified green component with streak camera 
range R1. The offline MATLAB program fit each of the 
peaks to Gaussians and provided amplitude, centroid, and 
sigma values. 

Green Converted MPA Component 
After confirming the seed laser output seemed nominal 

with 2.3-ps bunch lengths, we moved to the MPA output. 
As a final step, we investigated the output of the MPA 
after converting the IR to 527-nm light with a BBO 
doubling crystal. The repetition rate is 3 MHz and the 
signal is stronger after the MPA than the converted seed 
laser signal. The principal peak is about 29 pixels sigma 
as shown in Fig. 7 with offline analysis, so we again are 
in the 4.2-ps sigma bunch length regime. We adjusted the 
trigger timing and actually used a cable length added into 
the delay line to shift the trigger by 120 ns and allow clear 
display of the R3-100 ns image with external gate applied. 
The unique image is shown in Fig. 7 (upper-left 
quadrant). There, we still see the isolated multiplets, but 
the horizontal-sweep profile below the image shows three 
steps in the 10-image sum. Some of the peaks arrive 12.4 
or 2 x12.4 ns later to the right of the first sweep cycle. 
There are at least 3 rf cycles represented with peaks 2 and 
5 from the bottom being the brightest and usually on the 
same rf cycle and ~200 ps apart. This said, the pulse 

cleaners should suppress 3-MHz pulses on the adjacent rf 
cycles. The sum image in 8-bit scale actually has some 
saturation in the two brightest peaks so the relative 
amplitudes and the sigmas of those are overestimated. 

 

            
Figure 7: Dual-sweep image (R3-100ns) of the MPA 
output converted to green showing different intensity 
multiplets for different rf cycles.  
 
UV Component with Preamp Installed 

Having reviewed the data from the MPA source, we 
replaced the MPA with three single pass amplifiers to act 
as a preamp. The UV was evaluated again, and in a 200 
micropulse R1 synchronous sum, we observe a bunch 
length of about 25.3 pixels or 3.6 ps (sigma) after 
subtracting in quadrature the estimated resolution term for  
the focus mode as shown in Fig. 8. The micropulse sum 
also appears clean of secondary peaks. There is a slight  
x-t tilt which contributes to the total bunch length. 
 

 
 
Figure 8: Synchronous UV streak image using R1 
showing the reduced bunch length of 3.6 ps (sigma).  

SUMMARY 
In summary, we have described a series of 

commissioning results using the laser lab Hamamatsu 
streak camera with the new Prosilica Gig-E readout 
camera including: image processing, streak range 
calibrations, system phase jitter, rf phase locking, and 
streak-camera-based measurements of the ASTA drive 
laser with the multipass amplifier. We assessed the 
amplified UV and green, and the converted IR 
components from the seed laser at 81.25 MHz and the 
MPA output at 3 MHz. We observed a bunch-length 
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sigma of 4.2 ps from the MPA vs. 2.3 ps from the seed 
laser, and the multiplicity at 65-70 ps originating in  the 
MPA. Implementing the preamplifier in the chain to 
replace the MPA mitigated these effects, and the UV laser 
stands ready to support the first electron beam to the 50-
MeV beam dump. 
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PULSE BY PULSE ELECTRON BEAM DISTRIBUTION  
FOR MULTI-BEAMLINE OPERATION AT SACLA 

Toru Hara*, Hideki Takebe, Takahiro Inagaki, Chikara Kondo, Yuji Otake, Hitoshi Tanaka, 
RIKEN SPring-8 Center, Sayo-cho, Hyogo 679-5198, Japan 

Kenji Fukami, 
JASRI, Sayo-cho, Hyogo 679-5149, Japan 

Abstract 
In SACLA, the second undulator beamline (BL2) is 

installed during the 2014 summer shutdown. The 
beamlines are initially switched by a DC switching 
magnet for the commissioning. Then the DC switching 
magnet will be replaced by a kicker and a DC twin-
septum magnet and the pulse by pulse operation will start 
in January 2015. The kicker magnet is driven by a 60 Hz 
trapezoidal current waveform. In the pulse by pulse multi-
beamline operation of XFEL, the electron beam energy 
should be optimized for the laser wavelengths of each 
beamline from bunch to bunch. To control the beam 
energy of the electron bunches, the multi-energy 
operation of the linac has been proposed and 
demonstrated at SACLA. The pulse by pulse operation 
will be also applied for the beam injection to the upgraded 
low-emittance ring of SPring-8 (SPring-8-II) in future. 
Since the SPring-8-II storage ring has a small dynamic 
aperture, low emittance is required for the injection beam. 
In addition, the use of SACLA as a low-emittance injector 
enables to save the running cost of the injector system 
during top-up operation. 

INTRODUCTION 
In order to meet the increasing demand for XFEL user 

operation, the second undulator beamline (BL2) is 
installed during the 2014 summer shutdown at SACLA. 
Different from the storage ring based synchrotron 
radiation facilities, the linac of XFEL can not 
simultaneously operate plural beamlines. However, quai-
simultaneous pulse by pulse operation by distributing the 
electron beam to the beamlines on a bunch-to-bunch basis 
improves efficiency and usability of the facility. 

The undulator hall of SACLA is designed to 
accommodate five XFEL beamlines, and a DC switching 
magnet located at the end of the linac currently switches 
the beamlines (see Fig. 1) [1]. For the pulse by pulse 
operation, this DC switching magnet will be replaced by a 
kicker magnet and a DC twin-septum magnet in January 
2015. The electron beam is deflected into three directions 
at 60 Hz by the kicker, which is the maximum beam 
repetition at SACLA, and then the DC twin-septum 
magnet augments the deflection angles. Since the stability 
of the electron beam orbit is crucially important for 
XFEL, high stability is required, particularly, for the 
kicker magnet power supply. 

In the XFEL operation, the electron beam energy is 

normally optimized for the laser wavelength requested 
from the user. But in case of the multi-beamline 
operation, the wavelengths can be different between the 
beamlines. Although the wavelength can be adjusted by 
changing the undulator gap, the tuning range is limited 
and small K-values result in drop of laser intensity. In 
order to avoid these limitations on the user experiments, it 
is necessary to control the beam energy from bunch to 
bunch in the multi-beamline operation.  

The method to control the electron bunch energy in the 
linac has been proposed and demonstrated at SACLA by 
changing the repetition of a certain number of RF units 
[2]. In the pulse by pulse multi-beamline operation of 
SACLA, the multi-energy operation of the linac is 
planned to be used in combination with the electron 
bunch distribution to provide the electron beam having 
the optimized energy to the laser wavelength of each 
beamline. 

ELECTRON BUNCH DISTRIBUTION 
Although the maximum beam repetition of SACLA is 

60 Hz, lower repetitions are sometimes used for user 
experiments due to the time necessary to exchanging 
samples. Also to save the time for preparation and 
removal of experimental instruments, the multi-beamline 
operation contributes to improve the efficiency and 
usability of the facility. 

The schematic of SACLA is shown in Fig. 1. After the 
acceleration and longitudinal compression of the electron 
bunches in the linac, the DC switching magnet currently 
switches the beamlines by deflecting the beam orbit by ±3 
degrees (±52 mrad). For the electron bunch distribution, 
this DC switching magnet will be replaced by the kicker 
magnet and the DC twin-septum magnet as shown in Fig. 
2. In order to minimize the orbit fluctuation of the 
deflected beam by the kicker magnet, the deflection angle 
of the kicker is kept small as ±9 mrad and the rest of the 
angle is given by the DC twin-septum magnet (±43 mrad). 

The yoke of the kicker is 0.4 m long made of laminated 
silicon steel plates with 0.35 mm thickness and 20 mm 
gap, and its maximum field is 0.67 T (see Fig. 3). The 
power supply of the kicker is a PWM (Pulse Width 
Modulation) type using 8 FET units connected in parallel. 
The power supply generates a 60 Hz trapezoidal current 
waveform and its amplitude and polarity can be arbitrarily 
changed according to the beam energy and an electron 
bunch distribution pattern. 

Figure 4 is an example of the distribution pattern of the 
electron bunches. The arrival timing of the electron 

 ____________________________________________  
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bunches is set at the end of the flat top of the trapezoidal 
waveform. When the kicker current is zero, the electron 
bunch goes straight through the kicker and takes the orbit 
to BL3. The electron bunch is deflected to BL2 for a 
positive current and to BL4 for a negative current. In this 
example, the pulse repetition of BL3 is twice higher than 
those of BL2 and BL4. 

 The DC twin-septum magnet consists of two 2 m-long 
septum magnets with the septum sides facing to each 
other. Figure 5 is the cross section of its upstream end. 

The electron beam orbits are horizontally separated by 
±50 mm at the entrance of the twin-septum. While the 
electron beam for BL3 goes straight between the septums, 
the beam orbits for BL2 and BL4 are further deflected by 
±43 mrad. The magnetic field leakage on the center 
straight orbit is expected to be about 0.2 G, which can be 
further reduced by turning on both septums owing to the 
cancellation of two leak fields with opposite signs. 

The fabrication of the kicker magnet and its power 
supply have been already completed. The stability and 
reproducibility are checked with a DCCT and a gated 
NMR. The gated NMR is specially designed to measure 
pulsed magnetic fields developed by ECHO DENSHI Co., 
Ltd. As shown in Fig. 6, the resonant frequency is 
scanned during the gate opened for 0.6 ms. From the 
results of the magnetic field measurements, we confirmed 
that the stability of the kicker fields is better than 30 ppm 
(p-p). The DC twin-septum and its power supply are 
under fabrication. 

MULTI-BEAMLINE OPERATION AT 
SACLA 

The beam orbit to the BL2 undulators passes through a 
dogleg after the end of the linac. The electron beam is 
deflected by 3 degrees (52 mrad) by the kicker and the 
DC twin septum magnets, and then deflected back to 
parallel with BL3 (see Fig.1) by a DC bending magnet. In 
order to cancel R56 and keep achromatic and isochronous 
conditions, two small inversed bending magnets will be 
introduced in the dogleg. This is necessary to avoid 
unwanted bunch length change at the dogleg and keep the 
accelerator operation conditions the same for BL2 and 
BL3. 

 
Figure 1: Schematic of SACLA. 

 
 

Figure 2: Configuration of a kicker magnet and a DC 
twin-septum magnet. The unit of the lengths is mm. 

 

 
 

Figure 3: Kicker magnet made of 0.35 mm laminated 
silicon steel plates. 
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There are three bending magnets on the electron beam 
orbit to BL2, which are the kicker, the DC twin-septum 
and the DC bending magnet. The expected stabilities of 
these magnets are 30 ppm (p-p) for the kicker, 10 ppm (p-
p) for the twin-septum and 3 ppm (p-p) for the DC 
bending magnet. Compared to the current electron beam 
orbit stability of SACLA, which is about 1 µrad (p-p), the 
electron bunch distribution will increase the beam orbit 
fluctuation by 10-20 %, but it will not cause serious 
degradation of the pointing stability or the performance of 
the laser currently achieved at SACLA. 

The in-vacuum undulators installed in BL2 are the 
same as those of BL3, whose periodicity is 18 mm. The 
user experiments will be allocated to these two beamlines 
not by the wavelength range, but by the type of the 
experiments. So in order to perform two user experiments 
in parallel, the laser wavelengths should be independently 
adjusted for these two beamlines. Since the tuning range 

of the undulator is limited within 30 % at SACLA, a large 
difference in wavelengths between the beamlines should 
be covered by changing the beam energy from bunch to 
bunch. 

By operating some RF units at subharmonics of the 
bunch repetition, the number of accelerating structures 
effectively used for acceleration can be adjusted from 
bunch to bunch. Figure 7 is an example of accelerator 
setup for the multi-energy operation. All electron bunches 
are accelerated to 6.8 GeV at 60 Hz in the upstream part 
of the linac. By operating 4 RF units at 30 Hz and another 
2 units at 15 Hz in the last part of the linac, half of the 
electron bunches pass through these 6 RF units without 
being accelerated, so the beam energy stays at 6.8 GeV. A 
quarter of the electron bunches are accelerated to 7.6 GeV 
by the 4 RF units working at 30 Hz. The last quarter of 
the bunches are further accelerated by the 2 RF units 
working at 15 Hz, thus the final beam energy reaches 8.0 
GeV. By properly choosing the combination of the 
number and repetition of the RF units, the electron beam 
energy can be controlled from bunch to bunch. 

Figure 8 shows an example of the multi-energy 
operation demonstrated at SACLA. The repetition of the 
electron bunch was 10 Hz and 8 RF units were operated at 
5 Hz. The beam energy of the electron bunches were 
measured at a chicane located upstream of the BL3 
undulators. Since the beam energy gain of one RF unit is 
about 130 MeV, the beam energy is alternately changed 
from bunch to bunch between 8.0 GeV and 6.9 GeV as 
expected. 

Figure 9 is the SASE spectrum obtained from three-
energy bunches measured by a monochromator. The 
repetition of the electron beam was 10 Hz, and 2 RF units 
were operated at 5 Hz and one RF unit at 1 Hz in Fig. 9. 
Consequently the SASE pulses were observed at 10 keV, 
9.35 keV and 8.7 keV at the repetitions of 1 Hz, 4 Hz and 
5 Hz respectively. 

In the multi-beamline operation of SACLA, the beam 
energy of the electron bunches will be accelerated to the 
optimum energies for the laser wavelength of each 
beamline. Then the electron bunches are distributed to the 
beamlines pulse by pulse using the kicker and the DC 
twin-septum magnets located at the end of the linac. 

ELECTRON BEAM INJECTION TO 
SPRING-8-II 

SPring-8-II is the upgrade plan of the SPring-8 storage 
ring aiming at low emittance, which is currently 
scheduled around 2020 [3]. In this upgrade plan, SACLA 
is considered to be used as a low emittance injector for 
achieving good injection efficiency, low operation cost 
and minimum energy consumption. The SPring-8-II 
storage ring requires a low-emittance injection beam due 
to its small dynamic aperture. Since the emittance of a 
synchrotron booster is determined from its equilibrium 
state of the circulating electron beam, it is hard to obtain a 
low-emittance beam with the existing SPring-8 injector 
system composed of a linac and a FODO synchrotron  

 
Figure 4: Measured current waveform (green line) and 
magnetic fields (purple line) of the kicker magnet. Red 
circles on the green line correspond to the beam arrival 
timing at 60 Hz. 

 

 
Figure 5: Cross sectional view of the DC twin-septum 
magnet (upstream end). The unit of the lengths is mm. 

 

 
Figure 6: Gated NMR scans the resonant frequency and 
measures the magnetic fields for 0.6 ms-long gate 
duration shown in red. 
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booster. In addition, despite of a low injection frequency 
during top-up operation, it is necessary to maintain the 
injector system in a warmed-up condition. Consequently 
it results in an increase of operation cost and energy 
consumption. On the other hand, SACLA is an 

independent user facility from SPring-8-II and its linac is 
always running. Therefore the beam injection from 
SACLA will enable to save the energy consumption and 
operation cost necessary for idling the accelerator.  

The nominal beam energy of SPring-8-II is expected to 
be 6 GeV, while the beam energies used for the XFEL 
operation are around 5~8.5 GeV depending on the laser 
wavelength. The electron bunches are highly compressed 
and its peak current reaches several kA for the XFEL 
operation, but such high peak current is not necessary or 
even harmful for the beam injection due to the emittance 
degradation at a beam transport line. To achieve the 
parallel operation of XFEL and the beam injection to 
SPring-8-II, not only the beam energy but also the peak 
current should be controlled from bunch to bunch. 

 The beam transport line from SACLA to the exit of 
the existing synchrotron booster, which is called XSBT 
(XFEL to  Synchrotron Beam Transport) in Fig. 10, had 
been constructed together with the SACLA facility. The 
electron beam of SACLA has already been successfully 
transported to the exit of XSBT. Further beam transport 
to the storage ring and the evaluation of the beam 
emittance are planned before the construction of SPring-
8-II. 

SUMMARY 
Following the installation of the BL2 undulators, the 

pulse by pulse operation of multi-beamline will start in 
January 2015 at SACLA. For the beam injection to 
SPring-8-II, it is necessary to elongate the bunch length, 
which is possible by controlling the RF phase to reduce 
the energy chirp at the bunch compressors. Also since the 
electron beam is injected to the storage ring on-demand 
during top-up operation, the parameter of the RF units 
should be changed at arbitrary timing. For those features, 
a new timing and low-level RF systems are planned to be 
developed by 2020. 
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Radiation News. 

 
Figure 8: Electron bunch energies measured at the chicane 
in front of the BL3 undulators during the multi-energy 
operation. 
 

 
Figure 9: Spectra of SASE measured by a 
monochromator. The electron bunch repetition was 10 Hz 
and the beam energies of the electron bunches were 
changed between 7.3, 7.55 and 7.8 GeV. 
 

 
 

Figure 10: Beam transport line from SACLA to SPring-8 
(XSBT and SSBT). 

 
Figure 7: Example of the RF setup for the multi-energy operation. 
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DEVELOPMENT OF A MAGNET SYSTEM TO CANCEL THE 
ATTRACTIVE FORCE TOWARD STRUCTUAL REFORM OF 

UNDULATORS  
R. Kinjo and T. Tanaka, RIKEN SPring-8 Center, Sayo, Hyogo, Japan 

T. Seike and A. Kagamihata, JASRI, Sayo, Hyogo, Japan 
S. Yamamoto, KEK Photon Factory, Tsukuba, Ibaraki, Japan 

Abstract 
Toward realization of a new undulator concept based on 

a much more compact and lightweight structure than 
conventional ones, cancellation of a magnetic attractive 
force is being studied, which significantly relaxes the 
requirements for the undulator mechanical design  and 
reduces the cost and lead time of construction and 
installation. We have proposed to add periodically-
magnetized monolithic magnets beside the main magnets 
generating the undulator field and attractive force, which 
are expected to generate a repulsive force having the same 
gap-dependency as the attractive force in a cost-effective 
way. The present status of the development of the force 
cancellation system is presented, with a focus on the 
result of preliminary experiments using the periodically-
magnetized magnets. Also introduced is a development 
plan for the compact and lightweight undulator based on 
the cancellation system. 

INTRODUCTION 
It is well known that a large attractive force is 

generated between the top and bottom magnetic arrays of 
undulators, if the gap in between is relatively narrow. For 
example, a typical undulator in SPring-8 having the 
Halbach configuration with the period of 32 mm and the 
total length of 4.5 m has the attractive force of about 3 
tons at the gap of 8 mm. The undulator in SACLA having 
the hybrid configuration with the period of 18 mm and the 
total length of 5 m has the attractive force of around 9 
tons at the gap of 3 mm. To control the magnet gap 
precisely against the large attractive force, the undulators 
usually require rigid mechanical components and frames. 
Moreover, a large number of components are necessary to 
distribute the mechanical load along the undulator axis 
and avoid deformation of the magnetic arrays. Such a 
conventional undulator design gives rise to structural 
issues that most of the weight, dimension and cost of the 
undulator are attributable to the auxiliary apparatus but 
not to the core part, i.e. the magnetic arrays. 

The above discussion in turn gives us a new concept of 
undulator design; if the attractive force is cancelled out, 
the heavy and large base frame is no longer required, and 
then the undulator can be much more lightweight and 
compact. As a result, the cost and lead time of 
construction, transportation and installation are 
significantly reduced. 

Up to now, two different methods have been developed 
to cancel the attractive force. One is the mechanical 
system composed of a number of springs having different 

lengths and coefficients attached to the both sides of the 
main magnets, which was applied to an in-vacuum 
wiggler developed at Synchrotron SOLEIL [1]. The other 
is the magnetic system composed of two rows of magnet 
array generating a repulsive force attached to the both 
sides of the main magnets, which is applied to the in-
vacuum revolver undulator (IVRU) developed at SPring-8 

[2]. Although both systems worked well for their own 
purposes, they may not be applicable to the new undulator 
concept.  

In the former method, the precise magnetic 
measurement indispensable for undulator field correction 
is not possible with the conventional instrument, and the 
gap-dependency of the repulsive force generated by the 
springs is somewhat different from that of the attractive 
force. In the latter method, the number of magnets and 
magnet holders is three times as large as that of the main 
magnetic array, which increases the cost and time and 
effort for manufacturing.  

As an alternative to the above two methods, R&Ds are 
under progress in SPring-8, toward realization of a cost-
effective force cancellation system, which are reported in 
this paper. 

BASIC CONCEPT 
The cancellation system under development is based on 

the magnetic system applied to IVRU, which is 
schematically illustrated in Fig. 1. The point is that to 
generate repulsive force the magnets arrays which has the 
same structure with the main magnets are used in IVRU, 
while multipole monolithic magnets (MMMs) are 
discussed in this paper, which may be more cost-effective 
and easier fabricable than the IVRU type. 

 

Figure 1: Conceptual drawing of force cancellation 
system (a) by normal magnets applied to IVRU and (b) by 
MMMs discussed in this paper. 
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The magnetic system to cancel the attractive force is 
required to generate the repulsive force having the gap 
dependence identical to the attractive force. It is well 
known that the magnetic field of the undulator, and thus 
the attractive force F, depend exponentially on the gap, 

i.e.,  where n is an integer indicating the harmonic number 
of the undulator field and n indicates the coefficient 
depending on the period and the remanent magnetic field, 
and so on.   

In order to reduce the cost and effort for construction of 
the repulsive array,  we are exploring the applicability of 
the multi-pole magnetizing method, which has been 
originally proposed by one of the authors (S. Y.) to 
facilitate the construction of extremely short-period 
undulators [3,4]. By using this method, the repulsive force 
having the same gap-dependence will be generated in a 
cost-effective way. 

PRELIMINARY EXPERIMENT 
Outline 

The goal of the preliminary experiment is to 
demonstrate that the repulsive force by the MMMs has 
the same gap-dependence as the attractive force by the 
main magnets, and to acquire the data necessary to design 
the force cancellation system in the prototype of the 
compact and lightweight undulator. 

Measurement of Field on Multipole Monolithic 
Magnet 

The monolithic blocks are magnetized by the pulse 
magnetization and feed system shown in Fig. 2. The 
specification of the monolithic block and the system are 
listed in Table 1. The monolithic blocks have the length 
of 150 mm, the width of 30 mm, and the thickness of 4 or 
8 mm. The pulse current and duration are 15 kA and 0.3 
ms (FWHM), respectively. The pulse magnetic field were 
2.49 T and 1.13 T at the gap of G = 4 mm and G = 8 mm, 
respectively, which were measured by the air-core pickup 
coil. The magnetization heads are for 15 mm period. The 
block are magnetized and fed by the stroke of 15 mm, 
iteratively. 

The measured magnetic field on MMM are shown in 
Fig. 3. In the upper figure, the z-direction distributions of 
By at x = 0 mm and y = 2 mm are shown. The blue and red 
lines indicate the field distributions of 4 mm-thick and 8 
mm-thick MMM, respectively. In the middle figure, the x-
direction distribution of By at z = 3.75 mm (at the peak 
position) and y = 2 mm is shown. The maximum 
deviation of the peak amplitude along z except the both 
ends was less than 0.2%, which shows that a good-quality 
sinusoidal field was obtained. The lower figure shows the 
y-direction distributions of By, which corresponds to the 
gap-dependence of the peak field. 

Figure 2: Magnetization system for MMM. 

The above measurement results show that the magnetic 
field generated by the 8 mm-thick MMM was higher than 
that by the 4 mm-thick MMM. This sounds plausible if 
we assume that both MMMs were magnetized with the 
same pulse field. In practice, however, this is not true: the 
pulse field with G = 8 mm is much lower than that with G 
= 4 mm. We thus need to investigate the magnetization of 
the both MMMs to examine if all the experimental results 
are consistent.  

Estimation of Magnetization in Multipole 
Monolithic Magnet 

To estimate the magnetization in the MMM, the 
numerical results using the magnetization model as shown 
in the upper figure of Fig. 4 were compared with the 
experimental results. In the model, we have assumed that 
the magnetization profile is trapezoidal along the 
longitudinal axis and is composed of the flat-top region 
with the height of Mtop and the transition domain with the 
length of d.  

After numerical tirals, it has been found that Mtop = 
1.15 T and d = 1 mm reproduces the experimental results 
for the 4 mm-thick MMM, and Mtop = 1.11 T and d = 
1.25 mm reproduces those for the 8 mm-thick MMM. The 
difference  between the two conditions comes from the 
difference in the gap between the magnetization heads. 

Table 1. Magnetization Experiment Setup 

Period 15 mm 

Periodic Number 10 

Block Size L150 mm, W30 mm, 4mmt / 8 mmt 

Block Material NMX-39SH (Hitachi Metals, Ltd.) 
(Br = 1.2 – 1.28 T) 

Pulse Current 15 kA, 0.3 ms (FWHM) 

Pulse Field 
(Gap Center) 

2.49 T (4 mm), 
1.13 T (8 mm) 
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Figure 3: Field distribution of MMM. 

The above values of Mtop are almost the same as the 
magnetization including the diamagnetic effect for the 
magnets having Br = 1.2 T and Br = 1.13 T, respectively. 
Although Mtop for the 4 mm-thick MMM reaches Br of 
NMX-39SH (block material), that for the 8 mm-thick 
MMM is limited by the strength of the pulse field, 1.13 T, 
at the gap of the magnetization heads of 8 mm. If a 
cooling capacity of the magnetization heads is enhanced 
and the pulse current is increased, the 8 mm-thick MMM 
will be fully magnetized as well as the 4 mm-thick MMM. 

Measurement of Attractive / Repulsive Force 
Having verified that the MMM generate the sinusoidal 

field as expected, the repulsive force created by them, as 
well as the attractive force created by the main undulator 
magnets, have been measured with the measurement 
setup shown in Fig. 5. The main magnets having the 
Halbach configuration with the period of 15 mm, width of 
20 – 25 mm, height of  8 mm and  total length  of600 mm, 

Figure 4. Modelling and numerical computation of 
magnetization in MMM. 

were mounted on the copper magnet beams. Each magnet 
block is made of NMX-50BH (Hitachi Metals, Ltd.) 
which has a high remanent field of 1.36 T. Each magnet 
beam was connected to the undulator base frame using 4 
load cells, which were calibrated for both the forces of 
compression and tension within an accuracy of 0.5 kg. 
The gap between the magnetic arrays was measured by 
several linear gauges.  

The MMMs are attached on both sides of the main 
magnets using the stainless-steel supports. The gap 
between the MMMs was adjusted to coincide with the gap 

Figure 5: Gap-force measurement system. The force 
between the upper and lower magnets is measured by 8 
strain-gauge-type load cells which supports the 
magnets. The real gap between them is measured by 4 
linear gauges. 

Proceedings of FEL2014, Basel, Switzerland MOP023

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines

ISBN 978-3-95450-133-5

77 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



between the main magnets. Measurements were 
performed in the conditions (1) without the MMMs, (2) 
with the 4 mm-thick MMMs, (3) with the 8 mm-thick 
MMMs, (4) with the two-ply 4 mm-thick MMMs. 

Results and Discussions for Force Measurement 
The attractive forces measured as a function of the gap 

are shown in Fig. 6 (a) for various conditions. The black 
square line, the red circle line, the blue upper triangle line, 
and the pink lower triangle line indicate the measured 
forces at the conditions (1) – (4) mentioned above, 
respectively. The repulsive forces generated by the 
MMMs, which are retrieved from the experimental results, 
are plotted as a semi-logarithmic scale in Fig. 6 (b) as 
well as the attractive force. The gradients of the repulsive 
force in the all conditions were the same as that of the 
attractive force, which means that the gap-dependence of 
the repulsive force is coincident with the attractive force 
by the Halbach array. This is an encouraging result, 
because the absolute value of the repulsive force is 
adjustable by designing the size and Br of the MMMs. 
Then we conclude that the attractive force can be fully 
cancelled out by the scheme presented in this paper. 

Note that the repulsive forces are much smaller than the 
attractive force even though the repulsive magnets are t 

wice wider than the main magnets. Of course, there is a 
difference in the lengths of the main magnets (L = 600 
mm) and the MMMs (L = 150 mm). The remains is 
quantitatively explicable by the differences in Br, height 
(thickness), the number of magnets in one period, and the 
distribution of the magnetization. To compensate those 
disadvantage in the MMMs, one can make the width or Br 
of the multipole monolithic magnet large, or make the gap 
between the multipole monolithic magnets small. 

Comparison of Experiment and Calculation 
In Fig. 7, the experimental and calculated data are 

compared under an assumption that the total length of the 
MMMs is the same as that of the main magnets (600 mm). 

Namely, the experimental data were reconstructed by 
subtracting 4 times (= 600 mm/150 mm) the repulsive 
force from the attractive force. In the numerical 
calculation, the values of Mtop and d derived above were 
used. 

The calculation well reproduced the experiment data 
for condition (1). However, from the results for 
conditions (2) – (4), we found non-negligible 
discrepancies between the experimental and numerical 
data of the repulsive forces. More detailed data showed 
that within the gap from 3 mm to 10 mm, there are around 
20% differences in conditions (2) and (4), and around 
15% difference in condition (3). This means that the 
numerical model of the MMM does not reflect the reality 
well. Not only z-direction distribution of the 
magnetization in multipole monolithic magnets, but also 
the y-direction distribution should be introduced in the 
future work. 

Figure 7: Measured and calculated force. The force is 
measured and numerically calculated (1) without 
MMM (black square, solid line), (2) with 4 mm-thick 
MMM (red circle, dashed line), (3) with 8 mm-thick 
(blue upper triangle, dotted line), (4) with two-ply 4 
mm-thick (pink lower triangle, chain line). 

 
(a) Measured Total Force                       (b) Gap Dependence of Attractive / Repulsive Forces 

 
Figure 6. Measured force in preliminary experiment. The force is measured (1) without MMM (black square line), (2) 
with 4 mm-thick MMM (red circle line), (3) with 8 mm-thick (blue upper triangle line), (4) with two-ply 4 mm-thick  
(pink lower triangle line).
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DEVELOPMENT PLAN FOR COMPACT 
AND LIGHTWEIGHT UNDULATOR 

In parallel to the development of the force cancellation 
system, the prototype of a compact and lightweight 
undulator based on the force cancellation system is being 
developed in SPring-8. The conceptual drawing of the 
prototype is introduced in Fig. 8.  

We plan to measure the field distribution in the 
prototype at the gap of around 1 mm and check the 
suppression of the phase errors in the undulator field 
caused by the deflection of the magnet beam due to large 
attractive force. To measure the field at the very narrow 
gap, the gap between the multipole monolithic magnets is 
designed to be the same as the gap of main magnets. Two 
types of monolithic magnet with two different Br are 
selected. The repulsive forces are mainly tuned by the 
width of the multipole monolithic magnets. 

Because the numerical calculation have not reproduced 
the experimental repulsive forces well, the experimental 
data is also used to design the prototype. The adjustment 
mechanism for the repulsive force by means of phasing 
the multipole monolithic magnets is under discussion. 

Figure 8: Conceptual drawing of conventional (LEFT) 
and lightweight compact & cost-effective (RIGHT) 
undulator. 

CONCLUSION 
Activities in SPring-8/SACLA toward a new undulator 

concept were introduced. To achieve the cost-effective 
force cancellation system which can generate the 
repulsive force having the same gap-dependence as the 
attractive force, we discussed the usage of the multipole 
monolithic magnets as the repulsive magnet. The 
preliminary experimental results showed that the 
multipole monolithic magnet can generate the repulsive 
force having the same gap-dependence with the attractive 
force by the main magnets. The development plan for the 
prototype of the lightweight and compact undulator based 
on the cancellation system was introduced.  
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FIELD INTEGRAL MEASUREMENT SYSTEM AND OPTICAL
ALIGNMENT SYSTEM FOR HUST THz-FEL

B. Qin, K.F. Liu, X.L. Liu, Y.B. Wang, X. Lei, X. Liu, Q.S. Chen, Z. Ouyang, Q. Fu,
L. Yang, T.N. Hu, J. Yang, P. Tan, Y.Q. Xiong, M.W. Fan, HUST, Wuhan 430074, China

Y.J. Pei, USTC/NSRL, Hefei 230026 , China

Abstract
AFree Electron Laser oscillator with radiation wavelength

50–100 µm is under construction in Huazhong University of
Science and Technology (HUST). The linear polarization
undulator with K=1.0-1.25 has been designed and manu-
factured by Kyma s.r.l., by using a pure permanent magnet
scheme. Acceptance test bas been performed in Kyma fac-
tory with well controlled phase error and field integrals for
all gaps. This paper introduces the development of an online
field integrals measurement system for the undulator, using
the stretched wire method. The design and considerations
of the optical alignment system is described as well.

INTRODUCTION

High average power and continuous tunable terahertz
(THz) sources based on low gain FEL oscillator scenario
have widely applications covering materials, security inspec-
tion, molecule imaging etc.
A compact THz FEL oscillator for prototype study was

proposed by Huazhong University of Science and Technol-
ogy (HUST) and National Synchrotron radiation Laboratory
(NSRL/USTC), which is designed to generate 50–100 µm
coherent radiation with Watt level average power at initial
stage [1, 2]. The general view is shown in Fig. 1, with
the main parameters listed in Table 1. For the injector, a
thermionic electron gun with an independently tunable cell
(ITC) was chosen as the electron beam source for simplic-
ity, and a S-band linac with traveling wave structure will
accelerate the beam to range of 6 MeV to 14 MeV [3]. The
macro pulse duration 5 µs is long enough for the power build
up process which is around 1 µs. A 2.93m symmetrical
near-concentric optical cavity is formed by two gold-coated
copper toroid mirrors and a rectangular partial waveguide
installed with the range covering the undulator, with esti-
mated 15% total round trip loss [4]. The schematic view of
this facility is shown in Fig. 1, with main specifications in
Table 1.

STATUS OF THE PLANAR UNDULATOR

A pure permanent planar undulator with a moderate K
is adopted, and design considerations were described in
Ref. [2]. We signed contract with Kyma s.r.l. for design
and manufacturing of the undulator, and the assembly was
accomplished in November 2013, as shown in Fig. 2.
Main characteristics of this undulator are:

ITC
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B
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Beam dump

Undulator duct
Optical mirror Optical mirror

Figure 1: Schematic view of HUST THz-FEL oscillator.

Table 1: Parameters of HUST THz FEL Oscillator

Beam energy 8–12MeV
Radiation wavelength, λr 50–100 µm
Bunch charge ≥ 200 pC
Bunch length (FWHM), σs 5-10 ps
Energy spread (FWHM) 0.3%
Macro pulse duration 4-6 µs
Repetition rate 10–200Hz
Number of the full strength period, Nu 30
Undulator period, λu 32mm
Undulator parameter, K 1.0–1.25
Optical cavity length 2.9 3m
Peak power 0.5–1MW

• Total length 1.03 m, with Nu = 30, Lu = 32mm; Nu
is optimized by balancing the single pass gain and the
natural extraction efficiency (≈ 1/4Nu)

• Pure permanent magnet (PPM) structure was chosen,
and some techniques such as pre-sorting in block mod-
ules and "virtual shimming" [5] are used for control-
ling the field homogeneity and phase error. To achieve
designed K for short period, high coercivity grades
(Hc j > 20kOe) of NdFeB material was chosen; and
the deviation of polarization and spread of the remanent
field Br were controlled within 1% level (rms)

• K = 1.0 − 1.35, by varying the gap from 19mm to
16mm, and two pair of independent controlled correc-
tion coils are installed in the transverse side of the undu-
lator end, to correct the first and second field integrals
both in vertical and horizontal directions
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Figure 2: Linear polarization undulator, manufactured by
Kyma s.r.l.

Acceptance tests for magnetic field andmechanical charac-
teristic have been performed in Kyma Tehnologjia laboratory,
Sezana. Figures 3 and 4 show the K value and rms phase
error corresponding to varying gaps, calculated from the
mapping result using the hall probe. The phase error is well
controlled within required 2 degrees. First field integrals
Iz < ±5Gs · cm, using a flip coil system with 2.5Gs · cm
repeatability. Second field integrals I Iz < 0.08Gs ·m2 from
hall probe mapping with 0.025Gs · m2 repeatability. These
can be corrected by using correction coils based on beam
alignment process.

16.0 16.5 17.0 17.5 18.0 18.5 19.0 19.5 20.0
Gap size / mm
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Figure 3: K value with variable gaps, K=0.91-1.35 for gap
between 16 mm to 20 mm, and K=1.25@gap=16.77 mm,
K=1.0@gap=19.04 mm.
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Figure 4: rms phase error with variable gaps.

DEVELOPMENT OF ONLINE FIELD
MAPPING SYSTEM

A high precision Cartesian mapping system using Group3
MPT-141 Hall probe and DTM-151 Teslameter was devel-
oped in HUST [6], originally used for field mapping of a 10
MeV compact cyclotron. However the maximum range of
this system is about 0.9 m, which can’t cover HUST undula-
tor. Kyma’s mapping result can be trusted, but we decide to
make an online integral field mapping system for commis-
sioning and reference of beam alignment.

For fast online integral field measurement, some existing
methods are considered and stretched wire method (SWM)
[7] was chosen due to its simplicity and stability. Figure 5
shows the experiment setup for the SWM for field integral
measurement. A 7.5 period test undulator with hybrid per-
manent magnet structure was used for experiment study, and
the field distribution along the beam axis was measured by
the hall probe system, with 1mm step and total 640 mm
length. A 1.1 m stretched wire is wounded in series by 50
turns Elektrisola Litz wire with 80 µm diameter, to enhance
the integrated voltage signal due to first field integral Iy :∫

V · dt = N · ∆x · Iy (1)

For the movement platform with synchronous horizontal /
vertical motion to measure Iy , Ix , I Iy , I Ix , Kohzu position-
ing stages XA10A-L2 / ZA16A-X1 are combined to fulfill
2D positioning, and SC410Motion Controller was chosen to
provide maximum 4 axis synchronous motion control, with
high repetitive positioning precision 2 µm. Agilent 3458A
8.5 digits multimeter is used for voltage integration. A Lab-
view code was written to control the synchronous motion
of the positioning stages, and trigger 3458A to record the
voltage signal induced by wire movement, by serial GPIB in-
terface (see Fig. 6). A soft trigger is used for timing between
the stage motion and the multimeter’s recording.
Figure 7 shows 5 sample signals of the voltage and its

integration on time, for the same position x=0 mm. The
stretched wire is moved from -2 mm to +2 mm in horizontal
direction, with 2mm/s speed, and then return to original
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Figure 5: Experiment setup for online field integral mea-
surement with stretch wire method.

-2 mm after 4 seconds. The voltage integrals have been
corrected by removing the accumulated background error, by
assuming the final voltage integral to be zero when returning
to the original point. To improve the repeatability accuracy
of the measurement, 20 sets of measurements were used for
one position, and the repeatability (rms error) is better than
2.5Gs · cm.
As shown in Table 2, four times of measurement were

taken within 40 days, with the reproducibility of 5Gs · cm.
The difference between the SWM and hall probe mapping is
about 20Gs · cm, which is mainly caused by the earth field
integrals introduced by the longer 1.1 m stretched wire (hall
probe only covers 0.64 m). For the second field integrals, the
signal to noise ratio is much lower due to the cross movement
of the stretched wire, which increases the repeatability error
to about 5%.

Figure 6: Labview GUI for integral field measurement.

Based on this SWM field integral measurement system,
another system using pulsed wire method (PWM) is under
development. The main challenge for PWM is its high sensi-
tivity and dependence on circumference factors and configu-
ration of wire characteristics. A good point for PWM is that
the field distribution can be extracted from the distributed
second field integrals.
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Figure 7: Voltage and voltage integral during horizontal
movement from -2 mm to +2 mm. (5 times).

ALIGNMENT SYSTEM FOR OPTICAL
CAVITY

To achieve optimum lasing performance, it is important
to align three axises: the optical axis, the electron beam
axis, and the magnetic axis in the undulator. An elaborate
scenario applied in ALICE IR-FEL [8] was adopted, but
with some modifications.

The overall view of the optical cavity alignment is shown
in Fig. 8. Since the optical cavity of HUST THz-FEL is
only 1/3 compared to ALICE case, only one central wedge is
used. The wedge has two functions: a 1 mm hole is used for
angle correction of optical mirrors by using two independent
HeNe laser beam, which are installed in the bottom of 45
degree pop-in mirrors; YAG:Ce crystal is embedded in the
wedge tip for monitoring the electron beam. This wedge
can be remotely controlled by a staging platform with 5 µm
repeatability precision.

The reference axis will be established by align the wedge
hole, centers of two YAG screens to the magnetic axis of
the undulator by telescope survey; then the optical axis is
aligned to adjusting two optical mirrors by HeNe auxiliary
laser, with goal of observing centered diffraction pattern at
the central wedge using CCD camera; and by using steering
magnets, the electron beam can be centered at both YAG
screens and pass through the wedge hole.

CONCLUSION
The THz-FEL facility in HUST is under installation in

the new experimental hall, and the commissioning of the
injector was initiated. The acceptance test of the planar
undulator was performed, with all required specifications
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Table 2: Measurement Results of First Field Integral with SWM (Unit: Gs · cm)

Date x=-5 mm x=0 mm x=+5 mm

2013.10.06 Iy = 199.76,σ = 1.36 Iy = 222.63,σ = 2.05 Iy = 249.47,σ = 1.36
2013.10.18 Iy = 196.93,σ = 1.64 Iy = 218.64,σ = 2.37 Iy = 245.78,σ = 2.09
2013.10.22 Iy = 196.18,σ = 1.34 Iy = 220.80,σ = 1.70 Iy = 249.76,σ = 1.87
2013.11.11 Iy = 194.46,σ = 1.32 Iy = 217.20,σ = 1.68 Iy = 246.32,σ = 1.72

Hall probe mapping Iy = 170.28 Iy = 200.34 Iy = 234.42
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Figure 8: Schematic view of the optical alignment system.

passed. This undulator has been delivered to HUST, and will
be installed after completion of the injector commissioning.
A fast online integral field measurement system using the
stretched wire method was developed, with repeatability of
2.5Gs · cm for the first field integrals. The alignment scheme
is determined for optimizing the performance of FEL lasing.
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Abstract
We could realize a variable-period (V-P) permanent-

magnet helical undulator, which shows strong (~ 1 T) and 
constant field for the whole range of undulator period-
length from 23 to 26 mm. This new compact and strong 
undulator will be used for developing a table-top high-
power terahertz (THz) free-electron laser (FEL).

INTRODUCTION
A common way of tuning the undulator radiation 

wavelength is by varying the magnetic field of the 
undulator, which changes the K value. For a permanent-
magnet undulator, the magnetic field strength is 
adjustable by changing the gap between the parts of the 
undulator. Another solution for wavelength tuning is 
variation of the undulator period-length [1, 2]. Recently, a 
V-P undulator was proposed with a planar structure using 
a split-pole structure of a hybrid permanent-magnet 
undulator [3]. The V-P undulator gives almost constant 
field strength at different periods, which results in less 
variations of a gain and radiation power for a given 
wavelength tuning range as compared with those for 
variable-gap undulators. The V-P undulator has a far less 
stringent dimensional tolerance and less driving force as 
compared to those for the variable-gap undulator, as it is 
shown in Ref. 3. 

DESIGN AND FABRICATION
The concept of the design is based on the structure of 

the hybrid permanent-magnet planar undulator.

Figure 1: Magnetic design of the V-P helical permanent-
magnet undulator [4].

Table 1: Main Parameters of the V-P Helical Permanent 
Magnet Undulator for a Compact THz FEL [4].

Gap 5 mm

Number of periods 30

Length of period 23-26 mm

Peak magnetic field 1 T

Figure 2: Calculated vertical component of the on-axis 
magnetic field of the V-P helical undulator. (a) w = 23 
mm and (b) w = 26 mm. The calculated peak magnetic 
field is about 1 T [4].

This helical undulator is a combination of two planar 
undulators. A three-dimensional (3-D) simulation of the
V-P helical undulator using the CST code [5] for different 
undulator period lengths was carried out. Table 1 shows 
the main parameters of our V-P helical undulator for a 
compact THz FEL. Figure 1 shows the structure of the V-
P helical undulator, consisting of permanent magnets and 
iron poles. A short undulator with seven periods was then 
simulated for w = 23 mm and 26 mm, where w is the 
undulator period-length. In this simulation, the sizes of 
the magnets and poles were fixed. Only the period length 
of the undulator was varied. Figure 2 shows the simulated 
vertical component of magnetic field on the axis of the V-
P helical undulator. According to the results of the 
simulation, the peak magnetic field on the undulator axis 
almost does not depend on the period length. Thus, the V-
P helical undulator enables us to tune FEL wavelength 
without significant degrading the FEL gain.

___________________________________________
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Figure 3: (a) Schematics of a basic module of the V-P
helical permanent-magnet undulator. The module 
contains two permanent magnets and two iron poles. (b) 
Assembly configuration of the undulator [4].

A magnetic basic module composes of two permanent 
magnets and two iron poles on a non-magnetic plate, 
which corresponds to the 1/4 of the undulator period, as 
shown in Fig. 3. The using permanent magnets are NdFeB 
which has the remanent flux density of about 1.2 T. The 
modules are successively installed with the rotation by of 
90-degree. Four such rotated modules form one period of 
the undulator. The basic modules are set through the 
guiding non-magnetic rods. Each modular plate has 
longitudinal repulsive force by the bigger permanent 
magnets than iron poles and also, we strengthen the force 
with the aid of spring coils between the modular plates. 
By simply controlling the longitudinal position of one end 
modular plate of the undulator by using a linear moving 
stage, we can change the period of the undulator because 
all modular plates are spaced regularly by the repulsive
force. The period lengths of the undulator can change by 
using a mechanical motorizing system. 

FIELD DISTRIBUTION AND 
PERIODICITY MEASUREMENTS

For the analysis of the field distribution and periodicity
of the V-P helical undulator, the field measurement was 
performed by using a transverse Hall sensor (Lakeshore 
Inc.). Figure 4 shows the measured values of the vertical
field component on the undulator axis at a period length 
of 26 mm. The measured and simulated values are in 
good agreement. The measured average peak magnetic 
field is 0.96 T. The difference of this value from the 
calculated one is less than the uncertainty of the 
permanent-magnet magnetization.

Figure 4: Measured vertical component of field on the 
undulator axis at the period length of 26 mm.

Figure 5: Measured peak-to-peak distances for four 
undulator periods [4]. 

Figure 6: Dependence of the average fundamental 
harmonics of magnetic field on the period length of the 
V-P helical undulator. The inset graph of the figure shows 
the peak magnetic field on the undulator axis [4].

The new feature of this V-P undulator is the variable 
positions of poles and magnets. Therefore, it was 
interesting to measure the corresponding aperiodicity of 
the field. Figure 5 shows the periodicity measurements of 
the V-P helical undulator for period lengths of 23.3, 24, 
25, and 25.6 mm. We estimated the period through the 
analysis of distances between the maxima of the 
measured magnetic field component. The r. m. s. 
deviation of the peak-to-peak length in each case was less 
than 1%. Figure 6 shows the dependence of the average 
fundamental harmonics of magnetic field on the period 
length of the V-P helical undulator. The inset graph of the 
figure shows the deviation of the peak magnetic field 
along the undulator axis for each period length. The r. m. 
s. deviation of the peak field module for each period 
length was measured to be less than 0.7%. The first and 
the second field integrals and the corresponding radiation 
Fourier harmonics [6] were calculated. Calculated ratio of 
the maximum spectral intensity of radiation to the ideal 
one and r. m. s. phase errors are presented in Table 2.
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Table 2: Spectral Intensity, normalized to the ideal one, 
and r. m. s. phase errors for different undulator periods [4].

Period 
(mm)

Spectral intensity 
ratio (%)

R.m.s. phase errors 
(degree)

23.3 98 2.7

24 95 8.0

25 98 3.6

25.6 97 3.7

The reproducibility of the phase error was checked by 
measuring the field six times at 25.6 mm period after 
random shifts of undulator sections. The mean value of 
the r. m. s. phase errors is 3.7. The results of these 
calculations show, that the field errors are within the 
tolerances for a table-top THz FEL.

CONCLUSION
This undulator has several advantages as below. First, 

tuning of the radiation wavelength without decrease of the 
undulator field is possible by adjusting the undulator 
period. Second, the helical permanent magnet undulator 
can generate strong field on the undulator axis. Third, 
realization of a compact and mechanically simple system 
is possible. Fourth, the V-P undulator enables us to tune 
the FEL wavelength and to reduce the size of the 
undulator without degrading the FEL gain. Consequently, 
this strong and compact undulator may be a useful
technology for the development of a new FELs and cost 
effective insertion devices for synchrotron radiation 
sources.
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PAL-XFEL MAGNET POWER SUPPLY SYSTEM 
Seong Hun Jeong#, Ki-Hyeon Park, Hyung Suck Suh, Sang-Bong Lee, Bongi Oh, Young-Gyu Jung, 

Hong-Gi Lee, Dong Eon Kim, Heung-Sik Kang and In Soo Ko 
PAL, Pohang, Republic of Korea 

Abstract 
This paper presents an overview of the magnet power 

supply (MPS) for the PAL-XFEL. The number of total 
MPS is up to 624 and they will be installed along the 
accelerator and the undulator sections. The power 
capacity of the MPS was ranging from about 1 A to 300 
A. These MPSs were required to meet the high stability 
that was subjected from the beam dynamics 
specifications. This paper described the overall MPS 
requirements, MPS assembling, test process, control 
scheme, installation plan and so on. 

INTRODUCTION 
The PAL-XFEL is the 4th-generation light source, base 

on a single pass FEL, under constructing at Pohang 
Accelerator Laboratory in Korea. This project aims at the 
generation of X-ray FEL radiation in the range of 0.1 to 
10 nm for users. The machine consists of 10 GeV linear 
accelerator and hard and soft X-ray undulator beamlines. 
The accelerator will operate at a 60 Hz and will be 
extended to 120 Hz [1]. Total 624 set of MPS are used for 
beam orbit correction and maintained for the beam 
trajectory. To reach the best performances expected from 
a 4th-generation source, very demanding specifications 
have been targeted notably on magnetic field stability and 
reproducibility of the various magnets, hence on the 
currents delivered by the power supplies.  The power 
supplies have ratings which range from about 1 A to 300 
A. The topologies of the MPSs are buck and H-bridge 
chopper type. This paper describes the MPS developing 
status and installing plan and so on. 

MAGNET POWER SUPPLY 
SPECIFICATIONS 

Table 1 describes the specifications of the three kinds - 
quadrupole, dipole and corrector - magnet power supplies 
for the PAL-XFEL.  

Table 1: Total MPSs Number for PAL-XFEL 

Magnet MPS type Qty Stability(ppm) 

Corrector Digital 283 10 & 50 
Analog 108 50 

Quadrupole Unipolar 122 100 Bipolar 86 

Dipole Unipolar 20 20 
Bipolar 2 

Solenoid Bipolar 3 20 

 
Based on the maximum operating current and voltage, 

213 quadrupole magnets are divided into 11 families, 48 
dipole magnets are 7 families. The 391 corrector magnets 
are grouped 3 families base on the current rating and 
stability. The power supplies can be categorized as 
unipolar and bipolar power supplies. 

HARDWARE STRUCTURE AND 
CONTROL SCHEME 

The basic structure of a power supply with controller, 
ADC and interface to the control system is shown in 
figure 1. The topologies of the converters are either buck 
or H-bridge. It is based for the unipolar of dipole and 
quadrupole MPS on the following chain of elements: 12-
phase transformer, rectifier, input filter, energy storage, 
switching device and output filter. 

 
Figure 1: PS control structure overview. 

 The transformers adapted to the higher power capacity 
have two secondary windings, one delta-connected and 
the other wye-connected to configure the 12 phase 
rectifier in order to reduce the AC ripple on the DC link 
of the power supply. The bandwidth of the input filter 
should be less than 30 Hz to have a good output 
performance. A freewheeling diode and an L-C filter are 
put across the output stage. The cut-off frequency of 
output L-C filter is about 5 kHz. It gives a good dynamic 
control performance. A soft charge circuit on the rectifier 
limits the inrush current during power on. 

 
Figure 2: Control loop structure. 

Figure 2 shows the control loop structure of MPS. The 
control loops for the switching mode power supply are 
consisted of a cascaded current and voltage feedbacks, the 
inner loop controls the output voltage, and outer loop 

 ____________________________________________  

*Work supported by Ministry of Science, ICT & Future Planning of 
Korea, #jsh@postech.ac.kr                  
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controls the output current [2]. The control loops are 
executed at every PWM switching frequency.  

Since the introduction of digital signal processor, a 
fully digital-controlled MPS has many advantages over 
the analog one. Its output characteristics are less sensitive 
to noise and less susceptible to parameter variations from 
thermal and aging effects. Also, it has flexibility in 
control system [3]. Digital control processing for MPS 
will be built on the DSP TMS320F28335 from TI Co. It 
has 6 enhanced PWM modules with 150 ps micro edge 
positioning [4]. The uC5282 embedded microprocessor 
module from Arcturus Co. was assembled into the DSP 
board to support Ethernet.  

 

 
Figure 3: Logic diagram of Interlock signal process. 

Interlock signal process is shown in figure 3. All MPS 
are equipped with latched interlocks to detect abnormal 
MPS and magnet conditions such as shown in figure 3.  
When interlock is occurred, MPS output is blocked by 
hardware logic and it transfer the state to control room. In 
this time, interlock state is latched and it was returned to 
normal state by reset switch or consol command.  
 

 
Figure 4:  MMI display at computer. 

Figure 4 shows the MMI (Man Machine Interface) 
example of MPS. This panel is made by CSS tools [5]. 
The EPICS IOC was embedded in the uC5282 board of 
the MPS controller.  The MPS also included the RS232C 
port to interface in the front of the MPS site. These MPSs 
included the small web server to make easy maintenance. 

MAGNET POWER SUPPLY 
ASSEMBLING 

There is a lot of numbers MPS assembling. Whole 
power supply should be modularized to install in 19’ rack 

size. Figure 5 shows an example of the corrector MPS 
installation diagram. 

 
Figure 5: Corrector MPS mounting diagram. 

We plan the 4 - corrector MPSs (below 400W) is 
installed in 3U unit of standard 19’ rack. These corrector 
MPS has independent controller, but communication 
module is shared by 2 MPS. The switching frequency of 
these 4 corrector MPS should be design to synchronize. 
The size of quadrupole MPS for less than 400W is 1/2 of 
4U unit. All MPS cabinets have safety ground which was 
connected to the distribution board. 
 

 
Figure 6: Power stack of 90A Bipolar MPS. 

Figure 6 shows the power stack of 90A bipolar MPS. 
The left side is source input and right side is output. It 
shows the IGBT modules and input, output filters. 

TEST PROCESS 
In factory stage, the acceptance test will focused on the 

power circuit. During the 8 hour’s operation at 100% 
normal current, DC link capacitor bank and IGBT module 
temperatures will be checked. 

 

Figure 7: MPS performance test scheme. 
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Figure 7 shows the MPS performance test scheme. For 
the measurement of DC output current, digital volt meter 
(DVM), HP3458A, and external high precision DCCT 
MACC150 from HITEC are used and output ripple 
voltage is measured by oscilloscope [6]. The DVM has an 
8 1/2 digit resolution, and 0.6 ppm accuracy [7]. To 
measure the insulation resistance, mega ohm tester is 
used. All data is acquired by computer to verify the MPS 
performance. 

Figure 8 shows the performance test result of prototype 
power supply and magnet for PAL-XFEL. The short term 
stability of the MPS is below 5 ppm for 30 minute at full 
output power.  
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Figure 8: Current stability for 30 minute at 20A and 5V 
output. 

Figure 9 shows the reproducibility test results. The 
current was set to 10 A and 8A repeatedly by 5 times. It 
shows the difference of output is less than 2.5 ppm. 
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Figure 9: Reproducibility test result. 

INSTALLATION PLAN 
We will prepare the installation plan and verify the 

schedule and procedure. All assembled MPSs are 
evaluated the performance at before installation. To 
remove the interference between the accelerator devices 
and MPSs, 3D model drawing of magnet and MPS rack 
will be draw. The output cables of MPS are non-
radioactive and current capacity is 1.5 A/mm2 for above 
100A and 2 A/mm2 for below 100A. When the devices 
are installed in site, field tests are done for verifying the 
performance. The MPS will be begin to install in March 
and ended in June 2015. The whole MPS site tests will be 
carried out for 3 months from July 2015. We hope all 
errors are cleared out and keep for normal status for the 
best beam commissioning.    

CONCLUSION 
This paper described the overall MPS requirements, 

control scheme, MPS assembling, test process, 
installation plan for PAL-XFEL. In factory stage, the 
acceptance test will focused on the power circuit. After 
the 8 hour’s operation at 100% normal current, DC link 
capacitor bank and power stack temperature will be 
checked. These MPS included the small web server to 
make easy maintenance. The MPS will be installed from 
March 2015 and operation tests will begin July 2015. 
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DESIGN, FABRICATION, AND PERFORMANCE TESTS OF DIPOLE AND 
QUADRUPOLE MAGNETS FOR PAL-XFEL* 

Hyung Suck Suh#, Bongi Oh, Dong Eon Kim, Heung-Sik Kang, Hong-Gi Lee, In Soo Ko, 
Ki-Hyeon Park, Moo Hyun Cho, Sang-Bong Lee, Seong Hun Jeong, Young-Gyu Jung 

PAL, Pohang, Republic of Korea 

Abstract 
PAL(Pohang Accelerator Laboratory)-XFEL is now 

being constructed in Pohang, Korea. This facility will 
consist of a 10 GeV linac and five undulator beamlines. 
As the first phase we will construct one hard X-ray and 
one soft X-ray beamlines which require 6 different 
families of dipole magnets, and 11 families of quadrupole 
magnets. We have designed these magnets with 
considering the efficient production and the proper power 
supplies. In this presentation, we describe the design 
features of the magnets, the manufacturing, and the 
thermal analysis with the test results. 

INTRODUCTION 
The PAL-XFEL is a 0.1-nm hard X-ray FEL project 

starting from 2011. Three hard X-ray and two soft X-ray 
branches are planned. As the first phase of this project, 
one hard X-ray (HX1) and one soft X-ray (SX1) which 
consist of 51 dipole and 208 quadrupole magnets will be 
constructed [1]. 

We have designed all magnets on our own by using 
OPERA and ANSYS codes [2, 3]. We tried to reduce the 
number of coil types and the number of the power supply 
types for the convenient production. Every magnet is 
designed to maintain the maximum temperature rise of 
coils below 20 K for about 120% of the rated currents. In 
the process of the design, it was helpful to parameterize 
the main figures of the magnets in a spread sheet for easy 
estimation by changing some parameter often. Now we 
are manufacturing them and testing the prototype 
magnets. 

DIPOLE MAGNETS 
The dipole magnets were classified into 6 kinds 

according to the pole gap, the effective magnetic length, 
and the maximum magnetic field. The results of the 
classification are listed in Table 1. 

Dipole magnets have the same pole gaps of 30 mm 
except D6 of 15 mm for the self-seeding. D1, D2, and D4 
have H-type core shape, and D3, D6, and D7 have C-type. 
All dipole magnets of D1~D6 for the bunch compressor, 
the chicane, and the self-seeding have the trim coils with 
1% of the main field. 

The pole profiles of magnets are optimized by the small 
bumps at the tip of the pole for the field uniformity. The 
requirements for the field uniformity are different from 
each magnet, e.g. in the case of H-type dipole magnet D1, 

B/B0 < 1.0E-4 for ±17mm, B/B0 < 5.0E-4 for ±41mm 
in 3D calculation. 

 
Table 1: The Families of Dipole Magnets (D5 was 
Replaced with D2)  

Family Magnetic 
length [m] 

Max. field 
[T] Qty Position 

D1 0.20 0.80 6 BC1 

D2 0.70 1.00 18 BC2,BC3, 
BAS1 

D3 1.50 1.30 11 BAS2,3,4 
D4 0.17 0.30 4 Laser Heater
D6 0.30 0.485 4 Self seeding

D7 0.75 1.164 2 Tune-up 
dump 

 
So the pole contour of D1 is made like Fig. 1 where the 

a-b line has a slight slope. The 2D/3D field uniformities 
of the calculation results are shown in Fig. 2. 

 

Figure 1: Pole contour of H-type dipole magnet D1. 

 

 
Figure 2: Calculated 2D/3D field uniformities of dipole 
magnet D1. 

The laminated cores are used for the magnets D2 and 
D3 which quantities are more than 10 magnets, and the 
solid cores are used for the rest of the dipole magnets.  

 ___________________________________________  

*Work supported by Ministry of Science, ICT and Future Planning of 
Korea, #suhhs@postech.ac.kr 
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We measured the magnetic field of D4 dipole magnet 
that has four coils per magnet for the space in the middle 
(see Fig. 3). The 3D results of the field uniformity 
satisfied the requirement that is less than 1.0E-4 within ±9 
mm as shown Fig. 4. But now we are analysing the 
multipole components along the beam trajectory. 

 

 
Figure 3: The FEM model and the prototype of dipole 
magnet D4. 

 

 
Figure 4: Field uniformity comparison of D4 magnet. 

QUADRUPOLE MAGNETS 
The quadrupole magnets are classified into 11 kinds 

according to the aperture diameter, the effective length, 
and the maximum field gradient. The results of the 
classification are listed in Table 2.  

Table 2: The Families of Quadrupole Magnets 

Family 
Aperture 
diameter 

[mm] 

Magnetic 
length [m] 

Max. 
gradient 

[T/m] 
Qty 

Q1 30 0.065 15 18 
Q2 30 0.13 25 60 
Q3 30 0.18 25 18 
Q4 44 0.20 25 7 
Q5 22 0.40 35 14 
Q6 16 0.13 40 31 
Q7 80 0.50 18 3 
Q8 22 0.25 30 19 
Q9 16 0.08 32 18 
Q10 44 0.50 25 4 
Q11 44 0.10 10 16 

There are the horizontal and vertical steering functions 
in some quadrupole magnets (Q1, Q2, Q3, Q6, and Q9) 
for the bunch compressors and the inter-undulator.  

The multipole components were calculated by using an 
equation, the radial component: Br (r0, ) = n {An sin(n ) 
+ Bn cos(n )}, where r0 is the reference radius that is the 
good field radius. All magnets are optimized to have the 
relative multipole components less than 1.0E-4 in 3D 
calculations. Fig. 5 shows the half pole contour. In this 
figure the o-m line follows along an ideal hyperbola, the 
m-n is a straight line and an arc after n point. We could 
satisfy the multipole requirements by manipulating the 
position and the length of the straight section. 
 

 
Figure 5: The half pole of quadrupole magnet. 

The indirect cooling system (heat sink) for the 
quadrupole magnets (Q1, Q2, Q3, Q5, Q6, Q8, and Q9) 
was adopted. Fig. 7 shows the cross section of the 
conductor and the temperature distribution of quadrupole 
magnet Q2. We used the effective thermal conductivity: 
1/keff = vi/ki for the turn insulation and the ground 
insulation, where vi is the volume fraction.  

We made two kinds of prototype quadrupole magnet of 
Q2 and Q5, and measured the magnetic field with a hall 
probe and the temperature rise (see Fig. 6 and Table 3).  

 

 
Figure 6: FEM model and field measurement scene of a 
quadrupole magnet. 

 
Table 3: The Calculated and Measured Temperature Rise 

Magnet Calculated Estimated 
(by resistance) Measured

Q2 11 16 14 
Q5 10 15 17 

 
The relative deviation of the field gradient B’/B’ for 

Q2 was shown as 1.2E-3 within ±10mm on the mid-plane. 
We prepare the field clamp to shield the leakage field 
from quadrupole magnets. The field clamp of 1 mm 
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thickness can reduce the leakage field to less than 5 Gauss 
beyond this clamp. But this field clamps reduce the 
magnetic length by about 1% for Q2. 

 

 
Figure 7: The conductor cross section and the temperature 
distribution of quadrupole magnet Q2 with a heat sink. 

CORRECTOR MAGNETS 
The dipole magnets and the quadrupole magnets for the 

chicanes and the beam analysing have the trim coils or the 
horizontal/vertical steering coils respectively. Beside 
these, we prepare the independent corrector magnets of 49 
that are composed of 35 with iron core and 14 with air 
core. The other correctors with iron core have the heat 
sink system similar to Fig. 7 for the narrow space. The 
main parameters of the corrector magnets are shown in 
Table 4. 

Table 4: The Main Parameters of Corrector Magnets 
Corrector type C1  C2 C3 

Core iron iron air 
Cooling type air heat sink air 
Field integral 

[Gcm] 5000 5000 1000 

Magnet length 
[mm] 295 144 200 

Current density 
[A/mm2] 1.1  2.6 0.9 

Temperature 
rise [K] 16 12 18 

Quantity 35 6 14 

CONCLUSION 
When we classified the magnets and determined the 

coil sizes, we should consider the connection condition of 
magnets in series or stand alone, the electrical properties 
of magnets, and the number of cooling circuit. If the 
number of cooling circuits is increased in order to reduce 
the temperature rise, then the magnets become more 
complicate with the risk of leakage [4]. 

We have designed almost all magnets, and are testing 
the prototype magnets now. The results of tests are not 
bad until now. But we have to modify magnets if it is 
necessary after analysing the magnetic field and the 
temperature rise. 
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ESTIMATING EFFECT OF UNDULATOR FIELD ERRORS USING THE 
RADIATION HODOGRAPH METHODH 

N.A. Sokolov#, Budker INP, Novosibirsk, Russia 
N. Vinokurov, Russia, and KAERI, Daejeon, Rep. of Korea 

Abstract 
Spatially-periodic magnetic structures are widely used 

for generation of high-brilliance radiation in storage rings, 
sources of synchrotron radiation and free electron lasers. 
In 1947, V.L. Ginzburg suggested the first undulator 
scheme. 

An alternating magnetic field created by a planar 
undulator makes electrons oscillate in the transverse 
direction, with interference of radiation emitted from 
separate parts of the trajectory. The spectrum of the 
forward emitted radiation is enchanced due to 
constructive interference. 

The ondulator is made of the magnetized bars that are 
not perfect and their magnetization differs. Therefore, the 
electron trajectory is not purely sinusoidal and, as a result, 
the spectral intensity fades. The task was to find out if the 
precision of magnet manufacturing is sufficient. 

This paper presents modelling of electron motion in the 
measured magnetic field of the new (third) free electron 
laser at the Siberian Synchrotron Radiation Centre. We 
have managed to estimate the effect of the field errors 
through comparison of the resulting emitted field 
amplitude with the amplitude from ideal magnet bars 
using the hodograph method. 

CALCULATING MAGNETIC FIELD OF 
UNDULATOR 

The undulator under study consists of two rows of 
magnetized bricks with 1.5×1.5 cm2 square cross-section, 
a width w of 9 cm and alternating magnetization 
directions as shown in Fig. 1. A brick is characterized by 
homogeneous magnetization M and the brick shorter side 
b. The vertical component of the field of a break, centered 
at the origin is given by two expressions for contributions 
of vertical My and horizontal Mz components of of 
magnetizations. Now the undulator field can be calculated 
as the sum of the fields of all its bricks (Eq. 1): 

Figure 1: Scheme of permanent magnet undulator. 
 

ሻݖ௬ሺܤ ൌ 2ቂܤ௩ሺ0, ݃, ݖ െ ܾ݊ሻ cos
݊ߨ
2



 ,ሺ0ܤ ݃, ݖ െ ܾ݊ሻ sin
݊ߨ
2
ቃ, 

(1) 

where g is the distance between the undulator axis and the 
brick centres, and My = Mz = M. It should be taken into 
account that the undulator begins and ends with two pairs 
of halved bricks for the average angle of particle 
trajectory and the transverse coordinate to be the same at 
the undulator ends. The fields of these termination bricks 
were calculated with formula, similar to Eqs. 2 and 3. The 
contribution of termination bricks is skipped in Eq. 1, but 
was taken into account in field and trajectory calculations. 
Bricks with vertical (along the OY axis) magnetization 
change the particle transverse angle, while bricks 
magnetized horizontally along the OZ axis change the 
transverse coordinate of particle. 

This results, for a magnetic field of ideal bricks, in an 
electron trajectory which is close to the ondulator axis and 
has close-to-zero transverse angle and coordinate (see 
Fig. 2).  

Since the average magnetization of brick M is not 
known precisely, let select it such that the ideal ondulator 
field is close to the measured undulator field, shown in 
Fig. 3. We obtained an average magnetization of 
1.076 kG using the method of standard deviations. The 
field errors, shown in Fig. 4, apparently do not exceed 
5 % of the field maximum. 

 

 
Figure 2: Electron trajectory in the field of the ideal 
undulator. 

 ___________________________________________  
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Figure 3: Measured undulator magnetic field. 

 

Figure 4: Difference in the fitted ideal and measured 
magnetic fields. 

RADIATION HODOGRAPH METHOD 
For a planar undulator the Fourier-harmonics of 

forward emitted radiation at frequency ω is proportional 
to [1]: 

 
 

න ݁ఠ௧ሺ௭ሻିఠ௭ ୡ⁄ ݔ݀
ݖ݀

ሺݖሻ݀ݖ
ஶ

ିஶ
, (4) 

where c is the velocity of light. Eq. 4 shows that it is sum 
of contributions of all segments of the particle trajectory. 
In a good undulator at some frequency phases of 
contributions of different segments are the same, and the 
modulus of the radiation Fourier-harmonics is maximum. 

To visualize contributions of different parts of the 
undulator one can take the integral Eq. 4 from the 
undulator entrance to some current point z1. Calculating 
arrival time t(z) and small deflection angle dx/dz through 
the measured field we define the hodograph function 
[2, 3] as 

 
ଵሻݖሺܩ ൌ

 ሻݖଵ௬ሺܫ exp൛െ݅ݖൣߢ   ଵ௬ଶܫ ሺݖᇱሻ݀ݖᇱ
௭
 ൧ൟ ݖ݀

௭భ
 , 

(5) 

 

where the ܫଵ௬ሺݖሻ is the first integral of the magnetic field: 

 

ሻݖଵ௬ሺܫ ൌ


మ
 ,௬ሺ0,0ܤ ′ݖᇱሻ݀ݖ
௭
 , (6) 

and κ = ω/(2γ2c). We can use this expression to estimate 
the magnetic field error if we draw the curve consisting of 
points with coordinates ReG(z1), ImG(z1). 

CALCULATION OF MEASURED FIELD 
RADIATION HODOGRAPH  

Let apply the hodograph formula Eq. 5 to the measured 
field of the undulator and then compare with the case of 
ideal field. We can calculate the particle trajectory with a 
1 mm step in the z coordinate (see Fig. 5).  

Let’s calculate the hodograph applying the formula to 
these trajectories. The results are shown in Figs. 6 and 7. 
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Figure 5: Particle transverse deviations multiplied by 
gamma. The red line represents trajectory in the ideal 
field; the blue line is for the measured field. 

Figure 6: Measured and ideal field hodographs. Blue line: 
measured field, red line: ideal field. 

 

Figure 7: Hodographs’ absolute value increments. 

RESULTS 
We can reach the emitted field amplitude maximums at 

ߢ ൌ 88.65݉ିଵ and 88.61݉ିଵ for ideal and measured 
fields accordingly. Maximum amplitude for a measured 
field is equal 0.995 of a maximum amplitude for an ideal 
field. 

Building the emitted amplitude spectrum (Fig. 8), we 
can estimate the relative width of main peak equal 3.2%. 

Figure 8: Radiation spectrum for measured (red) and ideal 
(blue) fields. 
 

From comparing the amplitudes’ maxima for the 
measured and ideal fields, it follows that we cannot 
enhance the spectral intensity in maximum more than by 
1% neither by increasing the precision of magnet 
manufacturing, neither by increasing the precision of their 
spatial placement. That means that the measured field is 
good enough for generation of a monochromatic terahertz 
radiation. 
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MODELING AND DESIGN OF THE VARIABLE PERIOD AND POLE 
NUMBER UNDULATOR FOR THE SECOND STAGE OF THE 

NOVOSIBIRSK FEL* 

O.A. Shevchenko, V.G. Tcheskidov, N.A. Vinokurov, BINP, Novosibirsk, Russia 
I. Davidyuk#, Novosibirsk State University, Novosibirsk, Russia 

Abstract 
The concept of the permanent magnet variable period 

undulator (VPU) has been proposed just several years ago 
and there are few examples of its implementation yet. The 
VPUs have several advantages compared to conventional 
undulators. One of them is wider radiation wavelength 
tunability range and another one is an option to increase 
the number of poles for shorter periods. Both these 
advantages will be realized in VPU which is being 
developed now at Budker INP. In this paper, we present 
the 2-D and 3-D magnetic field simulation results and 
discuss the design features of this VPU. 

INTRODUCTION 
Tuning of the radiation wavelength is one of the basic 

FEL advantages which differs them from conventional 
lasers. Wide tunability range is desirable for many 
applications. Therefore its increasing is important goal of 
the FEL design optimization. As the wavelength in FEL 
depends on several parameters it can be tuned several 
ways. Each of them has its own advantages and 
disadvantages. But from the point of view of the 
maximum tunability range the best way of wavelength 
tuning is based on the varying of the undulator period. 

The concept of the variable period undulator (VPU) has 
been proposed just recently [1] and it has very few 
implementations yet. There are several types of the VPU 
design. One of them proposed in [2] is similar to 
conventional hybrid undulator in which the iron poles are 
divided in two halves. This type of VPU is composed 
from separate magnet blocks which can move freely 
along longitudinal axis. Each block includes one 
permanent magnet and two iron plates. At fixed positions 
of the outer blocks the inner blocks distribute evenly in 
longitudinal direction due to the repulsive forces and the 
period of this distribution can be adjusted by moving of 
the outer blocks. This design allows to change number of 
blocks so, that at fixed space allocated for undulator one 
can have larger number of periods for shorter wavelength. 

The variable period undulator for the NovoFEL is being 
developed now at Budker INP. It will replace 
electromagnetic undulator of the second stage FEL which 
is installed on the bypass of the second horizontal track 
[3]. The tunability range of the existing FEL is 35 - 80 
microns. Application of VPU will allow to shift the short 
wavelength boundary to 15 microns (see simulation 

results below). By now design of the VPU magnetic block 
has been already developed and small prototype which 
has only six blocks is being manufactured now. In this 
paper we discuss undulator design and its magnetic field 
properties. 

UNDULATOR GEOMETRY AND FIELD 
SIMULATION RESULTS 

To find the optimal undulator geometry and investigate 
the magnetic field properties 2-D and 3-D simulations 
were carried out. For 2-D simulations we used code 
FEMM [4] which runs quite fast therefore we could 
calculate magnetic field for the total number of undulator 
periods (about 50). The final 3-D geometry is presented in 
Fig. 1. It was simulated by CST Studio [5]. 

Figure 1: Undulator geometry used in 3-D simulations. 
Yellow blocks – permanent magnets, green plates – iron 
poles. 

The undulator transverse aperture was chosen to be 50 
mm. This value cannot be significantly reduced because 
of electron and optical beam losses. The minimal 
undulator period 48 mm is limited by the aperture. For the 
smaller periods the undulator deflection parameter and 
consequently the FEL gain become too small (see Fig. 
6,8). 

Each undulator block consists of one permanent magnet 
and two iron plates. The opposite plates of two blocks 
adjacent in longitudinal direction form one pole. Two 
blocks at the top as well as two blocks at the bottom are 
combined in one unit which moves as a whole. Top and 
bottom units are not connected. The blocks in one unit are 
tilted with respect to each other. This configuration 
provides the growth of the field amplitude with the 
distance from the central axis in all directions. As the  ____________________________________________  
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result this undulator will focus electron beam horizontally 
as well as vertically. 

The permanent magnets are supposed to be made of 
NdFeB. In simulations we used permanent magnet with 
magnetization value 1.3T. Dimensions of the magnets and 
iron plates were optimized to obtain the maximal field 
amplitude at minimal period.  

Transverse cross-sections of the iron plate and 
permanent magnet with final dimensions are presented in 
Fig. 2. 

Figure 2: Transverse cross-sections of the iron plate (left) 
and permanent magnet (right). 

Full 3-D simulations of the undulator regular part were 
used to obtain the dependences of the basic undulator 
parameters on the period. The results are presented below. 
Dependences of the field amplitude and K parameter on 
the period are shown in Fig. 3 and 4.  It is seen that 
variation of the period in VPU does not lead to the so 
significant change of the field amplitude as variation of 
the gap does in variable gap undulators (VGU). 

Figure 3: Dependence of the field amplitude on the 
undulator period. 

In Fig.5 one can see the normalized amplitude of the 
third harmonic. In VPU it cannot be minimized for all 
periods but for our FEL application its value is small 
enough in the whole range. 

Figure 4: Undulator deflection parameter. 

Figure 5: The third harmonic of the undulator magnetic 
field normalized to the first harmonic amplitude. 

Tolerance Requirements 
In the considered type of VPU design longitudinal 

positions of the magnetic blocks in the regular part of 
undulator are not fixed mechanically and in principal may 
have some essential errors. This fact is often used as an 
argument against feasibility of the VPU concept. 
Therefore this problem has to be investigated. 

There are two types of position errors – random 
deviation from regular positions and systematic change of 
the distance between adjacent blocks which leads to slow 
linear tapering of undulator period. The last one is most 
dangerous. This type of errors can appear due to friction 
forces or due to the tilt of undulator from horizontal 
plane. 

To find acceptable spread of longitudinal positions for 
our undulator we made 2-D simulations of undulator with 
50 periods for both types of errors. The linear tapering for 
systematic error simulations was 10 µm per period. 
Undulator performance was characterized by spectrum of 
spontaneous emission at zero angle. The results are 
presented in Fig. 6. 
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Figure 6: Spectrums of spontaneous emission. Green one 
– ideal undulator, blue – random block shift with 
amplitude 1.5 mm, red – systematic 5µm block shift. 

It seen that acceptable random spread is more than 1 
mm while systematic shift should not exceed several 
microns which at first sight does not look very realistic. 
But 3-D calculations showed that restoring force acting 
on one unit at 5 microns shift is 0.2 N. The weight of one 
unit block is less than 1 kg and vertical magnetic force 
acting on the unit is about 40 N. Therefore to avoid the 
problem with systematic shift one has to provide the value 
of the friction coefficient less than 4·10-3 and the value of 
the tilt angle less than 0.02 which looks feasible. 

Terminations Field Correction 
In the regular part of undulator electron beam has to 

move along the central axis. This condition is required to 
provide overlap of electron beam with the optical cavity 
mode as well as to avoid betatron oscillations induced by 
strong undulator focusing. The standard way to provide 
this condition consists in decreasing of the strength of two 
magnets at undulator entrance. By proper choice of the 
decreasing coefficients one can easily compensate the 
first and the second field integrals at given undulator 
period. Varying of the period in principle can lead to 
violation of this compensation but according to our 
undulator simulations for the considered range of periods 
(from 4.8 to 9.6 cm) this violation is not very significant. 

Undulator Focusing 
Electron beam in Novosibirsk FEL has low energy 

therefore undulator focusing plays significant role. As it 
was mentioned earlier the undulator geometry provides 
focusing in both vertical and horizontal directions. In Fig. 
7 one can see the dependence of the matched horizontal 
and vertical β - functions on the undulator period. 

Figure 7: Dependence of the matched horizontal (blue) 
and vertical (green) β - functions on the undulator period. 

FEL Tunability Range 
According to the simulation results the developed 

undulator allows to increase the wavelength tunability 
range of the Novosibirsk FEL. As it is well known the 
lasing in FEL oscillator is possible when the FEL gain 
increases the round trip radiation losses in optical cavity. 
In Fig. 8 one can see the gain and losses [6] of the second 
stage Novosibirsk FEL for different wavelengths and for 
different types of undulators. The gain was calculated for 
the following electron beam parameters: energy – 22 
MeV, energy spread – 0.5 %, peak current – 40 A. Gain 
calculation for the VPU case takes into account increasing 
of the number of periods for shorter wavelengths. 
Together with VPU plot one plot for the VGU with 
comparable tuning range and one plot for the currently 
installed EM undulator are presented. Advantage of the 
VPU becomes evident from comparison these plots. 

 

Figure 8: The FEL gain (blue – VPU, gray – VGU, green 
– electromagnetic undulator) and optical cavity losses 
(red dashed) for different radiation wavelengths. 

MECHANICAL DESIGN  
The undulator mechanical design is presented in Fig 9. 

MOP037 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

98C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines



Figure 9: Undulator mechanical design. 

To provide small friction coefficient the units, which 
contain magnet blocks are placed on the bearings. In 
present design the number of periods is changed manually 
but the period itself can be varied remotely by special 
mechanism.  

CONCLUSION 
The variable period undulator developed for the 

Novosibirsk FEL provides a wavelength tuning range 
about 13 – 76 μm while the tuning range of existing FEL 
based on electromagnetic undulator is only 37 – 80 μm. 
Thus the proposed undulator replacement will essentially 
reduce the short wavelength limit that will make 
Novosibirsk FEL more powerful research instrument. 
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CHARACTERIZATION OF THE UNDULATOR MAGNETIC FIELD 
QUALITY BY THE ANGLE AVERAGED RADIATION SPECTRUM* 

O. A. Shevchenko#, Budker INP SB RAS, Novosibirsk, Russia 
N. Vinokurov, Budker INP SB RAS, Novosibirsk, Russia, and KAERI, Daejon, Rep. of Korea 

Abstract 
The real undulator magnetic field always contains 

errors which influence undulator performance. The effect 
of these errors is usually characterized by broadening of 
the spontaneous emission spectrum at zero angle and 
corresponding reduction of the spectral intensity. This 
approach works very well for the phase errors while it 
does not take into account transversal trajectory 
displacements. The integrated over the angles radiation 
spectrum contains more complete information about the 
undulator field quality but its calculation requires more 
effort. Therefore the spectral density of emitted radiation 
(the total number of emitted photons with given energy) 
can be considered as a figure of merit for an undulator. In 
this paper we derive analytical formula for this spectrum 
suitable for doing efficient numerical calculations and 
demonstrate its application to the case of some typical 
undulator field errors. 

INTRODUCTION 
Real undulators differ from ideal ones. The common 

way of the characterization of this difference is 
comparison of calculated spectral intensities of their 
radiation in forward direction and trajectories (see, e. g., 
[1]). For good undulator the reduction of spectral intensity 
is small and the trajectory deviation is less than the radius 

of first Fresnel zone divided by 2π,  4L  , where L 

is the undulator length, and λ is the radiation wavelength. 
These two conditions are independent. Indeed, let us 
consider an undulator with parallel shift of electron 
trajectory in the middle (see below). The reduction of the 
forward-direction spectral intensity can be fully 
compensated by proper phase shift of radiation from the 
second half of the undulator (for example, by proper 
longitudinal shift of the second half). In this case we 
return constructive interference of the radiation from the 
undulator halves. But, in other but forward directions the 
path difference differs and spectral intensity will remain 
less than an ideal one. Therefore the total (integrated by 
angles) spectral power of radiation in this example is 
reduced. In this paper we consider the use of the spectral 
density of emitted radiation (the total number of emitted 
photons with given energy) as a figure of merit for an 
undulator. We derive analytical formula for this spectrum 
suitable for doing efficient numerical calculations and 
demonstrate its application for simple examples. 

SPECTRUM FORMULA 
Let electron with charge e and coordinate r0 moves at 

velocity dtd 0rv  . The Fourier harmonics of the 

radiation vector potential is [2] 

      0

ikr
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e t e dt
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  krA r v , (1) 

where k = ω/c , r = nr, k = nk. The spectral intensity 
(energy, radiated to the solid angle do and frequency 
interval dω/(2π)) is 
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Integration over the angles gives the total energy, 
radiated to the frequency interval dω/(2π), or the spectral 
power, 
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and      2010 ttk rra  .  

Taking into account that 

 ____________________________________________  
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and integrating Eq. 3 by parts one can also obtain 
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Plugging Eqs. 4, 5 into Eqs. 3, 6 gives Eq. 7: 
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Since vzdt = dz, in paraxial |x1 – x2|, |y1 – y2| << |z1 – z2| 
and ultrarelativistic γ >> 1 approximation 
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Eq. 7 can also be written as shown in Eq. 9: 
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where s = z1 – z2 and z = (z1 + z2)/2. This integral does not 
contain fast-oscillating terms and can be calculated 
numerically for any paraxial trajectory. Now we will 
demonstrate the use of Eq. 9 for the simplest case of 
helical undulator and for planar undulator with parallel 
shift of electron trajectory. 

IDEAL HELICAL UNDULATOR 
For an ideal helical undulator 
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    (10) 

for 0 < z < L. Then for long (kuL = 2πN >> 1) undulator 
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For weak (K << 1) undulator integral in (11) can be 
taken easily, and one obtains well-known result [3] 
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where ϑ(x) is Heaviside step function, ϑ(x) = 1 for x ≥ 0, 
ϑ(x) = 0 for x < 0.  

UNDULATOR WITH PARALLEL SHIFT 
OF TRAJECTORY 

Now we will compare the undulator with parallel shift 
of electron trajectory (see Fig. 1) with an ideal one.  

 

Figure 1: Calculated trajectories  in ideal (A) and 
disturbed (B) undulators. 

The calculated with Eq. 2 spectral intensities of 
forward-direction radiation (Fig. 2) at the frequency of 
interest are the same.  

The corresponding total spectral powers, obtained with 
Eq. 9, are shown in Fig. 3. 
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Figure 2: Spectral intensities of forward-direction 
radiation for ideal (A) and disturbed (B) undulators. 

 

Figure 3: Total spectral powers for ideal (A) and disturbed 
(B) undulators. 

CONCLUSION 
In this paper we have shown, that the total spectral 

power of undulator radiation can be used to characterize 
the undulator quality. This quantity is less sensitive to the 
most of field disturbance than the forward-direction 
spectral intensitiy. On the other hand, in contrary to the 
forward-direction spectral intensitiy it is sensitive to all 
kinds of imperfections. Therefore instead of two figures 
of merit (forward-direction spectral intensitiy and 
trajectory straightness) one can optimize one only. 
Moreover, the corresponding variational problem for 
undulator field optimization can be considered. 
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HIGH STABILITY RESONANT KICKER DEVELOPMENT FOR THE 
SwissFEL SWITCH YARD

M. Paraliev#, C. Gough, S. Dordevic, H. Braun,
Paul Scherrer Institut, Villigen PSI, Switzerland

Abstract
The SwissFEL is a linac-based X-ray free electron laser 

facility under construction at the Paul Scherrer Institute. 
The facility will provide femtosecond, high brightness X-
ray pulses for fundamental and applied science research.
To increase facility efficiency, a double bunch operation 
is planned to serve simultaneously two experimental 
stations at the full linac repetition rate. The main linac 
will accelerate two electron bunches spaced 28 ns apart 
and a fast and stable deflecting system will be used to 
separate the two bunches into two different undulator 
lines. The deflecting system uses a novel concept based 
on resonant kicker magnets. A prototype kicker magnet 
and its control system were designed and built. Since 
stability is crucial, the stability performance of the 
prototype was studied. The peak to peak amplitude 
stability of ±11 ppm (3.5 ppm rms) was achieved, which 
is well within the FEL tolerance of ±80 ppm.  The layout 
of the deflecting system and the key design parameters 
are also presented.

INTRODUCTION
The Swiss X-ray Free Electron Laser (SwissFEL) [1] is 

a 4th generation light source under construction at Paul 
Scherrer Institute (Switzerland). It is based on a linear 
electron accelerator with maximum energy of 5.8 GeV 
and will be a user operated facility. It will produce short 
(2 to 20 fs) and high brightness (up to 6·1035

photons·mm-2·mrad-2·s-1) X-ray pulses covering the 
spectral range from 1 to 70 Å [2]. In order to make the 
facility more efficient the main linac operates in two 
electron bunch mode. Each RF pulse will accelerate two 
electron bunches, separated in time by 28 ns. At 3.0 GeV 
beam energy a high stability deflector system separates 

them and sends them to two additional linacs and 
respectively to two undulator lines. This allows
simultaneous operation of two experimental stations at 
the full repetition rate of the machine (100 Hz). The 
SwissFEL layout is schematically presented in Fig. 1.

RESONANT KICKER SCHEME
A novel approach using fast high Q-factor resonant 

deflecting magnets is being used for high stability, 
reliable and fast bunch separation. The main component 
of the deflecting system is the composite kicker magnet. 
It consists of two vertical resonant kicker magnets
(kickers) and three compensating vertical DC dipole 
magnets (dipoles). The two kickers are high Q-factor LC 
resonators tuned to frequency with half period equal to 
the bunch separation time (17.857 MHz). They are 
synchronously excited and after they reach their nominal 
current amplitude (500 A peak-to-peak) the two electron 
bunches arrive and are deflected up and down (~±1 mrad) 
by the positive and negative maximum of the magnetic 
field created by the oscillating magnet current. This 
process is illustrated in Fig. 2. The three compensating 
dipoles steer the “down deflected” beam (straight beam)
back to the machine axis. After some drift distance (with 
quadrupole magnets) the “up deflected” beam (deflected 
beam) enters a DC septum magnet 10 mm off axis [3].
The DC septum is a Lambertson type dipole magnet that 
bends the deflected beam 2° in the horizontal plane and
creates the final angular separation between them. A 
system of DC dipole magnets brings the deflected beam 
back into the machine horizontal plane and steer it 
parallel to the machine axis at 3.75 m distance.

Figure 1: Schematic representation of SwissFEL double bunch operation scheme.
___________________________________________
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In order to ensure the required beam position stability 
the shot-to-shot stability requirement for the entire system 
is set to be better than 5 ppm of the total 2° deflection.
This sets the stability requirement for the composite 
kicker to be better than ± 80 ppm [3].

Figure 2: Deflecting current is slowly excited in the 
resonant deflecting magnet. The two bunches arrive at the 
positive and negative maximum of the resonating current.

BEAM TRAJECTORIES
Since the total angular separation provided by the 

composite kicker (K1 and K2) is only in the order of 
±1 mrad the two beams continue to travel very close to 
the machine axis down to the entrance of the septum 
magnet (S). They share the same machine optics 
components and travel in the same vacuum chamber. The 
three compensating dipoles (D1, D2 and D3) are set in 
order to steer the straight beam back to the machine axis.
In this way the machine optics components do not 
introduce significant trajectory changes to the straight 
beam. 

Figure 3: Beam trajectories of the straight and deflected 
beam. The color rectangles represent the corresponding 
magnet field regions.

However this is not the case for the deflected beam. It 
diverges slightly from the machine axis and its trajectory 
is altered by the quadrupole magnets (Q). The net result is 
that the total deflection of the beam is reduced by about 
30%. Figure 3 shows the beam trajectories through the 
composite kicker and down to the septum. Figure 4 gives 
an enlarged view of the beam trajectories in the composite 

kicker region (the area indicated by dotted line rectangle
in Fig. 3).

Figure 4: Enlarged view of the trajectories through K1 
and K2 region. The color rectangles represent the 
corresponding magnets’ field regions and the arrows 
represent the direction of the electron deflection force.

OPERATION MODES
Using different settings of the composite kicker 

components it could be operated in different modes. The 
operation modes are divided in two groups: “Operation” 
and “Diagnostics”. In the “Operation” modes the beams 
are separated and delivered to the two different beam 
lines. In the “Diagnostics” modes the two bunches are not 
separated. Certain components are turned off to enable 
machine tests or development. The figures below give a 
schematic view of the beam trajectories and the spatial
constraints along the composite kicker region. The
horizontal and the vertical axis units are arbitrary. The 
numbers above each particular component gives its 
relative deflection strength.

Operation Modes
Figure 5 and Figure 6 illustrate the two main operation 

modes. In this case the beams are delivered to the 
corresponding beam lines. A phase inversion of the
kickers allows to control which beam is deflected and 
which goes straight.

Figure 5: Main operation mode. The beams are separated 
and delivered to the corresponding beam lines. The 
numbers above each particular component gives its 
relative deflection strength.
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Figure 6: Alternative operation mode with the middle of 
the compensating dipole magnets off.

Diagnostics Modes
The set of diagnostic modes enables jitter 

measurements by sending both bunches to only one beam 
line. Since the stability of the system is crucial these 
modes can be used to identify instability in different parts 
of the composite kicker as well as to further develop and 
upgrade the machine.

Figure 7: All magnets off. No beam deflection. Both 
bunches go straight.

Figure 7 shows a “trivial” state of the deflection system 
(all magnets off). In this mode the residual beam 
instability (not driven by the deflection system) can be 
evaluated. As well, this mode could be used for testing of 
the straight beam line (Aramis).

Figure 8: All kickers off. Chicane formed by the 
compensating dipoles. Both bunches go straight.

The mode in Fig. 8, permits a stability measurement of 
the compensating dipoles.

Figure 9 shows the mode that could send both bunches
to the second beam line. As well, this mode could be used 
for testing of the second beam line (Athos).

Figure 9: All kickers off. The deflection is provided by
the compensating dipoles. Both bunches are deflected.

This list of modes is not exhaustive. The modes above 
illustrate the operation flexibility of the composite kicker.

KICKER MAGNET PROTOTYPE
A prototype kicker and its control system was built and 

tested.
Resonance systems can convert phase noise into 

amplitude noise. In order to have stable operation of the 
resonant kicker a low phase noise driver was designed. 
The driver supply voltage is controlled with 1 ppm 
resolution. In order to avoid radiation concerns all the 
active electronics will be outside of the beam tunnel.

Figure 10 shows the prototype kicker in the lab.

Figure 10: Prototype kicker resonator in the vacuum tank.

The prototype kicker magnet was tested for amplitude 
and phase stability. This system also provided a test bed 
for temperature, resonance tunability and mechanical 
vibration stability studies.
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CALIBRATION AND STABILITY 
MEASUREMENTS

A high precision amplitude measurement system was 
developed in order to evaluate the stability of the kicker 
magnet. It is based on balanced measurement method and 
it is capable of measuring the amplitude stability of the 
kicker down to several ppm. The performance of a 
balanced system depends strongly on the used reference.
A high stability voltage source was developed with
stability of 0.35 ppm rms for more than 80 h [3]. Care 
was taken to ensure the proper measurement sensitivity 
since the incremental sensitivity could significantly differ 
from the full-range sensitivity. Figure 11 shows the 
calibration of the measurement system using 50 ppm 
incremental steps.

Figure 11: Calibration of the measurement system using 
50 ppm incremental steps.

The shot-to-shot amplitude stability of the kicker 
prototype was measured to be ±9 ppm (3.0 ppm rms) and 
11 ppm (3.5 ppm rms) with the slow amplitude feedback
respectively off and on [3]. The results are shown in 
Fig. 12 and Fig. 13.

Figure 12: Kicker prototype amplitude shot-to-shot 
stability ±9 ppm (3.0 ppm rms) with slow feedback off.

Measured time jitter of the kicker resonance waveform 
was ±25 ps peak-to-peak corresponding to ±2 ppm peak-
to-peak amplitude jitter. This value is small compared to 
the amplitude jitter, thus the time jitter contribution could 
be neglected [3].

Figure 13: Kicker prototype amplitude shot-to-shot 
stability ±11 ppm (3.5 ppm rms) with slow feedback on.

SUMMARY
In order to increase the facility efficiency the SwissFEL 

will operate in double bunch operation accelerating two 
electron bunches 28 ns apart in one RF pulse. A novel 
high precision beam deflecting system based on high 
Q-factor resonant kicker magnets separates the bunches 
and sends them to two independent beam lines. The shot-
to-shot stability of the resonant kicker magnets is crucial.
A prototype kicker magnet was built and characterized. 
The measured shot-to-shot stability of the prototype was 
±9 ppm and ±11 ppm peak-to-peak with slow feedback 
respectively off and on. Both results are well within 
SwissFEL tolerances (±80 ppm peak-to-peak). This gives 
confidence that this novel design approach is viable for
the SwissFEL project.
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GENERAL STRATEGY FOR THE COMMISSIONING OF THE ARAMIS 
UNDULATORS WITH A 3 GeV ELECTRON BEAM 

M. Calvi, M. Aiba, M. Brügger, S. Danner, Th. Schmidt, R. Ganter, L. Patthey, Th. Schietinger, 
R. Ischebeck, PSI, Villigen, Switzerland 

Abstract 
The commissioning of the first SwissFEL undulator 

line (Aramis) is planned for the beginning of 2017. Each 
undulator is equipped with a 5-axis camshaft system to 
remotely adjust its position in the micrometer range and a 
gap drive system to set K-values between 0.1 and 1.8. In 
the following paper the beam-based alignment of the 
undulator with respect to the golden orbit, the definition 
of look-up tables for the local correction strategy 
(minimization of undulator field errors), the fine-tuning of 
the K-values as well as the setting of the phase shifters are 
addressed. When applicable both electron beam and light 
based methods are presented and compared. 

INTRODUCTION 
The large number of undulator modules required in a 

free electron laser (FEL) makes the commissioning of a 
beamline more involved than in a synchrotron where the 
light source consists (regularly) of a single device. 
Thirteen U15 modules (assuming to use also the spare 
unit), each 4 m long, will be operated together in the first 
SwissFEL hard X-ray line (called Aramis). It requires a 
precise control of the K-value of each unit within 
100 ppm, a steering of the electron beam trajectory better 
than 2 m RMS and a phase error of less than 5° RMS 
over a 4 m long unit.  

All the SwissFEL undulators will be tested and 
optimized in the PSI magnetic measurement laboratory 
before the installation in the accelerator tunnel, see [1]. 
Nevertheless residual field errors together with the tight 
tolerances indicate the need of commissioning individual 
undulator modules directly with the beam as already 
experienced in comparable facilities [2]. Additional 
correction magnets are installed between undulator units 
and procedures are defined to improve the performance of 
the FEL during the commissioning and operation time. 

In the following the different measurements together 
with the correction strategy are presented in the 
preliminary sequence planned for the commissioning of 
the beamline at the starting electron energy of 3.0 GeV. 

UNDULATOR E-BEAM BASED 
ALIGNMENT 

When the electron beam energy of at least 3 GeV (5.8 
GeV is the nominal energy) is attained in the linac and 
transported to the undulators, the commissioning of the 
line can technically start. During the beam-based 
alignment (BBA) the undulators are set at open gap where 
the low magnetic field should minimize the orbit errors. 

An alternative candidate for the BBA is the nominal gap 
where the undulator is magnetically optimized. 

Definition of the Reference Orbit  
The first step is the definition of a reference orbit using 

BBA technique. For the SwissFEL a novel approach has 
been developed, as described in details in [3]. The 
proposed algorithm is based on the minimization of the 
deviation of the correction required to steer the beam to 
BPMs (beam position monitors) centers.  

The BBA method in operation at the LCLS [4] is 
considered a valuable back up in case the baseline 
solution will not give satisfactory results. It is established 
on the BPMs reading at different beam energies 
(dispersion measurements) but the algorithm is rather 
complex and the full procedure is time consuming [5]. 

Once this phase is completed the undulators have to be 
aligned to the reference orbit as described in the 
following. 

 
Figure 1: Alignment quadrupoles, on the left the 3D 
drawing with the detail of the beam axis, on the right the 
front view with the details of the magnets and 
magnetization directions.  

Alignment Quadrupoles Technique 
The axis of a planar undulator (light linear horizontal 

polarized) is the region where the vertical field (By) is 
minimum and where the longitudinal field (Bs) is zero. 
This definition identifies clearly the axis on the vertical 
plane while leaves some margin in the horizontal where a 
mechanical reference is used. 

Taking the axis as a reference has the advantage to 
reduce the requirements on the alignment accuracy 
(dBy/dy=0) and to minimize the kicks due to the natural 
focusing on the vertical plane. Choosing a reference 
injection orbit with specific magnetic properties 
simplifies the challenging task of matching the field of 
different undulator modules which shall work together as 
a single device to make the FEL lasing. 

or mat i on
e- 
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On the Hall sensor bench in the PSI magnetic 
measurement laboratory [1] the undulator axis is 
measured and transferred to an external reference. Two 
small permanent quadrupole magnets (called Qal, see 
Fig. 1) are used for this purpose, one upstream and one 
downstream the undulator, to outline the undulator axis 
through their magnetic centers. 

Once installed in the beamline, the undulators can be 
then beam based aligned as follow. Starting from the 
reference orbit with all Qal off, the upstream alignment 
quadrupole of a generic unit is activated and the undulator 
is moved both horizontally and vertically. Monitoring the 
downstream BPMs, the center is defined where the 
reference orbit reading is recovered. After removing the 
upstream quadrupole, the same procedure is applied to the 
downstream quadrupole. Once these two points of the 
axis are measured, it is possible to calculate the height 
and the horizontal position together with the correct pitch 
and yaw angles and to align the undulator with a 5-axis 
camshaft mover system. 

The alignment quadrupoles are used only during the 
alignment phase and they are taken off during the 
operation of the FEL. They are made of permanent 
magnets and they are removed by mean of a pneumatic 
system remotely controlled from the control room. 

IN SITU CORRECTION OF MAGNETIC 
FIELD ERRORS 

Once the alignment is completed the residual field 
errors shall be measured. A set of corrector magnets with 
a strength up to 200 G×cm can be used to compensate 
both the first and second field integrals. 

Originally this was planned only for the horizontal 
plane where systematic kicks are expected. A hybrid 
magnetic structure, made of permanent magnet and iron 
poles, can be optimized only for a given gap and it shows 
residual field errors at different apertures. Nevertheless 
the experience with the U15 prototype indicates that field 
errors of the same strength are also present in the vertical 
plane.  

Finally, four magnets, two dipoles upstream and two 
downstream, have been organized for the correction of the 
residual field errors in both planes. 

 
Figure 2: Measurements of the residual field errors with 
the help of the two downstream BPMs. 

Starting with all modules opened, the BPM readings are 
recorded while the undulators are closed one by one, see 
Fig. 2. To simplify the data analysis, the quadrupole 
downstream the tested module shall be switched off. In 

case this creates problem for the transport to the beam 
dump, it is enough to switch off the first quadrupole 
(better the first two) after the undulator. This guarantees 
at least two “clean” BPMs for the analysis of the field 
error. Once the position at the BPMs is recorded, it is 
fairly simple to estimate the residual field integrals as a 
function of the gap. With an electron beam energy of 
3.0 GeV, a BPM resolution of 1.0 m and a distance 
between BPMs of about 4.7 m, it is possible to estimate 
the first field integral with a resolution better than 
5 G×cm, enough to produce accurate look-up tables for 
the operation. But in case higher resolution is required, 
the electron energy can be further reduced. 

After implementing the new look-up table, it is 
important to check the impact on the alignment, repeating 
the procedure described in the previous section before 
proceeding with further tests. 

 
Figure 3: Schematic view of the photon diagnostic 
required for the commissioning of the U15 modules. 

PHOTON BASED FINE-TUNING 
For the commissioning of the undulator line a photon 

diagnostic section is required. As schematically 
represented in Fig. 3 the minimum requirements consist 
of a pair of front end slits to shape the beam, a double 
crystal monochromator with a selectivity better than 10-4, 
a photodiode to measure the intensity and a MCP (micro-
channel plates) followed by a fluorescent screen to image 
the beam profile on a CCD camera.  The first 
measurement planned concerns the adjustment of the K-
value as described in the following. 

K-value in-Situ Calibration 
The requirement (given by the FEL bandwidth) of a K-

value uniformity among the modules of 10-4 is very 
challenging and cannot by easily achieved relying only on 
the magnetic measurements. The reproducibility of the 
Hall sensor bench is well within this range but the 
absolute accuracy is not better than 0.25%. In case the 
probe has to be changed or simply recalibrated during the 
test campaign, this would not guarantee enough 
homogeneity among the magnetic model of individual 
modules. 

 
Figure 4: The calibration of the K-value is schematically 
represented for the nth undulator module (grey). 
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The in-situ measurement of the K-value shall be done 
at the beginning around the nominal value of 1.2 for all 
the modules. The monochromator is set to the photon 
energy of 3.3 keV and the K-value is changed between 
1.18 and 1.22 in steps of 10-4 while the intensity of the 
monochromatic radiation is measured on a photodiode 
and recorded (see Fig. 4). To accurately compare the 
results from different undulators, the impact of the 
different undulator locations (estimated in 0.1%) shall be 
taken into account. To overcome this difficulty it is 
possible to measure directly the total flux, i.e. the flux 
integrated over the full solid angle. It requires a 
sufficiently large aperture before the monochromator, in 
general about 3/ ×L, where L is the longest distance from 
the source, see Fig. 5 (calculations performed with the 
computer code SPECTRA [6]). A more detailed 
discussion about the advantages of measuring the total 
flux can be found in [2]. 

This procedure shall be repeated for the full operational 
range of K between 1.0 and 1.8 in steps of 0.1. With these 
data, look-up tables can be produced that allow a reliable 
operation of the undulator. Before completing this task, it 
is better to verify the undulator alignment (height and 
pitch). 

 
Figure 5: The position of the blue edge of the spectra in 
units of K-value for different square apertures. 

Height and Pitch Adjustment 
If an undulator module is misaligned and operated out 

of the axis, it is visible in the spontaneous radiation. 
When the electron bunch crosses the undulator parallel 
but above (or below) the axis, the energy of the photon is 
reduced. A simple way to measure the vertical offset, is to 
fix the monochromator energy at the nominal value and 
scan remotely the height. The maximum flux is at the 
position of the correct height. 

The pitch of the undulator can also be optimized 
looking at the slope of the flux in the blue edge side. 
Electrons, which cross the undulator axis with a pitch 
angle, experience different K-values thus increasing the 
spectral width. Maximizing the slope is an effective way 
to get rid of the undesired pitch. 

In the soft X-ray line, Athos, where Apple III 
undulators will be implemented [7], the same procedure 
can be used to align them also in the horizontal plane and 
in the yaw angle. 

Correction of the Pointing Direction 
After applying all the corrections previously described, 

the electron beam trajectory over the undulator line 
should be straight. Nevertheless it is considered safer to 
have the possibility to cross check it also versus the 
pointing direction of the spontaneous light. For this 
measurement all the undulator modules have to be 
prepared in lasing operating conditions but it is better 
without a lasing signal. This configuration is easily 
achieved: it is enough to close all modules at the same 
gap and leaving the phase shifter in random configuration 
to minimize the synchronization between modules. This 
last operation is not strictly required but it helps to 
improve the measurement quality, reducing the 
background. 

 
Figure 6: Schematic view of the measurement of the 
pointing direction of the nth undulator module (grey).  

Then, one by one, each undulator module has to be 
detuned from the others changing its K-value of few 
percent while locking the monochromator at this new 
energy, see Fig. 6. The photon beam at the exit of the 
monochromator carries only information about the 
selected module. Imaging the mono-beam with the help of 
a MCP and a CCD camera gives its pointing direction. 
Repeating this procedure for each module and using the 
upstream dipole corrector to change the injection angle, 
the different spots from the different modules can be 
forced to overlap and new look-up table can be produced. 

 
Figure 7: Schematic view of the setting-up of the n-th 
phase shifter. In the picture there is represented only the 
phase shifter under test. 

Setting Up of the Phase Shifters 
To achieve lasing the spontaneous radiation of different 

modules have to be in phase. Between modules a compact 
(few centimeter long) variable strength magnetic chicane 
(phase shifter) is installed to precisely delay the electron 
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in order to tune the phase of the radiation in the 
downstream module. They are designed to rotate the 
phase of more than 4  for any K-value. There are both 
available simulations and magnetic measurements to 
calibrate the field of the phase shifter but it requires also a 
precise knowledge of the longitudinal position of each 
modules. At nominal K-value (1.2) an error of 1 mm 
introduces a phase of about 14°. More precise survey 
measurement and alignment of the modules can simplify 
the setting of the phase shifter but an in-situ calibration 
helps to optimize the intensity in case the nominal 
performances are not achieved. The radiation out of two 
neighboring modules, previously tuned to operate at the 
same K-value, has to be measured while the phase (the 
strength of the phase shifter) is changing, see Fig. 7. The 
recorded intensity signal changes periodically and the 
phase correlating to the maximum intensity has to be 
retained. This procedure has to be repeated for all K-
values. 

Measuring the Wakefield 
The electron bunch looses energy while traveling 

across the undulator chain. There are two main 
mechanisms involved; the first concerns the energy 
radiated by the FEL process, the second one concerns the 
energy radiated because of the wakes. This last effect is 
expected to be the largest in the SwissFEL because of the 
small undulator aperture, and it is difficult to quantitative 
estimate its impact. 

 
Figure 8: Measurement of the energy loss produced by the 
wakefield in the first 12 undulator units. 

Making use of the correlation between photon energy 
and electron energy, it is possible to measure the losses 
produced by the wakefield during the machine 
commissioning. Starting with all undulators opened but 
the last one (the 13th), the intensity after the 
monochromator can be measured around the nominal K-
value of the 13th, see Fig. 8. After defining this baseline, 
the gap of the first 12 undulators can be closed in steps 
while the intensity is recorded. 

Two effects can be measured; the first is the shift of the 
blue edge due to energy losses and the second one a 
change in the blue edge slope due to the increase of the 
energy spread. 

An estimation of the impact of the wakefield on the 
electron beam is very important in the commissioning 
phase where the lack of a lasing signal could make any 

optimization very difficult. When a lasing signal is 
established, it can be optimized empirically changing the 
taper value and/or trying different tapering schema. 

CONCLUSION 
A consistent set of measurements has been identified 

for the commissioning of the undulator in the machine. 
Electron and photon diagnostic are both key instruments 
in the proposed framework. Sometimes they are used to 
check the quality of the magnetic measurements like the 
BPMs versus field errors, sometimes they are used for 
redundancy like in the alignment procedure where both 
electron and photon diagnostic are implemented. In the 
last example, the two approaches are only similar and 
they might give different results in case the straightness of 
the trajectory inside a module is not within the tolerances. 
The complexity of the machine requires a high flexibility 
in the diagnostic tools to speed up the commissioning and 
to reach the designed parameters. 
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SUMMARY OF THE U15 PROTOTYPE MAGNETIC PERFORMANCE 

M. Calvi, M. Aiba, M. Brügger, S. Danner, R. Ganter, C. Ozkan, Th. Schmidt,  
PSI, Villigen, Switzerland 

Abstract 
The first undulator prototype for SwissFEL (U15) was 

assembled and magnetically tested. The measurement 
instrumentations and the algorithms developed for the 
undulator optimization are presented and a comparison 
among different approaches is reviewed. The magnetic 
measurement results before and after the installation of 
the vacuum components are discussed. The summary of 
the undulator test with 100 MeV electron beam is 
presented and the impact of the radiation on the magnetics 
is addressed. 

INTRODUCTION 
The U15 design has been developed specifically for the 

SwissFEL project. Both the hard and the soft X-ray lines 
will be equipped with undulators built with the same 
frame and gap drive system. 

To optimize the undulator stiffness and its dimensions a 
close frame has been implemented. This feature makes 
the undulator more compact but it required the 
development of a new magnetic measurement bench to 
optimize the structure. 

Two new benches were developed based on SAFALI 
system [1]: the first is used without the vacuum chamber 
during the optimization phase and the second one with the 
vacuum chamber for phase adjustment and final checks 
before the installation in the tunnel.  

The large number of undulator modules required per 
beamline (12 for Aramis I) increases substantially the 
effort associated with the magnetic shimming compared 
to a synchrotron where a beamline consists usually of a 
single module. To mitigate this issue and the cost 
associated, the support of the magnetics has been 
designed more flexible. It is now possible to precisely 
adjust the pole heights in the range of micrometers by 
means of a flexor driven by a wedge-screw system. 

Before the series production a prototype was built to 
validate the new design approach. It was extensively 
tested and magnetically optimized before the installation 
into the SwissFEL Injector Test Facility of PSI. This last 
activity aimed to a better integration of the undulator 
hardware within the rest of the accelerator components as 
well as to test the field quality directly with the electron 
beam. The impact of the radiation on both the magnetics 
and electronics was monitored. In the following all these 
activities are discussed in view of the series production. 

MAGNETIC MEASUREMENT 
INTRUMENTATION 

There are two main systems used for the magnetic 
measurements of the undulators, the Hall sensors and the 
moving wire. The first is used to estimate the field profile 

and to calculate the trajectory and the phase error; the 
second is needed to measure the field integrals and the 
earth field in the laboratory (this measurement is 
performed before installing the undulator). The first field 
integral and the earth field are also used to calibrate the 
data measured with the Hall sensors. A zero Gauss 
chamber is planned for a systematic cross check during 
the production phase. A third system, the so-called pulsed 
wire, is also available but it is not planned to be used on a 
regular basis and it is not discussed in the following. 

Hall Sensor Measurement Benches 
A Hall probe is used to measure the magnetic field 

profile along or parallel to the undulator axis. The probe 
is built of three Hall sensors to measure the three 
components of the field. They are embedded in a ceramic 
support and aligned to the direction of the measurement 
axis and spaced of 2 mm. 

To precisely follow the undulator axis the probe is 
guided with lasers. The two beams pass through two 
pinholes attached to the probe. The transmitted light 
carries the information about its position. This 
information is detected by two position sensitive diodes 
(PSD) and used to correct the trajectory of the probe. This 
logic is implemented in a feedback loop and optimized to 
decrease the measurement noise produced by the 
vibrations. 

As already previously mentioned there are two different 
Hall sensor benches with two specific applications.  

The one used for the optimization (bench A) is not 
constrained by the vacuum chamber and its 
implementation is more comfortable. A linear motor is 
used to displace the probe and the electronics. This last 
feature has the advantage to reduce the cable length and 
to have a fix connection between the probe and the ADC. 

The measurements after the installation of the vacuum 
chamber (bench B) require more integration efforts. A 
piezoelectric-motor has been implemented in place of the 
linear motor because of the reduced dimensions. These 
actuators are usually made for travel shorter than a meter 
and the ceramic supports where the two piezoelectric legs 
actually “walk” are produced only for short length. 
Custom manufacture is possible but expensive and 
fragile. The solution implemented consists of several 
ceramic supports glued along the measuring bench and a 
piezoelectric motor with four legs to easily overcome the 
junction region between ceramic modules. 

Moving Wire Bench 
The moving wire bench has been modified and 

improved with respect to the system available at the SLS. 
A set of servomotors has been implemented in place of 
the steppers used previously to move the stages. This 
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choice allowed higher speed and smoother motion (i.e. 
more uniform velocity). A Keithley nano-volt meter is 
now used to read out the induced voltage while the wire is 
moving. The integral (Bdl) is then simply equal to the 
voltage divided by the speed in each instantaneous wire 
position. 

OPTIMIZATION ALGORITHMS 
The optimization of the magnetic structure can start 

when all the data available from the measurement 
campaign are ready and analysed. There are no direct 
specifications on the field profile and it is easier and more 
convenient to operate directly on the trajectory and phase 
errors. The shimming is based on the individual pole 
height adjustment applied by means of a robot. A second 
and coarser knob is the adjustment of the columns height 
to locally tune the field strength, i.e. the phase error. 

 

 
Figure 1: On the upper picture the calculated field 
variation (RADIA code) due to pole height variations and 
on the bottom the correspondent trajectory corrections. 
On the centre of both pictures it is represented the 
changes in the periodic part of the array, on the sides the 
impact of the poles in the extremities (the last two screws 
in both sides).  

Trajectory Optimization 
Integrating twice the magnetic field profile along the 

longitudinal coordinate gives, after an appropriate 
normalization, the trajectory. The straightness of the 
trajectory is one of the main requirements for a FEL to 
guarantee the overlap between electrons and photons. For 
the SwissFEL, a maximum trajectory deviation of 2 μm 
RMS is specified. 

The straightness is an intuitive requirement and it can 
be also quantified. The electron wiggling around a 
straight line represents the ideal trajectory and any 
deviation is accounted as an error. One of the ways to 
estimate the deviation is to convolute the calculated 
trajectory with a window function with a width equal to 
the undulator period length. This approach is very 
effective for the majority of the trajectory but it fails in 
giving an accurate estimation in the end regions where 

there is no periodicity. For the first and last period the 
optimization was done following a more pragmatic 
approach, calibrating this knob experimentally and 
finding the right correction with an iterative procedure. 

An algorithm estimates the local pole height 
corrections. It requires first the knowledge of the field 
change caused by the local corrections. These are 
calculated with the computer code RADIA, see Fig. 1. In 
the limit of small corrections (field change < 1%) the 
hypothesis of linear superposition is accurate and it 
simplifies the optimization process. Knowing the 
trajectory deviation, it is then possible to calculate the full 
set of adjustments. 

Phase Optimization 
A perfect trajectory is not enough to fulfill the 

requirement of a FEL and the phase error, which 
measures the accuracy of the electron-photon resonance 
condition, should also be taken into account. The phase 
error calculation is quite standard and it can be found in 
any textbook on the subject [2]. To reduce ambiguity it is 
relevant to highlight that the deviation from the ideal 
synchronization is estimated only for the photons which 
correspond to the zeros of the first field integral. As 
discussed previously for the trajectory, it is also possible 
to estimate the impact of each pole height change on the 
phase and sum them up with some approximations. In 
Fig. 2 the local phase correction is calculated for a pole 
height change. When the local field is increased the phase 
undergoes a local step function plus an oscillating tail. 

The height of the columns can also be changed to 
correct the phase error. It is a coarser correction than the 
pole height correction because it is localized over a region 
of about half a meter. The optimization algorithm 
previously described is also used to estimate the column 
adjustment, based on the ANSYS calculation of the 
deformation induced. 
 

 
Figure 2: The phase change due to pole height variation, 
this calculation is relevant only for the periodic part of the 
undulator field. 

MAGNETIC MEASUREMENT RESULTS 
The U15 prototype was an important test for the new 

set of magnetic measurement benches and optimization 
procedure in view of the series production. 

The assembly of the magnetic array into the frame is 
completed at PSI before moving the undulator to the 
bench A. There the undulator is aligned mechanically to 
the bench by mean of 5-axis movers. The height and the 
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pitch are further aligned based on magnetic field 
measurements. Then the undulator is optimized at the 
nominal gap (K=1.2) and then the magnetic field is 
measured for all gaps. The trajectories and the phase 
errors are calculated to check how they scale with gap and 
if further correction actions are required. Then the 
undulator is moved out of the bench and the magnetic 
array disassembled from the frame. The vacuum 
components are installed around the array and moved 
back to the frame. The completed undulator assembly is 
then moved to the measuring bench B for the phase error 
optimization and final characterization. This last action 
requires the same environmental conditions experienced 
in the tunnel to produce reliable data to be used later in 
the machine operation. 

In the following the results of the first complete 
measurement campaign are reported with some additional 
information concerning the qualification of the measuring 
systems. 

 
Figure 3: The K-value is measured as a function of the 
gap with two independent systems: in black the values 
estimated with the magnetic measurements (Hall sensors) 
and in red the value measured with the spectrometer 
during the test in the SwissFEL injector accelerator. 

K-value versus Gap Measurements 
The first parameter to be verified is the K-value; in 

Fig. 3 the K-value versus gap is reported. The curve is 
fitted with the standard function used for hybrid structure. 
The reproducibility of the measurement is better than 
0.01% while the absolute accuracy of the probe is 0.25%. 

Trajectory Measurements 
In the optimization procedure selected for the 

prototype, the trajectory is the first parameter that shall be 
optimized. In Fig. 4 an example of the results obtained 
after a single correction is presented where no further 
iterations are required. This is feasible because of the 
accuracy of the magnetic model and the precision of the 
applied corrections, only conceivable with the help of an 
angular encoder. This successful result is valid only for 
the nominal gap while in Fig. 5 the trajectory for all 
operational relevant gaps (K>1) is reported. The 

corrections applied do not scale ideally for all gaps but 
the results are well within the specifications. 

 
Figure 4: The trajectory measurements before (black), 
during (red) and after the optimization (blue) for nominal 
gap. 

The trajectories after the assembling of the vacuum 
components show some changes. For instance the first 
field integral is 200 G×cm different and this requires 
further investigations. The preliminary conclusion is that 
the assembly work had a negligible impact and the main 
perturbation comes from the magnetic field produced in 
the magnets present in the vacuum pumps. It was 
demonstrated that it is possible to minimize this impact 
with an appropriate swapping of those magnets. This is a 
time consuming procedure and it should be as much as 
possible avoided. The layout of the vacuum chamber has 
been redesigned and now it allows moving the pumps 
further out from the beam axis if necessary. 

 

 
Figure 5: The trajectory straightness for different gaps. 
Residual entrance and exit kicks are not represented in 
this picture. 
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Phase Error Measurements 
The phase was optimized after the correction of the 

trajectory, starting with the coarse knob represented by 
the column height adjustment. This was enough to 
minimize the RMS phase error well below the 
requirements. To investigate the limit of the approach the 
phase was further improved using pole height adjustment. 
At the end of this campaign the RMS phase error was 
about 2.3 at nominal gap. This was an excellent result and 
very encouraging towards the series production. 
Unfortunately the corrections did not last while changing 
the gap. After a “field cycle” (nominal gap, fully open 
gap, fully close gap, nominal gap) the phase was changing 
up to unacceptable values (measured up to 14°). This 
problem is now identified and well understood: it is 
originated in the locking mechanism. The height of the 
columns is adjusted by mean of a differential screw and 
then locked with a counter nut. In the original design only 
one counter nut was foreseen which is not enough to 
block the play in both sides of the screw. A second nut 
was then designed and a fully column assembly tested. 
The two sides of the device are now behaving as a single 
solid object. The final test of the undulator with the new 
columns is planned for the end of 2014. 
 

 
Figure 6: On the left side equivalent the entrance and exit 
kicks on the horizontal plane and on the right on the 
vertical plane. 

TEST IN THE INJECTOR 
The U15 prototype was tested also with a low energy 

electron beam (maximum 250 MeV) at the PSI injector 
test facility. The layout of the accelerator was adapted to 
this test, one 5 m long girder was removed to gain space 
for the undulator and the adjacent girders reshuffled to 
allocate the instrumentation. In the following only the 
tests and results relevant to evaluate the magnetic 
performance are presented. 

Two upstream BPMs and two downstream BPMs are 
installed to monitor the position and angle of the beam 
before and after the undulator. A spectrometer for visible 
light is installed downstream the undulator to measure the 
photon energy (this test was performed at a reduced 
electron energy of 100 MeV). 

The first action is the definition of a reference orbit, 
followed by the beam-based alignment of the undulator 
by mean of two dedicated quadrupoles. These last are pre-
aligned during the magnetic measurement and keep track 

of the undulator axis: one is just at the entrance of the 
undulator and one at the exit. 

BPMs 
The first and second field integrals of the undulator can 

be estimated from the orbit measurements. The BPMs are 
sorted for this convenience and to simplify the task all 
quadrupole in between the BPMs are switched off and 
only corrector up-stream the undulator are used to keep a 
constant injection orbit. The analysis of the data is 
summarized in Fig. 6, where the first and second field 
integrals are represented as an equivalent entrance and 
exit kick (assuming no kick for fully open gap). 

The results for the horizontal plane show the signature 
of the central symmetry of the field profile, which is not 
shadowed by the field error. The kick magnitude is 
comparable to the calculated values and the results of the 
magnetic measurements. 
 

 
Figure 7: The center (deep purple colored) of the vertical 
quadrupole component for different K-values, starting 
from the top left with K=0.3, down to the right bottom 
with K=1.8. The individual plots represent the first and 
second field integral (the x and y components of the white 
arrows respectivelly) as a function of the undulator pitch 
and height. 

On the vertical plane this preliminary analysis shows 
kicks larger than expected. The functional relation 
between the field errors and the K-values carries the 
signature of the quadrupole component. The undulator 
vertical focusing cannot be neglected at the operating 
energy of the injector and extra set of data is produced to 
better characterize this feature and as far as possible to 
disentangle the two effects. The estimation of the vertical 
kicks is repeated for different undulator height and pitch 
and several K-values, see Fig. 7. In this plane (pitch-
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height) the quadrupole component displays very clearly 
and the phase advance changes for different K-value. 

The axis of the quadrupole component moves for 
different K-values and this can be explained only by field 
errors. The dynamic described by the center indicates also 
that the field errors change with the gap. 

Spectrometer 
Operating the injector at 100 MeV produces photons in 

the visible and it gives the opportunity to use a simple 
spectrometer in air to characterize the radiation 
energy/wavelength. As presented in Fig. 3 this 
measurement provides the opportunity to cross check the 
estimation of K-values versus gap previously estimated 
with the hall sensors in the laboratory. The good 
agreement confirms the magnetic design and the quality 
of the new magnetic measurement bench. 

Radiation Measurements 
The radiation level was constantly monitored during the 

entire test. This information was available in the control 

room and used to minimize the dose on the hardware. 
After the 3 months period the integrated dose absorbed 
was estimated to be about 100 Gray and there was no 
impact observed neither in the magnetics nor in the 
electronics. 

CONCLUSION 
The test of the U15 prototype was an important 

milestone for the SwissFEL project. The original design 
was assessed, some residual problems were discovered 
and working solution implemented. 
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MAGNETIC DESIGN OF AN APPLE III UNDULATOR FOR SWISSFEL 

Th. Schmidt, A. Anghel, P. Böhler, M. Brügger, M. Calvi, S. Danner, P. Huber, A. Keller, 
M. Locher, PSI, Villigen, Switzerland 

Abstract 
For the SwissFEL at PSI beside the hard x-ray 

beamline to start with a soft x-ray line is planned to cover 
the wavelength between 0.7 and 7.0nm. For full control of 
the polarization of the FEL light, APPLE undulators are 
forseen. In this paper the design of these devices is 
introduced and the preliminary magnetic configuration 
together with the optimization strategy is presented in 
details. 

INTRODUCTION 
The SwissFEL free-electron laser currently under 

construction is designed with two beamlines: the hard x-
ray beamline Aramis will be driven by the in-vacuum 
undulator U15 and will start operation with 
commissioning in summer 2016 being ready for user 
operation in 2017. The soft x-ray  beamline Athos will be 
constructed in a second phase from 2017 to 2020. Both 
beamlines will have a self-seeding option [1]. 

While the U15 is trimmed to shortes period length, the 
focus on the soft x-ray undulator lies on a full polarization 
control by the users, that is circular, elliptical and linear 
polarizations to be rotatable from 0° to 180°.  

The 5.8GeV SwissFEL shall accelerate two successive 
bunches in any of the rf – buckets coming with up to 
100Hz. At an electron energy of 3 GeV the second bunch 
is extracted and sent into the Athos beamline where 
another linac can accelerate or decelerate the electrons by 
another 400MeV, so that the electron energy can be 
varied independently from the hard x-ray line within 2.6 – 
3.4GeV. The wavelength range for the soft x-ray 
beamline shall be 0.7nm – 7nm (177eV – 1800eV). To 
reach with the 3.4GeV electron energy the minimum 
wavelength with a minimum K-value of 1 the period 
length is determined to 40mm. Accordingly to reach the 
7nm with 2.6GeV a K-value of 4 is required. 

The self-seeding chicane divides the undulator into two 
stages which allows to use planar devices before and for 
full flexibility APPLE type undulators in all modules of 
the second stage. The position of the self-seeding chicane 
has been optimized to be after 4 modules [2], which will 
result in 4 planar U40 and 8 APPLE type UE40 undulator 
modules. 

The undulator design for SwissFEL is based on a 
modular support structure. One single frame is designed 
to support all kind of undulator types, planar in and out of 
vacuum [3] as well as APPLE undulator with their more 
complex forces. So for the UE40 only the shiftable 
magnet arrays, the magnets and their keeper have to be 
designed. The support structure with gap drive, the 
mover, the transport infrastructure and cabling etc. 
remains the same (see Fig. 1).  

 

 

 

 
 

Figure 1: Modular support structure of the SwissFEL 
undulator series. This support structure out of cast mineral 
with a wedge based gap drive system can be equipped 
with planar in and out of vacuum magnet structures or 
APPLE magnet arrays. 

As the APPLE undulators have to be properly aligned 
in vertical and horizontal direction, the mover system is a 
camshaft design with 5 degrees of freedom. Based on a 
SLAC design [4] these movers have already been used at 
PSI for the SLS girder and in-vacuum undulators. The 
movers have been reinforced and the drive system has 
been optimized so that they now allow the remote 
alignment of the undulator with μm precision. The 
alignment will be done by beam-based alignment with 
dedicated alignment quadrupoles. These are fixed 
quadrupoles made of permanent magnets, which are 
moved in and out by a simple pneumatic system. The 
system has been successfully tested with the prototype 
U15 undulator in the SwissFEL test injector [3]. 

Following the concept of the U15 the magnetic 
optimization of the UE40 shall also be based on 
adjustable keeper with a flexor design. Therefore the 
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magnet design foresees the orientation of the magnets by 
45° which allows the magnetic field optimization with a 
1-dim flexor. However because of the 3-dim forces 
carefully FEM calculation are mandatory. Essential - 
especially with such flexible keeper - is to minimize the 
forces generated by the magnet structure. It helps that the 
UE40 has to be designed for a single pass FEL. As for the 
U15 the field (-integral) quality needs to be optimized 
only on axis without the need to take care on the halo 
particles especially during injection in storage rings.  

In this paper the current magnet design for the UE40 
will be presented. The existing designs will be discussed 
as well as the different magnet material options, and the 
optimization strategy including the vacuum chamber 
design. This paper will be the basis for a proper prototype 
design. 

MAGNET DESIGN 

Discussion of APPLE Designs 
The development of undulators with variable 

polarization has seen beside the original APPLE II design 
by Shigemi Saski in 1993 [5] various add-ons in 
functionality or specializations, especially for single pass 
accelerators. The APPLE II design is the working horse in 
storage rings because it has no limitations for the 
horizontal dimension of the vacuum chamber. This and 
also a sufficient large good field integral region is an 
issue, especially for top-up injection. In addition it has 
maximum space for magnetic measurements with Hall-
probes. APPLE II designs exist with variable gap but also 
in fixed gap implementations at Swiss Light Source (SLS) 
and Pohang Light Source (PLS). Fixed gap operation is 
more problematic because of problems which occur from 
transverse field gradients along the beam axis [6]. For 
linac driven undulators there are more options.  In the 
APPLE III design by Johannes Bahrdt are the magnets 
magnetized under 45°. Only in the center the room for a 
round vacuum chamber is given, to the sides the magnets 
enclose the vacuum chamber giving room only for 
magnetic measurements [7]. This design increases the 
fields, which in return allows for shorter periods. A fixed 
gap design is the more recent DELTA design by 
Alexander B. Temnykh, where triangle magnets are 
soldered on a copper keeper allowing the most compact 
design [8]. Like in the classical Onuki undulator [9] the 
horizontal fields are generated with a horizontal 
magnetized magnet array pair (see Fig. 2). However for 
the price of limited access for magnetic optimization and 
the need for fixed gap operation.  
 

 
Figure 2: APPLE Designs: APPLE II, APPLE III [7], 
DELTA [8], proposed SwissFEL UE40. 

The proposed design for the SwissFEL APPLE 
undulator is a APPLE III type with 45° magnetized 
magnets which like in the DELTA design have a triangle 
shape.  

The triangle shape makes use of the fact that the 
contribution to the field from the magnet material which 
is cut away in anyhow negligible. Second, this shape 
allows an easier adaption to the keeper. New is that the 
shimming of the magnets is not 2-dimensional in 
horizontal and vertical direction but only 1-dimensional 
under 45° and so in parallel to the magnetization 
direction. This allows the adaptation of the flexor design 
used already in the U15, with some modifications, of 
course.  

Gap Requirements 
The minimum allowed gap is strongly related to the 

vacuum chamber design. Vacuum requirements as well as 
beam dynamic considerations in terms of wake-fields due 
to the geometry and surface roughness of the vacuum 
chamber. The design presented here assumes that a round 
vacuum pipe made of copper with an outer diameter of 
6mm and inner diameter larger than 5.5mm could be 
sufficient. Assuming the APPLE III approach the 
minimum gap is beside the space for the vacuum pipe in 
the center only limited by the space requirements for the 
Hall-probe measurement system, which is currently in 
minimum 2.5mm.  

Magnetic Materials 
The standard permanent magnet materials used for 

undulators are various grades of NdFeB. With various 
stabilization techniques they can be used up to a 
remanence of Br=1.25T, used i.e. in the SwissFEL U15. 
However, beside NdFeB there is also the older SmCo 
option. SmCo exits in two stoichiometries, SmCo5 and 
Sm2Co17. The remanence of the SmCo magnets is weaker 
so that for the same field larger magnets or smaller gap is 
needed. But their temperature dependency is by a factor 
of 2 to 3 better, which is useful as the Athos undulators 
are positioned just beside linac 3 for the hard x-ray 
beamline in the same tunnel. In addtion for SmCo5 the 
susceptibilities are smaller, which results in smaller shift 
dependent kicks on the electron trajectory. The coerciivty 
determines the radiation stability, which is reasonable for 
all these materials. 

Table 1: Remanence, coercivity, temperature dependency 
and susceptibility parallel and transverse to the 
magnetization direction for Samarium Cobalt and 
Neodymium Iron Boron magnets. SmCo magnets are 
weaker but have lower temperature dependency and in 
case of SmCo5 lower nonlinearities 

 Br 

[T] 
Hcj 

[kA/m] 
dB/dT 

[%] 
Χ|| /  

SmCo5 1.0 2400 0.05 0.01 / 0.04 
Sm2Co17 1.1 2000 0.035 0.06 / 0.15 
NdFeB 1.25 2300 0.1 0.06 / 0.15 
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Energy Range for Various Polarizations 
The energy range for APPLE undulator beamlines 

needs some special care. Often the maximum phtoton 
energy range specified can only be reached in linear 
horizontal mode. This is because in standard APPLE 
geometry the vertical field is stronger than the horizontal 
one by up to 30%. User might be interested to measure 
over the full range with horizontal and vertical 
polarization which means Kz = Kx. Circular light is 
required only for the K-α edges of the transition metals at 
around 700eV which is not critical. Only in inclined 
modes the field is weaker, because some flux is directed 
in the longitudinal field components. The design for the 
UE40 foresees to reach the K of 4 not only for the 
horizontal polarization but also for the vertical 
polarization. The stronger vertical field would then only 
increase the forces without benefit for user operation. 
Hence the design foresees a symmetric magnetic design 
with the minimum gap being equal to the fixed slit 
between the magnet rows on the left and the right side.  

 
Figure 3: K-value and forces as function of magnet 
dimension. A diagonal h of 20mm allows already K = 4. 

UE40 Design 
Taking into account all the above remarks the following 

design for the UE40 is proposed: The magnets are fully 
symmetric at the minimum gap, magnetized under 45°. In 
addition the magnets could have a small angle of 2°, 
which further helps to reduce the forces and moments on 
the flexible keeper.  The minimum photon energies are in 
this design equal for LH, LV and circular and reach the 
minimum value of 180eV. Only in inclined mode the 
minimum photon energies are larger, i.e. at an angle of 
45° 330eV.  

The forces scale linearly with the magnet dimensions 
while the field and hence the K-value saturates at a given 
magnet size. Therefore it is preferable to optimize the 
magnet dimensions to reach just the required K-value. To 
reach the required K = 4 at a gap and slit of 2.5mm with 
SmCo magnets a height of the diagonal of 20mm is 
sufficient which results in forces of up to 10kg on a single 
magnet holder. However, with the stronger magnet 

materials a K value of 4.3 and 4.8 could be reached in this 
configuration. For the vacuum chamber a diameter of 
6.5mm is available. With a gap-slit combination of 3mm 
and a smaller chamfer at the center of 1mm only with 
SmCo a height of 25mm would be required (Fig. 3) and 
the free space for the vacuum chamber is with only 
0.3mm less practically similar. With NdFeB 4mm gap-slit 
and 10mm diameter for a vacuum chamber are possible. 
This needs to be optimized including FEM calculations of 
the flexor keeper system described in the following. 

 

 
Figure 4: Radia model of UE40 magnet structure. The 
minimum gap is equal to slit width. Shimming like 
magnetization with 45° angle. 

Flexor Keeper 
The magnets are kept not in massive keeper but in an 

extruded aluminium profile which allows the shimming of 
the magnets parallel to the magnetization direction under 
45°. The magnet position can be adjusted with μm 
precision by moving a 2° and hence self-locking wedge 
inside the keeper. A vertical kick is produced by 
shimming all four keepers identical with the same sign, a 
horizontal kick by shimming with alternating sign. 
Figure 4 shows a starting layout, used for FEM studies to 
optimize the geometries. Shimming with 30μm would 
result in a local field change of 0.07%, which produces a 
kick of 50Gcm. The maximum allowed shimming 
depends on the forces and the design of the keeper. In 
case of the U15 the preload of the keeper with the wedge 
is 60μm and the shim range is ± 30μm.  

For APPLE undulators beside the vertical field 
variation also the horizontal field variation needs to be 
considered. Figure 5 shows the variation in circular and 
inclined mode. The good field region is with 50μm and 
60μm to 80μm comparable to the vertical one. As a result 
the alignment specifications in both vertical and 
horizontal are very tight but can be handled with the cam-
shaft movers in a remote controlled way. 
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Figure 5: Transverse variation of the peak fields in 
inclined and circular (dashed) mode. The good field 
region of 10  is 50-4 μm 
for the horizontal. 

 

 
Figure 6: Shift dependent variation of Kz (solid), Kx 
(dashed) and Keff (dotted) for circular and inclined 
polarization. The 45° magnetization and slit = gapmin 

result in this symmetric plot. 

The symmetric changes the shift variation, because 
both vertical and horizontal K-values are the same. As a 
result, the effective K-value in circular mode is even 
slightly larger and only the minimum effective K-value in 
inclined mode is smaller with the corresponding minim 
reachable photon energy of 330eV (see Fig. 6).  

OPERATIONAL ASPECTS 
APPLE undulators are normally operated with gap and 

shift variation. However it is also possible to run them in 
fixed gap mode like the UE40 undulator for the 
ADDRESS beamline at SLS. In fixed gap mode, there are 
field gradients at the nominal beam axis which may the 
affect the operation. At the ADDRESS beamline, the 
spectra in circular mode were found to be smeared out at 
their blue edge. The spectra could be recovered by 
changing the operating conditions: Instead of changing 
the energy by a relative shift of top versus bottom magnet 
arrays, the same energy can be set with a shift left versus 

right magnet arrays (Fig. 7). The reason is the relative 
large horizontal beam size in a storage ring while the 
vertical beam size is only 1% or less.  

 
 

 
Figure 7: Field gradients in fixed gap APPLE operation 
with energy shift in Top - Bottom and Left – Right 
configuration. 

For FELs with their small emittance the impact is 
appropriate small but should be noticed. For more 
flexibility and the common support structure, the APPLE 
undulator for SwissFEL will have shift and gap variation. 

CONCLUSION 
The soft x-ray line for SwissFEL shall provide full 

polarization control for the users. The presented UE40 
design considerations propose the availability of all the 
major polarization states LH, LV and circular over the 
entire photon energy range. The design integrates the best 
of former designs and allows in addition the use of the 
flexor keeper design from the U15 undulator for an in-situ 
and automatized shimming under 45°. A horizontal field 
of 1.05T (K=4) for the horizontal field is pretty 
demanding. Small gaps are required and it is mandatory 
to optimize the forces wherever possible. Therefore 
magnet material is removed wherever possible which 
results in the delta shape of the magnets, the large slit 
width with its additional angle and the symmetric design.  

Circ Mode: Top - Bottom 

Circ Mode: Left - Right 

μm      for the vertical field and 60-80
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A STRIPLINE KICKER DRIVER FOR THE NEXT GENERATION LIGHT 

SOURCE* 

Fred Niell, Dr. Neal Butler, Dr. Marcel P.J. Gaudreau, PE, Michael Kempkes,  

Diversified Technologies, Inc., Bedford, MA 01730, USA 

 

Abstract 

Diversified Technologies, Inc. (DTI) has designed, 

built, and demonstrated a prototype stripline kicker driver 

capable of less than 10 ns rise and fall time, ~40 ns pulse 

length, and peak power greater than 1.7 MW/pulse. 

INTRODUCTION 

Diversified Technologies, Inc. (DTI), under an SBIR 

grant from the U.S. Department of Energy, assembled a 

prototype pulse generator capable of meeting the original 

specifications for the Next Generation Light Source 

(NGLS) fast deflector. The ultimate NGLS kicker driver 

must drive a 50 © load (a 50 © terminated Transverse 

Electromagnetic (TEM) deflector blade) at 10 kV, with 

flat-topped pulses according to the NGLS pulsing 

protocol and a sustained repetition rate of 100 kHz. 

Additional requirements of the specification include a 2 

ns rise time (10 to 90%), a highly repeatable flattop with 

pulse width from 5 – 40 ns, and a fall time (90% to .01%) 

less than 1 µs. The driver must also effectively absorb 

high-order mode signals emerging from the deflector 

itself. 

STRIPLINE KICKER DRIVERS 

The ultimate size, and hence cost, of any damping ring 

strongly depends on the speed of the kickers. It is 

envisioned that a scintilla of deflection will be imparted 

by a symmetric pair of shaped parallel deflection blades, 

pulsed in opposition at 10 kV. Within the guide, 

comprised of the two deflector blades and their 

environment, each TEM wave produced by the two pulse 

generators traverses the guide synchronously with the 

selected (relativistic) charge packet. Various system 

designs were explored for producing the desired pulse 

wave forms. The options included a direct series high 

voltage switch, solid-state Marx bank, inductive adder, or 

more conventional pulse transformers and transmission-

line adders, several of which were considered in detail. 

The inductive adder was ultimately selected as the 

preferred development path for the remainder of the 

program. 

The DTI team has designed and demonstrated the key 

elements of a solid-state kicker driver capable of meeting 

the NGLS requirements, with possible extension to a wide 

range of fast-pulse applications. The current iteration 

employs compensated-silicon MOSFETs with a charge-

pump gate drive arrangement (Figure 1). Two of these 

transistor-gate driver modules are used to drive opposite 

ends of the primary winding of an inductive adder 

transformer in a Marx-derived topology, achieving 1 kV 

per stage with transistors rated for 650 V. The high 

voltage gate-drive technique speeds up switching by 

quickly charging the power transistor gate capacitance in 

spite of significant internal gate resistance and package 

inductance. This can be considered a Marx generator-type 

circuit because two capacitors are charged from the prime 

power in parallel and discharged in series. 

HYBRID MARX-INDUCTIVE ADDER 

The inductive adder functions by applying several 

separately-powered primary circuits, each with its own 

ferrite coupling transformer core, to a single shared 

secondary circuit. In this manner, the voltages of all the 

primaries add together, creating one large output pulse. 

The output pulse voltage is simply the applied voltage, 

minus any forward drop in the switching circuitry, across 

the “T” model of the output transformer. The current 

 

 

Figure 1: The dual-board pulser, displaying top and 

bottom boards with central output busbar. 

 ___________________________________________  

*Work supported by U.S. Department of Energy SBIR Award  DE-

SC0004255 
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through the magnetizing inductance is chosen to be very 

small compared to the main pulse current, perhaps 

1/100th of the main pulse current. This way, the clamp 

diodes across the primaries are not dissipating too much 

power on each pulse. The transformer leakage 

inductances then primarily set the rise and fall time of the 

system. Currently, no efforts have been made to optimize 

the primary-referred secondary inductances as 7-10 nH 

was achieved with simple methods.  

In Figure 2, the green line shows the flow of current 

during the “charging” phase. The capacitors C1 - C n are 

charged through the resistors to the nominal 500 V bus 

voltage. The blue line shows the flow of current during 

the “on” state of the transistors. The various blocking 

inductances and snubber diodes are not shown in the 

interest of clarity. 

RESULTS 

The fully populated (dual-board) pulser with low 

inductance output structure is shown in Figure 1, while 

Figure 3 displays pulser performance. Note the 

arrangement of both sides to drive the common output 

busbar. The busbar was designed to fit snugly inside the 

core structure with enough clearance for 6 layers of 

0.005” Kapton sheet as insulation. The bar was rounded 

on the edges to relieve electrical stress on the insulation, 

but the radius was simply 1/8” instead of an actual 

Rogowski profile. The output was terminated into 100 

ohms (two Bourns 50-ohm RF terminator resistors), with 

two boards operating in bipolar mode (+/-2.5 kV). Future 

designs will incorporate some impedance control on the 

secondary winding. 

 

FUTURE EFFORTS 

Within the remainder of the project, effort level will 

remain high, as the initial challenge of circuit selection 

and demonstration is over. The hardware to test our 

theories has been built and proven to the 1 MW level. 

Testing of the hardware will continue, comparing the 

results with the initial PSPICE simulations and extending 

to 2 MW/pulse. Changes will be made to improve rise 

time and fall time by altering the physical form of the 

secondary windings and materials of the coupling 

transformers. Cooling options will be studied, and 

appropriate adjustments will be made to the design in 

order to complete a lab-bench prototype of the pulser that 

will support full voltage and current at the required PRF 

cooling.

 

Figure 2: Electrical schematic of two stages showing main pulse current path in blue and charging current path in green. 

The floating gate drive is referenced to the source leads of the "flying" transistors. For clarity, snubbers and clamp 

diodes are not shown. 

 

 

Figure 3: Output of two boards into 100 ohms operating 

in bipolar mode. 5 kV (+/- 2.5 kV), 5 ns 10 – 90% 

risetime, 25 ns pulsewidth. 
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PHASE SHIFTER DESIGN FOR ISASE
S.D. Chen, K. Fang, L.Zhu, H.-D. Nuhn, C. Pellegrini, J. Wu, SLAC, CA 94025, USA

S.D. Chen, C.S. Hwang, NCTU, Hsinchu 30076, Taiwan
C.S. Hwang, NSRRC, Hsinchu 30076, Taiwan

Abstract
A phase shifter to generate an additional phase advance

of the spontaneous light versus the electron beam was de-
signed for the iSASE scheme. The iSASE mechanism is for
reducing the bandwidth further from SASE FEL process. A
large phase advance about 1600*2Pi as the FEL operating at
wavelength 0.8 nm was needed according to the simulation
of iSASE process. Since the iSASE is thought to implement
into LCLS II project, the space limitation causing by LCLS
II should be considered when designing the phase shifter.
An optimized three-pole electric phase shifter with 7.3 mm
gap has the center field of 1.8 T . The vanadium steel was
considered as pole material and the magnet physical length
is 260 mm, meanwhile the water-cooling type copper coil
was adopted. The temperature increment, force analysis,
low field operation mode concept, and preliminary tolerance
study were discussed.

INTRODUCTION
Improved SASE (iSASE) [1,2] was proposed to reduce the

SASE bandwidth. In iSASE scheme, several phase shifters
with large phase delay are inserted to increase the coher-
ence length. In this scheme, the phase shifters should be
placed in linear growth region, for example in our layout:
five phase shifter was inserted into LCLS-II lattice, and the
phase shifter for phase matching at local place [3, 4] will be
replaced.
In our case, five phase shifters divide the linear growth

region into six sections. Looking into the details of how
the mechanism works: as electron beam passing through
the first section, the electric field (light field) grows up and
contains the informations of structure of local electron beam;
after going through the first phase shifter, the electric field
got a further phase advance and located at a new position
inside the electron bunch; in the second section, the electric
field can stimulate the new local electrons as a seed; in the
following sections, same thing happens that the electric field
will be placed at a new position by large phase delay caused
by phase shifter and works as a seeding stimulating local
electrons at new position. The coherence length was hence
increased.
The scheme was first studied by a fundamental set up

of five phase shifter with 100, 200, 400, 800, 1600*2pi
phase delay, at wavelength 0.8 nm. The largest phase shifter,
1600*2pi, which is the hardest one to be achieved, was first
designed and presented in this paper. Restricted by the space
limitation from LCLS-II undulator hall, the length of phase
shifter should be less than 260 mm, which forces the mag-
netic field high as 1.8 T to generate such a large phase delay.

A permanent magnet can not afford the requirement; an elec-
tric magnet with pole material of the vanadium steel, which
has a high saturation field of 2.4 T, was chosen. Meanwhile
the water-cooling type copper coil was adopted to eliminate
the Joule heat from copper wire.

This paper was organized as following: the specifications
of magnet were first presented, then the water cooling system
and evaluation of phase delay were described; the require-
ment of fringe field and remanence field were also discussed;
the preliminary tolerance study was mentioned; the conclu-
sion was in the end.

-200
-100 0 100

X

-100 0 100

Y

-200

0

200

Z

Figure 1: Magnet model plotted by Radia.

DESIGN OF THE MAGNET
The model displayed herein is a preliminary design, but

can be the proof of the feasibility of producing 1600*2pi
phase delay under space limitation, which is that physical
length is less than 260 mm, gap is 7.3 mm, and physical
height is less than 500 mm. To make the model practical,
the details of manufacturing of the magnet and the effects
on neighber magnets as inserting into undulator hall were
integrally considered. The model was designed by Radia
associated with Mathematica; the diagram of model is in
Figure 1 and the specifications were in Table 1. The pole will
be sliced and glued to prevent strong eddy current and reduce
the charging time. The minimum bending radius of copper
wire is considered. The transverse good filed region is now
10 times larger than requirement, however the saturation
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Table 1: Specifications

Items Value Unit
Physical length 258.9 mm
Physical height 487.3 mm

gap 7.3 mm
Magnetic field 1.795/-1.780 T
center/side
4B/B along X < 0.2%in 15 mm -

wire type 5.6mm x 5.6mm -
copper, rectangular
φ3mm hollowed

Main current 273 A
Material of pole vanadium steel

temperature increase 1.87 / 1.86 °C
on coil

Vertical force 0.77 / 0.35 tons
Center/Side

1st Integral field -20.0 µTm
2nd Integral field -1.5 µTm2

issue is the priority of optimizing the transverse width of
poles. The temperature increase on the surface of magnet is
required to be lower than 2°C, so the 2-in-2-out cycling water
circuit is adopted to the coil of main pole (detailed in next
section.) The field along the beam trajectory is in Figure 2.
The saturation analysis inside the pole is plotted in Figure 3.
It shows the corner of the pole material is highly saturated;
More design work on the shape of pole can improve the
efficiency of this magnet. The total force between upper and
bottom part was analyzed and is about 1.4 tons. Considering
the strong force and the assembling of magnet, the C-frame
design should be replaced by H-frame.

Figure 2: Field along the beam trajectory.

TRANSVERSE GOOD FIELD REGION
The required horizontal good field region is mainly de-

termined by beam dynamic. It should be wider than wig-
gle amplitude as the electron beam passing through phase
shifter. The maximum value of second integral of mag-
netic field is 4600 µTmm2. The amplitude can be calcu-

Figure 3: Field inside the pole.

lated by
∫ ∫

Bzd2y/B̄ρ, where B̄ρ is beam rigidity. With
beam energy 4 GeV, the maximum amplitude is calculated
as 345.1 µm. Beam size should be also considered; for β-
function equal to 20 m, σx =

√
ε β is around 20 µm. The

jitter from shut to shut increases the required width too. It is
about 10 % of beam size and is 2 µm. The field error from
the misalignment of phase shifter should be prevented. To
be safe, the quantity of misalignment is estimated about 0.5
mm. Combining all mentioned issues, the horizontal good
field region is around ±1mm, of which the field variation is
6.2 ∗ 10−5.

WATER COOLING SYSTEM

There are 4 Side-Coil and 2 Center-Coil, and it is 1-in-1-
out for side coil and 2-in-2-out for center coil. Waterways
of all 8 coil sections are in parallel connection. The water
pressure is at 5 atm, and the required total flow rate is 27
Liter per minute. The temperature raise on magnet is under
2°C by the design in Table 2, however, the flow velocity is
too high; empirically 2.5~4 m/sec is proper number to have
better efficiency. More optimization work were needed for
cooling system. On the other hand, the cooling water itself
of cooling system in LCLS-II has a temperature vibration
about 2°C. This will be considered in following work.

Table 2: Cooling Water System

Items Value Unit
Cooling water pressure 5 atm

sections per coil 2/1 -
(Center/Side)
Flow velocity 7.95/7.98 m/sec
(Center/Side)

Flow rate of each coil 6.74/3.38 Liter/Min
(Center/Side)
Total flow rate 27.0 Liter/Min
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PHASE DELAY
Refer to the field along the beam trajectory in Figure 2,

the phase delay can be integrated by formula

PI=
∫ ∞

−∞

((∫ z

−∞

Bx
(
z′
)

dz′
)
2 +

(∫ z

−∞

By
(
z′
)

dz′
)
2
)

dz,

where Bx and By are the field of two transverse direction.
The integrated PI along the beam trajectory is plotted in
Figure 4. The number of phase delay can be calculated by

∆ϕ=
π

λγ

e2

γ2m2
ec2

PI .

The total ∆ϕ is 1653 ∗ 2π, which is 3% more than expec-
tation. The small amount excessive give more flexibility for
engineering tolerance.

Figure 4: Phase delay.

FRINGE FIELD ANALYSIS
There are a undulator and a qudrupole at the downstrain

and upstrain of phase shifter, respectively. The both two
magnets are about 10 cm far from the side of phase shifter,
so the fringe field on the transverse plane was analyzed and
shown in Figure 5. The result shows that the fringe field is
up to 75 Gauss, which is much higher than requirement, 0.5
Gauss. The magnetic shielding was needed to be inserted
between phase shifter and neighbor magnets.

REMANENCE FIELD
In LCLS-II, iSASE scheme should be remain optional.

Once the iSASE mechanism is turned off, the phase shifter
should work as a normal phase shifter for phase matching
between undulators. At such situation, few number of phase
delay with high precision of around 3°was needed. However,
it’s hard for a magnet, which is optimized for such a large
phase delay, to offer a small and precise magnetic field. The
remanence field is the first priority problem. As long as the
remanence field is low enough, there is a chance to operate
this phase shifter for phase matching. Unfortunately, the
actual remanence field and result of the degaussing process
can only be discovered experimentally. So, it was planed

Figure 5: Fringe field at 10 cm far from phase shifter.

to do the remanence field analyzation after the prototype
constructed. If there are no chance to operate the phase
shifter for phase matching, a moving stage carrying two
phase shifter, one is for iSASE scheme and another is for
phase matching, will be adopted to solve the problem.

PRECISION OF POWER SUPPLY
The variation of power supply causes additional phase

error on phase shifter. If the phase error is demanded lower
than 10°, the power supply should have a precision of 3 ∗
10−5 for the largest phase shifter. Supposing the presented
design is adopted for all 5 phase shifter, the current and the
required precision of power supply were simulated and listed
in Table 3; how the B-field various is plotted as a function of
current in Figure 6. The designed phase shifter is optimized
for the 1600*2π, and only one power supply was needed for
all three poles. If this design is going to be adopting on other
smaller phase shifter, the center and side poles should be
charged by two different power supplies for compensating the
1st and 2nd integral field. The high precision of power supply
is achievable when using proper power supply associated
with 16-bit control system; the current facility in LCLS-II
can match the requirement. However, the phase error of 10°
is only a naive assumption; further tolerance study is needed.

Table 3: Precision of All Phase Shifter.

4φ Current(A) 4 I/I 4I (mA)
for 4φ = 10°

1600 272.92 3 ∗ 10−5 8.2
800 136.46 3 ∗ 10−5 4.1
400 71.48 6.2 ∗ 10−5 4.43
200 48.74 8 ∗ 10−5 3.9
100 38.01 1.5 ∗ 10−4 5.7

PRELIMINARY TOLERANCE STUDY
The physical requirement of how precise the phase shifter

for iSASE scheme is preliminary studied. An modified GEN-
ESIS code [5] was developed to simulate iSASE scheme [6],
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Figure 6: B-field various with exciting current.

and the phase error from phase shifter can also be simulated
by the developed code. Various phase errors were adopted
to the largest phase shifter, and the trend of variation of
bandwidth was plotted in Figure 7. For each case of phase
error, 20 cases of random seed were used for simulating the
shot noise. The result shows that only in some few shots the
bandwidth goes up. The trend of with different phase error
tells that if the phase delay by the phase shifter is not an in-
teger, the bandwidth does not affected. Note that this is only
for the largest phase shifter with 1600*2π phase delay. So
the tolerance of the largest phase shifter in this configuration
is quit flexible.
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Figure 7: The phase error of 0°–360° were adopted to the
5th phase shifter, and the bandwidths were plotted.

CONCLUSION
A phase shifter for iSASE scheme with a large enough

phase delay is proved achievable within space limitation by
LCLS-II. The efficiency of this magnet, which is judged by
saturation field analyzation, can be improved further. The
magnetic shielding is needed for minimizing the cross-talk
effect. Remanence field analyzation is hard topic, but an
alternative method is planed if the remanence field is too
high. There is only preliminary study for the tolerance about
physical requirement; in the future, the fully tolerance study
of physical requirement will be focused and the result is
quite important to the study of iSASE scheme.
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UNDULATOR RADIATION DAMAGE EXPERIENCE AT LCLS*
H.-D. Nuhn#,, R.C. Field, S. Mao, Y. Levashov, M. Santana, J.N. Welch, Z. Wolf

SLAC National Accelerator Laboratory, Menlo Park, CA 94025, U.S.A

Abstract
The SLAC National Accelerator Laboratory has been 

running the Linac Coherent Light Source (LCLS), the 
first x-ray Free Electron Laser since 2009. Undulator 
magnet damage from radiation, produced by the electron 
beam traveling through the 133-m long straight vacuum 
tube, has been and is a concern. A damage measurement 
experiment has been performed in 2007 in order to obtain 
dose versus damage calibrations. Radiation reduction and 
detection devices have been integrated into the LCLS 
undulator system. The accumulated radiation dose rate 
was continuously monitored and recorded. In addition, 
undulator segments have been routinely removed from the 
beamline to be checked for magnetic (50 ppm, rms) and 
mechanic (about 0.25 µm, rms) changes. A reduction in 
strength of the undulator segments is being observed, at a 
level, which is now clearly above the noise. Recently, 
potential sources for the observed integrated radiation 
levels have been investigated. The paper discusses the 
results of these investigation as well as comparison 
between observed damage and measured dose 
accumulations and discusses, briefly, strategies for the 
new LCLS-II upgrade, which will be operating at more 
than 300 times larger beam rate.

Figure 1: Layout of the SLAC End-Station A (ESA)
undulator magnet block damage experiment. M1 to M9
indicate the placement of the individual magnet blocks 
relative to the copper cylinder. M5 is located underneath 
the copper cylinder.

INTRODUCTION
The Linac Coherent Light Source (LCLS) has been

delivering intense ultra-short x-ray beams to international 
users at the SLAC National Accelerator Laboratory
(SLAC) since 2009 [1]. These x-ray beams are generated 

with fixed, canted gap hybrid (Nd2Fe14B) permanent 
magnet undulators [2].

MAGNET DAMAGE CALIBRATION
In July 2007, a radiation damage experiment was 

conducted on nine LCLS-I type (Nd2Fe14B) permanent 
magnet blocks, mounted well separated from one another,
behind a solid Cu cylinder, which was bombarded with a
13.6-GeV electron beam (see Figure 1). The experiment 
was located inside SLAC’s ESA (End-Station A)
enclosure. During the 12 days of irradiation the magnet 
blocks stayed at a temperature of 23.8°C±0.8°C. The 
estimated accumulated maximum radiation doses in each 
block, based on a FLUKA [3,4] model, ranged from 
about 1500 kGy to less than 1 kGy and the corresponding 
measured reduction in total magnetic moment from about 
9.6% to less than 0.1%. In fact, the two magnet blocks 
with the lowest amount of accumulated radiation dose 
showed a slight increase in total magnetic moment. Linear 
fitting resulted in a scaling factor of 70 kGy/%. This 
simple scaling seems not to describe the low-dose 
behaviour with sufficient detail. Other radiation damage 
studies and experiments have been conducted in other 
laboratories around the world, answering a wider range of 
questions with more detail [5,6,7].

LCLS UNDULATOR RADIATION DOSE
MEASUREMENTS

A record of the integrated radiation dose, as actually 
received by the LCLS undulator magnets, has been kept
over the entire operational period with the help of thermo-
luminescent dosimeters (TLDs). The TLDs have been 
shielded in small Pb-casings and were mounted in front of 
each undulator segment with the sensitive element about 
25 mm above and horizontally centered on the beam axis.
The Pb-casings were added in order to filter out the low 
energy and non-damaging radiation background coming 
from synchrotron radiation during the FEL process. Each 
TLD is left in place for some time (originally several
weeks, now several months), before it is replaced by a 
fresh TLD. Some of the readings are shown in Figure 2
versus the total amount of beam energy that passed 
through the beam pipe during the same time period. Beam 
energy is the integral of the product of particle energy, 
number of particle per bunch and bunch repetition rate. 
The figure shows a fairly consistent loss rate over about a
3-year period. Three different regions along the undulator 
line (girder numbers) can be distinguished. The higher 
levels in the front end (girders 1-10) come from LTU 
scattering events from inserted wires, screens or the tune-
up stopper (TDUND). The higher levels at the back end
of the undulator line (girders 17-33) come from events 
within the undulator vacuum chamber, especially from a 

___________________________________________
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misaligned vacuum chamber in the HXRSS chicane that 
was in place between January and October 2012. The low 
level part in the center (girders 10-16) is attributed to a 
general loss of halo particles.

Figure 2: Radiation dose measurements by Pb-cased 
TLDs placed in front of each LCLS undulator segment.
The readings are plotted against the beam energy passed 
through the undulator beam pipe during the same period.
Note: 2 readings for girder 32: 4.9 Gy/GJ and 4.0 Gy/GJ 
for the last 2 periods, respectively, are cut off.

While TLDs are quite reliable in accumulating dose, 
they are not readily available for investigating the sources 
of radiation events. Recently, remotely readable 
electronic dosimeters (RADFETs) [8] have been installed 
together with Lucite detectors. Following a small 
experimental installation of RADFETs, a more extensive 
installation has been made in 2014, and this time the units 
were biased to enhance their sensitivity and further reduce 
their already slow rate of fade. Since readings are made 
every 10 minutes, it has been possible to follow the 
influence of beam conditions on the dose rate. 
Downstream of the self-seeding chicanes, it has been 
noticed that, when operating with higher energy electron 
beams (9 – 15 GeV), the dose rate is higher than typically 
seen with beams at 4 – 5 GeV. Upstream of the chicanes,
the tendency, if anything, is reversed. The relative 
amplitudes of the beam losses can also be measured pulse 
by pulse with an array of acrylic Cherenkov counters 
using photomultiplier tubes, installed along the undulator. 
Some are distributed to intercept the off-axis radiation 
away from the undulator segments; others monitor the 
showers close to the vacuum chamber and the undulator 
material. A few hours of beam time have been available 
for an initial study of the settings of the machine’s 
collimators with respect to their effect on these counters. 
Adjusting the collimators for then-current beam 
conditions has shown the potential for reducing the dose 
accumulation by factors of ~10 at the upstream end of the 
undulator, but no dose reduction was observed further 
downstream along the undulator. The RADFET dose rates 
corroborated these observations. Further work is 
anticipated.

LCLS UNDULATOR KMONITORING
AND RECALIBRATION

The LCLS undulator segments have been designed to 
be easily removed and reinstalled on any of the girders 
without the need for special alignment. This was done by 
machining the individual feet blocks for each undulator 
such that one of the blocks’ vertical surfaces and the 
bottom surfaces are machined to have fixed distances to 
the magnetic axis of the undulator segment. Segments 
have been removed from the tunnel and replaced with 
standby segments at a rate of roughly 1 segment per 
month since the end of commissioning. 

Figure 3: Differences between two Hall probe 
measurements (taken in 5/09 and in 2/14) of the absolute 
on-axis peak magnetic fields at 218 core poles (of the 
total 226 poles) of LCLS undulator segment SN30.

Figure 4: Differences between two CMM measurements 
(taken in 5/09 and in 2/14) of the gap heights at 218 core 
poles (of the total 226 poles) of LCLS undulator segment 
SN30 at the same x location relative to the eight device 
tooling ball sockets. At each pole, the value shown in the 
graph is based on an average over 8 – 10 individual 
measurements taken at horizontally different locations.

These segments have been re-measured in the LCLS 
magnet measurement facility and compared with earlier 
measurements for changes in K/K ( =6×10-5) (see 
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example in Figure 3), phase shake and total phase 
( =0.1 degXray), field integrals ( =5 G cm), and gap 
changes ( =0.25 µm) (see example in Figure 4). The 
latter is done in the same x-z plane as earlier, defined by 
the 8 tooling ball sockets that are part of each segment, 
using a large coordinate measurement machine (CMM).
A detailed description of the measurement technique is 
given in a different paper [9]. 

Figure 5: Magnetic field measurements shown in Figure 4
after correction by the CMM gap measurements shown in 
Figure 5. The remaining change in relative field 
amplitude is -(2.5±0.5)×10-4.

Both, changes in K/K and in gap height have been 
observed. The former have been corrected by the latter, 
using the known dependence of relative undulator 
strength, K/K, on small undulator gap changes, g:

K/K/ g=-(1.46±0.15)×10-4/µm, for the LCLS undulator 
segments (see example in Figure 5).

Figure 6: Change in the strength ( K/K) of undulator 
segments vs. the amount of beam energy transported 
through the beam pipe during the periods in which they 
were installed in the beam line.

The corrected values of K/K have been attributed to 
radiation damage. Note: One undulator has been kept 
inside the magnet measurement facility since it first 

finished tuning in 2007. It has been regularly measured 
over the years as a reference of the measurement process. 
This reference undulator does not show the reduction in 

K/K as observed on the undulator segments that have 
spent time in the radiation environment. The averages for 
the individual undulator segments are plotted in Figure 6
against the radiation dose as accumulated by the TLDs. 
(see above). In spite of the large spread in the data points,
a reduction in segment strength with increased 
accumulated radiation dose can be seen. Whenever an 
LCLS undulator segment is re-measured it is recalibrated, 
i.e., the K polynomials, which translate between the 
horizontal (x) positions of the canted undulator segments 
and the K values, are recalculated based on the new 
measurements.  This simple recalibration technique works 
because of the observed homogeneous z-profile of the K
value reduction (see Figure 5).

LCLS ELECTRON BEAM COLLIMATION
Collimator systems appear to be the essential tool for 

reducing average radiation dose. They remove beam halo, 
i.e., the large-emittance background that accompanies the 
electron bunches. Collimators need to be carefully 
designed and strategically placed to remove out-of-core 
particles in 5 phase space dimensions (x, x’, y, y’, E), i.e., 
transverse (horizontal, x, x’, and vertical, y, y’) and 
energy, E.

Figure 7: Lost particles from dark current pulses (A) and 
from the laser driven beam (C) observed at a position 
along the undulator by a beam loss detector (accumulated 
over about 500 beam pulses), showing the time spread 
loss events relative to the true beam time. The lower 
signal is the oscilloscope trigger from the accelerator 
timing system (B). The full width of the plot is 500 ns. 
The rf bucket separation is 0.3 ns.

Recent analysis has shown problems with the current 
LCLS collimator system. One of the problems is that the 
LCLS collimators are too short (3 X0), the the LCLS-II
collimators will be 15 radiation lengths (X0). Another 
problem comes from the fact that collimators both remove 
and create halo. The creation comes from converting core 
particles that interact with the collimator but are not 
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removed from the beam by the collimator, itself, to halo 
particles. A third problem comes from the fact that halo 
reduction requires the collimator jaws to get quite close to 
the beam core such that changes in steering and/or beam 
optics matching can result in transmission rate changes
for core particles. For each of the two transverse planes 
there need to be two collimators separated by 90 degrees 
of betatron phase advance. The energy collimator needs to 
be located at a position of high dispersion (such as inside 
a chicane or a dogleg). In order to avoid that halo 
particles, produced by the collimation system, will be able 
to reach the undulator segments, multiple collimation 
systems will be used and positioned such that there is at 
least one dipole between the last collimator and the first 
undulator segments.

A significant source of radiation can come from dark
current in out-of-time buckets, i.e., that are generated in 
the RF photocathode gun when the electric field is right 
for acceleration but no laser pulse is present. Those losses 
have been detected along the LCLS undulator beam pipe 
(Figure 7). It has been shown that the losses, shown in the 
figure, can be suppressed by switching the gun rf to be 
out of time with the accelerator rf; they were not much 
affected by removing the drive laser, which generates the 
desired bunches, from the gun. In operation, the dark 
current bunches could be removed by a fast kicker system 
that should be located after the first accelerator section 
(L0) when the electron beam energy is still low. Such a 
kicker system does not exist for LCLS-I but is planned for 
LCLS-II, for which it is considered essential because of 
the much larger number of extra rf bucket due to the DC 
mode of beam operation.

LCLS-II UNDULATOR RADIATION 
ISSUES

While LCLS operates currently at a maximum beam 
power of 324 W, (120 Hz, 15 GeV, 180 pC), LCLS-II is 
being designed for a maximum beam power of 120 kW 
(100 kHz, 4 GeV, 300 pC) or (1 MHz, 4 GeV, 30 pC),
i.e., a beam power increase by a factor 370.

A new LCLS-II collimation system is being designed,
incorporating the lessons learned on LCLS-I, including:
1. LCLS-I halo collimators are too short and close to 

the undulator line.
2. The radiation produced by halo collimators 

(including gamma and neutron radiation) must be 
deflected and shielded, i.e., For example, there must 
be a dipole between halo collimators and undulator 
segments. Shielding must be added around the halo 
collimators.

3. Use of beam intercepting devices in front of the 
undulator line must be limited to low rep-rate 
operation. They must be fully retrieved from the 
beam path when not used.

4. A sensitive machine protection monitoring system 
with correct trip threshold will need to be developed.

5. The understanding of dark current from the gun and 
L0 during LCLS-II operation needs to be improved.

It will be necessary to add a fast kicker in injector 
area, right after the first linac section.

It is expected that the new system will result in 
reduction of radiation dose by orders of magnitude 
compared to the present system for the same beam power.
This should allow keeping the segment recalibration rate 
at roughly 1 segment per month. Initially, LCLS-II will
run in mixed-rate operation to keep the average beam 
power much lower than the planned 120 kW. The average 
beam power will be slowly increased based on radiation 
detector readings as halo reduction is improved. This 
approach will allow high repetition rate to occur early 
during the start of LCLS-II operations but at a reduced 
duty cycle.

CONCLUSION 
Reduction in magnetic field strength ( K/K) as a 

function of accumulated radiation dose has been observed 
for the LCLS undulator segments. The existing halo 
collimation system was found to have a number of 
insufficiencies. Significant (sometimes the majority of) 
beam loss comes from out-of-time buckets. Lessons 
learned with LCLS-I are being used for the design of the 
LCLS-II undulator radiation protection system at more 
than 300 times higher beam power levels.
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A 200 μm-PERIOD LASER-DRIVEN UNDULATOR∗

F. Toufexis, T. Tang, S.G. Tantawi, SLAC, Menlo Park, CA 94025, USA

Abstract
To reduce the linac energy required for a given syn-

chrotron radiation wavelength, and hence the size of the de-

vice, a smaller undulator period with sufficient field strength

is needed. In this work, a microfabricated, laser-driven un-

dulator with 200 μm undulator period is proposed. A trans-

verse electric (TE) wave that co-propagates with the electron

beam is excited between two polysilicon thin films, having

a gap of 16.5 μm. The mode that is excited is a deflecting

mode and causes the electron beam to wiggle. The device

is fabricated on a silicon wafer, using conventional silicon

micromachining techniques. A single polysilicon thin film is

supported on a silicon chip, which has a slit from the back to

allow delivery of the laser beam. Two such chips are bonded

together to form a 16.5 μm gap, within which the electron

beam passes through. The final device has dimensions 1cm

x 1cm x 1.1mm and has approximately 35 undulator peri-

ods. In this paper, the model, design, fabrication, and cold

measurements of the device are reported.

INTRODUCTION
Traditionally, coherent emission of short wavelength elec-

tromagnetic radiation employed undulators – devices that

generate a periodic magnetic field – made of permanent

magnets. Such undulators present several limitations on

how short their period can be, while maintaining reason-

able field strength and beam aperture. These limitations,

along with the resonance condition between the electrons’

oscillatory motion, including relativistic and Doppler effects,

and the wavelength of the emitted light, require very high-

energy beams, making a tabletop free electron laser (FEL)

prohibitive. In order to shrink an FEL, a smaller linac and

therefore lower beam energy is required. A smaller undula-

tor period is therefore required, while maintaining sufficient

field strength. However, the undulator wavelength cannot be

too small – for example using directly a laser beam – because

the emittance requirements make it infeasible to operate as

a laser [1]. Alternatives to traditional undulators are super-

conducting magnet-based undulators [2], photonic crystal

undulators [3], and microwave undulators [4]. Recently laser

driven undulators have been developed [5–8].

In this work, a novel laser–driven undulator is proposed.

Figure 1a outlines the principle of operation of the proposed

device. A parallel plate dielectric waveguide is used as the

interaction region. A TE wave is excited with a 10.6 μm

silicon dioxide (CO2) laser. The angle of incidence is cho-

sen so that a specific undulator wavelength is produced. The

electron bunch co–propagates with the TE wave, produc-

ing an effective undulator wavelength that is larger than the

∗ This project was funded by U.S. Department of Energy under Contract
No. DE-AC02-76SF00515 and the DARPA AXiS program.

excitation wavelength. The waveguide is formed by two

thin polycrystalline silicon (p-Si) films, supported on two

single crystal silicon (SCS) dies that are bonded together, as

shown in Figure 1b. A thicker epitaxially grown polycrys-

talline silicon (epi p-Si) layer, along with sacrificial silicon

oxide (SiO2) layers are used to define the gap between the

two plates of the waveguide, as well as assist in etching the

backside trench, without affecting the plates of the waveg-

uide. Figure 1c shows the two sides of a single die before

assembly. Note that in Figure 1c, the SiO2 has not been

etched, and the thin film covering the trench has been re-

moved, for better visibility. The devices were fabricated in

the Stanford Nanofabrication Facility (SNF) [9].

kz

kt k0

z

x

(a) Interaction Region

x

y

d t

w

(b) Device Cross Section

(c) Fabricated Die before Assembly

Figure 1: Proposed Device Overview.

ANALYTICAL MODEL & DESIGN
Eigen Modes in Infinite Metallic Parallel Plate
Waveguide
In this section, solutions to the Time Harmonic Maxwell’s

equations are sought for the case of the infinite parallel metal-

lic plate waveguide. Analysis starts with this structure, since

it is a very good approximation of the fields inside the in-

teraction region of the undulator. The structure has a finite

height d in the x–direction, is infinite in y and z–directions,
and waves travel along the z direction. Fields are assumed to
vary with time as e− jωt , and therefore, a field propagating in

the positive z direction has a z–dependence of the form e jkz z ,

where ω = 2πc
λ0
is the field angular frequency, k0 = 2π

λ0
is the

free space propagation constant, kz = 2π
λG
is the propagation

Proceedings of FEL2014, Basel, Switzerland MOP047

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines

ISBN 978-3-95450-133-5

131 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



constant in z–direction, kt = π

d =

√
k2
0
− k2z is the trans-

verse propagation constant, λ0 is the free space wavelength,
and λG is the wavelength inside the waveguide.

Following the methodology in [10], the eigen modes of

this waveguide can be split into TE and transverse magnetic

(TM) fields. Analysis begins by separating the transverse

and longitudinal to z fields, and replacing ∂

∂z = j kz . TE
solutions are found by finding an expression for Hz that

satisfies the wave equation, and replacing it in Maxwell’s

equations along with Ez = 0:

Hz = jE0
kt
ωμ
sin (kt x) e− j (ωt−kz z) (1)

HTE
t = j

kz
k2t
∇t Hz = −x̂E0

kz
ωμ
cos (kt x) e− j (ωt−kz z) (2)

ETE
t = − j

ωμ

k2t

(ẑ × ∇t Hz
)
= ŷE0 cos (kt x) e− j (ωt−kz z)

(3)

TM solutions are found by finding an expression for Ez that

satisfies the wave equation, and replacing it in Maxwell’s

equations along with Hz = 0:

Ez = jE0
kt
kz
cos (kt x) e− j (ωt−kz z) (4)

ETM
t = j

kz
k2t
∇t Ez = x̂E0 sin (kt x) e− j (ωt−kz z) (5)

HTM
t = j

ωε

k2t

(ẑ × ∇t Ez
)
= ŷE0

ωε

kz
sin (kt x) e− j (ωt−kz z)

(6)

Comparing Equations (3) and (5), in TE modes, the electric

field on the walls of the waveguide is zero, while in TM

modes the electric field is maximum. Therefore the TE

modes are the most suitable for an undulator since the peak

electric fields is in the center of the waveguide.

Undulating Mechanism
The basic theory of a microwave undulator cavity was

presented in [11]. When electrons interact with a forward

and backward wave, the equivalent undulator wavelength is

given by:

λu =
λ0

1 ± λ0

λG

(7)

where the plus sign corresponds to the electromagnetic (EM)

wave counter–propagating with the electrons, and the minus

sign corresponds to the EM wave co–propagating with the

electrons. These two cases are referred to as short–period

and long–period undulation respectively. Therefore in order

to have an undulator wavelength longer than the EM wave

wavelength, the wave must co–propagate with he electrons.

For a relativistic electron, the equation of motion is given

by:

F = −qe
[E + βc (ẑ × B)

]
(8)

λG

x

z

y

E

B

Figure 2: Electron Trajectory in TE Wave, adapted

from [11].

Replacing (1), (2), and (3) into (8) yields:

F = −ŷqeE0

(
1 − β λ0

λG

)
cos (kt x) cos

(
2π

z
λu

)
(9)

The wiggling is a result of both the electric and magnetic

field, which although mostly cancel each other, given a

large E0, the interaction is still significant. Comparing
Equation (9) with the traditional permanent magnet undula-

tor [11], yields an equivalent magnetic field:

Beq =
E0
βc

(
1 − β λ0

λG

)
≈ E0

c

(
1 − λ0
λG

)
(10)

Equation (9) therefore describes the motion inside an undu-

lator with:

λu =
λ0

1 − λ0

λG

K =
qeE0λu
2πc2m0

(
1 − λ0
λG

)
(11)

Figure 2 shows an overview of the electron trajectory and

field configuration of the proposed device.

TE Modes in Parallel Plate Dielectric Waveguide
Figure 3a presents the optical model of the proposed undu-

lator. A laser beam hits the top of the waveguide at an angle

θ0. Part of it gets transmitted in region I I and the rest gets
reflected in region I. The transmitted beam travels in region
I I with a different propagation constant and angle, because
of the change in refractive index, and gets partially reflected

and partially transmitted at the boundary between regions I I
and I I I. Depending on the choice of dimensions, the struc-
ture in Figure 3a can behave as a waveguide in z–direction,
operating at a weakly confined TE eigen mode.

For a given undulator wavelength, the corresponding

waveguide wavelength from Equation (11) is obtained, that

determines kz = 2π
λG
. Also given the excitation free space

wavelength λ0, the propagation constant k0 = 2π
λ0
is de-

termined. Therefore, to achieve a given undulator wave-

length, the angle the laser beams forms with the surface is

θ0 = arccos
(
kz
k0

)
. In order for the structure of Figure 3a

to behave as a waveguide in z–direction, the waves in all
three areas have to travel with the same propagation con-

stant kz . For a given medium with refractive index ni , the
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n0

n0

n1

I

t

z

xd
2

II

θ0

θ0

θ1

kIi kIr

kIIr

III

kIIi

kIIIi

(a) Optical Model

x0 d
2

d
2 + t

ZL = ∞ Z0 Z0Z1

III III

(b) Transmission Line Model

Figure 3: Parallel Plate Dielectric Waveguide Model.

transverse to z propagation constant k i
t can then be deter-

mined from k i
t =

√
k2i − k2z , where ki = ni k0 represents

the propagation constant in that medium. In that medium

θi = arccos
(
kz
ki

)
= arccos

(
kz
nik0

)
.

The problem can be analysed separately in x and z coordi-
nates. In the z–direction a TE wave – of some distribution in
x – travels with a propagation constant kz . In the x–direction,
standing waves are formed in each region, that satisfy the

boundaries between regions. In each region, the standing

wave is formed by a forward and backward in the x–direction
wave, that travels in region i with a propagation constant
k i
t . The symmetry plane x = 0 is a perfect magnetic wall
for the eigen mode of interest, since it has maximum tan-

gential electric field and zero tangential magnetic field. The

waveguide can therefore be analysed in the x–direction as
a transmission line problem, where the voltage represents

the electric field Ey and the current represents the magnetic

field Hz . Each region with a refractive index ni has a wave
impedance Zi , and the system is terminated at x = 0 with
a ZL = ∞. The transmission line equivalent model of the
undulator is shown in Figure 3b. Using transmission line

theory, the transverse to x fields in each region can be written
as: [

E I
y (x)

H I
z (x)

]
=M

(
x; k0t ; Z0

) [E0
0

]
(12a)

⎡⎢⎢⎢⎢⎣
E I I
y

(
d
2
+ x
)

H I I
z

(
d
2
+ x
)⎤⎥⎥⎥⎥⎦ =M

(
x; k1t ; Z1

) ⎡⎢⎢⎢⎢⎣
E I
y

(
d
2

)
H I

z

(
d
2

)⎤⎥⎥⎥⎥⎦ (12b)

⎡⎢⎢⎢⎢⎣
E I I I
y

(
d
2
+ t + x

)
H I I I

z

(
d
2
+ t + x

)⎤⎥⎥⎥⎥⎦ =M
(
x; k0t ; Z0

) ⎡⎢⎢⎢⎢⎣
E I I
y

(
d
2
+ t
)

H I I
z

(
d
2
+ t
)⎤⎥⎥⎥⎥⎦ (12c)

where

M
(
x; k i

t ; Zi

)
=

⎡⎢⎢⎢⎢⎣
cos
(
k i
t x
)
− j Zi sin

(
k i
t x
)

− j sin(k
i
t x)

Zi
cos
(
k i
t x
) ⎤⎥⎥⎥⎥⎦ (13)

is the transmission matrix,

Zi =
ωμ0

k i
t

(14)

are the wave impedances, and

k0t =
2π

λ0
sin θ0 = k0 sin θ0 (15)

k1t =
√

k2
1
− k2z = k0

√
n2
1
− cos2 θ0 (16)

are the transverse propagation constants for a given excitation

k0 and angle of incidence θ0.

� �

� �

�
�

Figure 4: Electric field distribution in x.

Design
The input parameters are the laser wavelength λ0 =

10.6 μm, and the desired undulator wavelength λu = 200 μm.
Using those parameters, Equation (11) is solved for the

waveguide wavelength λG = 11.19 μm. All propagation
constants can now be fully determined, and the incidence

angle is:

θ0 = arccos

(
kz
k0

)
= 18.73° (17)

A choice for the distance d between the two thin p-Si films
can be calculated such that the interface behaves as a perfect

conducting surface:

d =
π

k0t
= 16.5 μm (18)

A choice for the p-Si film thickness, is such that the reflected

power from the thin film is maximised. The ray that is

reflected from the boundary between region I and region I I
changes polarity because the light travels from a medium

with low refractive index, to a medium with high refractive

index. To maximise reflected power, the reflected wave

from the boundary between region I I and region I I I has to
interfere constructively with the reflection from the boundary

between region I and region I I. The condition for this is
2tk1t = π, which yields:

t =
π

2k1t
= 806 nm (19)

Now, the design is fully specified, the transverse field profile

can be calculated using Equations (12), which is shown in

Figure 4. The peak electric field is limited by the dielec-

tric strength of polysilicon which is 400MV/m, [12]. The

maximum peak field in the center is 4.09GV/m, which from

Equation (11) yields K = 0.013. Using a material with
a higher dielectric strength as the optical layer, will help

increase K .
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(a) Step #1: Thin film

deposition

(b) Step #2: Etch align-

ment marks

(c) Step #3: Pattern

epi p-Si

(d) Step #4: Backside

etch and vapor HF re-

lease

(e) Thin film SEM pic-

ture after step #4

16.5um

150um

(f) Step #5: Final bond-

ing

(g) Mask #1 used for

step #2

(h) Mask #2 used for

step #3

(i) Mask #3 used for

step #4

(j) Membrane hole de-

fect

Figure 5: Fabrication diagram and process characterisation.

DEVICE FABRICATION
Fabrication Process
The device is fabricated on <100> SCS wafers (WRS

Materials, R-Prime Wafers). After a standard pre-diffusion

clean, wafers are coated with 1 μm of sacrificial SiO2 in a

tetraethyl orthosilicate (TEOS) furnace (Tylan), running the

standard TEOS process. The wafers are then coated with

806nm of p-Si, in an low pressure chemical vapor deposition

(LPCVD) furnace (Thermco Systems), followed by coating

with another 0.5 μm of sacrificial TEOS oxide. On the front

side of the wafers, a 16 μm–thick epi p-Si layer, is grown

at 1080℃ using dichlorosilane (DCS) in a epitaxial reactor

(Applied Materials Centura). The epi p-Si growth is done

in 5 steps, because the maximum allowed growth thickness

between two chamber cleans is 3 μm. This stage of the wafer

processing is depicted in Figure 5a.

Subsequently, the two TEOS oxide layers and the p-Si

layer are removed from the backside of the wafers using dry

etching (Applied Materials Precision 5000). The wafers go

through a standard piranha clean, followed by a 30 seconds

HF dip to clean the surface for lithography. Subsequently, the

surface is vapor-primed with hexamethyldisilazane (HMDS)

in a 150℃ oven (Yield Engineering Systems), and the back

side is coated with 1 μm positive tone photoresist (Shipley

3612). The back side is exposed in a contact aligner (Elec-

tronic Visions 620), using the first mask to pattern alignment

marks. A simplified model of the mask is depicted in Fig-

ure 5g. The photoresist is developed using the standard

recipe for this photoresist, and the exposed area is etched

500nm deep, using dry etching (Applied Materials Preci-

sion 5000), to form the alignment marks for subsequent

lithography steps. The photoresist is removed in microwave

oxygen plasma (Gasonics Aura Asher). This stage of the

wafer processing is depicted in Figure 5b.

Thewafers go again through the standard piranha clean, 30

seconds HF dip, and HMDS oven, to prepare for lithography.

The front side is coated with 1.6 μm positive tone photoresist

(Shipley 3612) and the wafers are exposed, aligning the

second mask to the alignment marks on the backside. The

second mask is used to pattern the epi p-Si, and a model of

the mask is shown in Figure 5h. The photoresist is developed

using the standard recipe for this photoresist, and the exposed

area is etched all the way until the sacrificial TEOS oxide, in

a deep reactive ion etching (DRIE) tool (Surface Technology

Systems Inductively Coupled Plasma), and the photoresist

is removed in microwave oxygen plasma. This stage of the

wafer processing is depicted in Figure 5c. Figure 5e shows

a cross section of the films at this stage of processing from

a wafer that was cleaved.

The wafers go again through the standard Piranha clean,

30 seconds HF dip, and HMDS oven, to prepare for lithog-

raphy. The back side is coated with 7 μm positive tone pho-

toresist (SPR 220-7) and processing is stopped for at least

24 hours, for the resist to outgas. The wafers are then ex-

posed, aligning the third mask to the alignment marks on
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(a) Sample #1 measurement vs model
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(b) Sample #2 measurement vs model

Figure 6: Sample measurements (inset shows the SEM measured gap between the dielectric plates).

the backside. The third mask is used to define the trench

opening, and a model of the mask is shown in Figure 5i. The

photoresist is developed using the standard recipe for this

photoresist, and the exposed area is etched all the way until

the sacrificial TEOS oxide, in a DRIE tool. At this point the

wafer is almost etched thought, and has many pieces con-

nected together with small silicon bridges. These bridges

are cracked manually to dice the wafer. The photoresist is

removed from the backside of the pieces in microwave oxy-

gen plasma, using a carrier wafer that has a pocket etched.

Subsequently, the sacrificial TEOS oxide is removed from

all open areas using anhydrous vapor HF and ethanol (SPTS

uEtch). This stage of processing is depicted in Figure 5d.

Finally, the pieces are taken out of the cleanroom and assem-

bled together. Epoxy is applied on the sides of the stack to

keep the pieces together. The final devices are depicted in

Figure 5f

Choice of Materials & Processes Discussion
The fabrication process was significantly affected by the

availability of materials and tools at SNF. For the substrate,

silicon was chosen in order to simplify the fabrication, since

SNF is mainly a silicon laboratory. Other options such as

germanium or cadmium telluride, that are transparent in the

wavelength of interest, were more expensive, and would cre-

ate complications for processing in SNF. However because

silicon is not entirely transparent, it follows that a backside

trench must be formed in order to deliver most of the light to

the waveguide. For the optical layer, polycrystalline silicon

was chosen since it is transparent and has low absorbance in

the wavelength of interest, unlike silicon oxide and silicon

nitride. Other materials that are suitable for this application,

like titanium dioxide, could only be deposited with atomic

layer deposition (ALD) tools, thus limiting the thickness

to less than 50nm, which is far from what is required for

this device. The epi p-Si layer was used, since it was the

only process available that could deposit a 16 μm–thick layer

to be used a spacer. This layer was etched in a DRIE tool,

because it was the only available tool, that could etch 16 μm

of silicon, without burning the photoresist.

The greatest issue that was encountered during fabrication,

was the stress between the two sacrificial layers and p-Si

layer that caused it to crack. Initially thermal oxide was

used as the first sacrificial layer. After the DRIE step to

open the backside trench, most of the epi p-Si membranes

on the top of the trench where either completely gone, or

cracked. The membranes that were left, where destroyed

in the subsequent dicing of the wafer – due to vibrations

– and removal of the sacrificial layers. Low stress silicon

nitride was also investigated as an alternative, since it is

very strong material and indeed all membranes were intact

after the DRIE step. However, removing the silicon nitride –

which is vey absorbing material – with dry etching caused

the membranes to crack. TEOS oxide has very low stress

since it is deposited at low temperature and more than 70%

of the membranes survived the DRIE and wafer dicing steps.

Finally removing the sacrificial layers with vapor HF, instead

of wet or dry etching with plasma, allowed around 50%

total yield. In some of the successfully fabricated devices,

there are still some minor cracks at the edges of the trench,

however, that position is shaded by the height of the trench,

and therefore does not affect operation. Such a defect is

shown in Figure 5j.

Another issue, was that the pieces did not correctly align

during the last assembly step, resulting in larger gaps, and

not perfectly parallel plates. The reasons for that were big

silicon particles from the dicing of the wafer, and tolerances

in the patterning of the epi p-Si layer, in which a transparency

mask was used.
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COLD TESTS
To validate the presented model of the undulator, optical

power transmission measurements were performed at dif-

ferent angles of incidence. The device was mounted on a

rotating stage, as shown in Figure 7. The output of an optical

parametric amplifier (OPA), tuned at 10.6μm to emulate a
carbon dioxide (CO2) laser, was focused on the sample slit,

and the transmitted power was measured at the detector. The

entire transmission model for different angle of incidence θ0
can be obtained using Equations (12), (13), (14), (15), and

(16):

[
(1 + R) Ei

(1 − R) Ei

Z0

]
=Mt

[
T Ei

T Ei

Z0

]
(20a)

Mt =M
(
t; k1t ; Z1

)
M
(
d; k0t ; Z0

)
M
(
t; k1t ; Z1

)
(20b)

where R and T are the field reflection and transmission coef-
ficients. Equations (20) are solved for T , and the total power
transmission coefficient is T2.

Pt Pi

Pr

Figure 7: Transmission Measurement Setup.

Two undulators were assembled, and optical transmission

measurements were performed using the setup in Figure 7.

The measurements from the two samples are shown in Fig-

ure 6. The measurements were normalised to the maximum

power measurement, since a fraction of power was not trans-

mitted due to poor focusing and shading at the backside

trench. The samples were also analysed under SEM, in or-

der to measure the gap and film thickness. The measured

thickness was 872 nm, which is in good agreement with the

design value in Equation (19), given that the fabrication

occurred in an experimental facility. The measured gaps

however, deviated significantly because of alignment issues.

Overall, the measurements are in agreement with the model

in terms of the number of peaks and their relative positions,

however there are differences because of the dielectric plates

not being parallel.

CONCLUSION
In this work, a novel laser-driven undulator with 200 μm

undulator wavelength was proposed, and the analytical

model for the undulator was derived. The fabrication pro-

cess was presented, and optical transmission measurements

in fabricated devices were performed to validate the model.

Certain parts of the fabrication process need to be re–worked,

before proceeding to hot tests.
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OXYGEN SCINTILLATION IN THE LCLS* 

J.L. Turner, R.C. Field, SLAC NAL, Menlo Park, CA 94025, U.S.A. 

Abstract 
Oxygen was tested as a replacement for nitrogen in the 

Gas Detector system in the Linac Coherent Light Source 
(LCLS) X-ray Free Electron Laser (FEL) at the SLAC 
National Accelerator Center. The attenuation and pulse-
to-pulse intensity monitors for LCLS use nitrogen, but for 
experiments at the nitrogen K 1S energy of about 410eV 
this functionality is gone due to energy fluctuations above 
and below the K-edge. Oxygen was tested as a 
scintillating gas at 400 eV and 8.3 keV. 

INTRODUCTION 
In the LCLS X-ray beam, a length of the beam 

transport line is filled with low pressure nitrogen. One use 
of the gas is to attenuate the X-ray intensity as needed [1]. 
The gas pressure in a 4 meter section is controlled at 
pressures of up to 20 Torr to implement this, and it is 
useful up to X-ray energies of about 1.5 keV. Additional 
short sections before and after the attenuator section have 
independent pressure controls for up to 2 Torr, and are 
used to monitor the X-ray laser beam intensity. They 
function by making use of the excitation of the nitrogen 
molecules by the X-ray beam. As the nitrogen de-excites, 
a fraction of the energy is emitted in spectral lines in the 
range 300 to 430 nm, corresponding to both excited and 
ionized molecular transitions. Some of this light is 
detected through sapphire beam windows by 
photomultiplier tubes. 

THE BEAMLINE AND NITROGEN 
The beam chamber for these devices contains a series 

of 4 mm diameter beam apertures with differential 
pumping between them, to reach the base level at E-8 
Torr beyond the device. Ion-pumps, turbo-pumps backed 
by scroll-pumps and Roots pumps are used. 

The nitrogen K-edge occurs at about 410 eV (Fig. 1). 
When the LCLS is tuned to operate at this energy, the 
nitrogen gas systems are not useful because their response 
varies wildly as the beam energy fluctuates within its 
intrinsic width. 

For the occasions when users need X-ray energies in 
the nitrogen K-edge range, a solution is to use an 
alternative gas. The practical requirements are that the 
pumping system can maintain the upstream and 
downstream base pressures, while delivering a useful 
range of pressures for the attenuator and detectors 
(Fig. 2), and that the de-excitation light should be 
detectable with the present vacuum windows and 
photomultiplier system. 

Light noble gases would be considerably more difficult 

to pump, and, with the exception of helium, their reported 
light emission wavelengths are too deep in the ultraviolet. 
Oxygen is the nearest analogue to nitrogen as far as gas 
handling and pumping is concerned. 

 

 

Figure 1: X-ray energy on the horizontal axis, vertical is 
nitrogen response as a function of the energy fluctuating 
under and over and spanning the K 1S edge.  

THE BEAMLINE AND OXYGEN 

Oxygen Concerns 
With oxygen, no changes to the pumps are needed, and 

the switch over from one gas to the other is fairly simple. 
Since it is used at very low pressures, there is no 
significant combustion safety issue, except for normal 
oxygen precautions for the source and regulator. The 
chemical activity of atomic oxygen and ozone generated 
in the beam pipe has been considered. Most of it is, of 
course, intercepted by the walls and aperture plates, and 
the concentration downstream is too small to be of 
concern. B4C, which is often used as an absorber for X-
rays, is known to be etched by ozone in the presence of 
strong UV illumination. Based on this, an upper limit on 
the etching rate on B4C components in the ~10 Torr 
oxygen environment shows surface loss too small to be 
significant.  

Oxygen Utility 
The oxygen K-edge is at 530 eV, and so, used at near 

409 eV, its absorption would be relatively low, 
comparable to that of nitrogen at 1095 eV. This improves 
resolution, and operability at low pressure, of the controls 
of the gas system. For example, a pressure of 0.05 Torr 
used in nitrogen at 415 eV would be matched by 0.6 Torr 
using oxygen. 

 

 ____________________________________________ 

* This work was supported by U.S. Department of Energy, Office of 
Basic Energy Sciences, under Contract DE-AC02-76SF00515 
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Figure 2: Gas Attenuator installation drawing and photograph. Gas Detector 2 Differential Pumping Assembly is 
centered, the gas attenuator is above the blue instrumentation and control racks right of center, and the initial 
Differential Pumping Assembly in the right distance. 

Oxygen Literature 
On the other hand, the light emission of oxygen is not 

as well understood as is that of nitrogen. Nitrogen has 
been studied in detail since, for example, it produces 
effectively all the atmospheric fluorescence that is used to 
measure extensive showers from cosmic ray interactions. 
Oxygen’s effect in suppressing the nitrogen fluorescence 
is also well measured. 

A relevant measurement, where gas at near 1 
atmosphere was excited by charged particles, and the 
fluorescence light detected by a photomultiplier tube, 
reported [2] that the oxygen light emission is 
approximately 1% of the nitrogen output. However, at 

low pressures, the de-excitation processes for the different 
excitation bands change by a large amount from the 1 
atmosphere values, and it is not possible to extrapolate. 
There are some spectra from low pressure oxygen that can 
be found in the literature. Some of these have evidence of 
nitrogen contamination. However, there are some 
reported emission lines in the UV-blue range, extending 
to longer wavelengths than for nitrogen. 

Customizing the System 
The wavelength range originally used for the light from 

nitrogen used optical filters to cut off light at wavelengths 
longer than about 385 nm. This was done to strongly 
reduce broadband light that is occasionally encountered 
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from coherent emission processes associate with the 
electron beam far upstream. To accommodate the weak 
emission from oxygen, the optical filters have been 
replaced and the pass-band has been extended up to 450 
nm. (This also increases the signal from nitrogen.) The 
occasional effects of coherent light are removed by a 
timing cut on the pulse profile. 

Beam Tests 
The use of oxygen has been tested with the X-ray 

beam. As expected, it was found that gas handling was 
similar to the use of nitrogen. The largest uncertainty was 
in the light emission, and signals were indeed detected. 
The de-excitation time in this environment was much 
shorter than for nitrogen, with 90 % amplitude reduction 
in less than 100 nsec. In Fig 3 and 4, pulse profiles from 
nitrogen and oxygen are illustrated. 

 
 

The hard X-ray operability was tested with 1.5 
millijoules at 8.3 keV. Using 2.0 Torr of oxygen, the 
PMT (photomultiplier tube) high voltages had operational 
headroom indicating capability at higher energies. 

Solenoids surrounding the chambers optimized roughly 
at the same fields as used with nitrogen. 

The pulse amplitude fluctuations were consistent with 
expected fluctuations of the beam, and photon counting 
statistics were adequate for the device’s normal use as a 
tuning and monitoring tool. A correlation between signals 
from two PMTs, measured on the same pulses, showed an 
RMS spread of 1.0 %, indicating that the beam intensity 
measurement could be made to 0.5 % on a pulse-by-pulse 
basis by averaging the two PMT signals. 

CONCLUSION 
LCLS gas detectors were tested using oxygen at soft X-

rays (near the nitrogen K edge) and at hard X-rays (8.3 
keV). The most notable difference to nitrogen was in 
pulse duration and subsequent gating. With oxygen 
however, the gas detectors were clearly operable as a 
relative intensity monitor at both energies tested with 
capability to go to higher energy. 
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Figure 3: Nitrogen de-excitation time. 
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Figure 4: Oxygen de-excitation time. 

Proceedings of FEL2014, Basel, Switzerland MOP049

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines

ISBN 978-3-95450-133-5

139 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



UPDATE ON FEL PERFORMANCE FOR SWISSFEL 
E. Prat and S. Reiche, PSI, Villigen, Switzerland 

Abstract 
The SwissFEL project under construction at the Paul 

Scherrer Institute foresees for 2017 the realization of an 
X-ray FEL with a photon wavelength down to 1 Å. In this 
paper we present the expected SASE performance for 
SwissFEL based on input distributions obtained from 
detailed start-to-end simulation results. The effects of the 
longitudinal wakefields due to resistive wall and surface 
roughness in the undulator beamline have been taken into 
account. We have studied and optimized the impact on 
the FEL performance of different factors like the electron 
focusing or the undulator tapering. Results for the 
standard cases with 200 pC and 10 pC electron bunch 
charge are shown. 

INTRODUCTION 
The SwissFEL facility, presently under construction at 

the Paul Scherrer Institute, will provide SASE and self-
seeded FEL radiation at a hard (1-7 Å) and soft (7-70 Å) 
X-ray FEL beamlines [1]. SwissFEL will operate with 
electron beam charges varying between 10 and 200 pC 
and beam energies from 2.1 to 5.8 GeV. Two standard 
operational modes are foreseen: 1) the long-pulse (LP) 
mode to maximize the FEL output energy, with an 
electron beam charge of 200 pC and a rms bunch length 
of 18.4 fs; and 2) the short-pulse (SP) mode with 10 pC 
beam charge and 2.5 fs pulse duration.  

In this document we present the SASE simulation 
results for the hard X-ray beamline and the two described 
operational modes. We have done the calculations for the 
shortest and longest radiation wavelengths, i.e. 1 Å and   
7 Å. We have optimized the average -function along the 
undulator beamline as well as the undulator tapering. We 
present the effects of the wakefields in the undulator 
beamline, showing that tapering can be employed to 
reduce the wakefields impact to a negligible level.  

LAYOUT AND SIMULATIONS SETUP 
The present design lattice for the hard X-ray beamline 

consists of 12 undulator modules. Each of them is 4 m 
long, has a period length of 15 mm and a variable gap 
with a nominal value of 4.2 mm. The distance between 
modules is 0.75 m. In addition we have reserved the space 
corresponding to an undulator module to place a magnetic 
chicane and a Bragg crystal to be used for self-seeding 
[2]. The facility is able to accommodate up to seven more 
modules for potential future upgrades such as long post-
saturation tapering. A quadrupole magnet in the middle of 
each section between undulators is employed for beam 
focusing. 

Figure 1 shows the properties of the electron beam 
distributions that we used as input for the FEL 
simulations for 1 Å. The distributions have been obtained 

by tracking with the simulation codes ASTRA [3] and 
elegant [4]. 
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Figure 1: Electron beam slice properties at the undulator 
entrance for the LP mode (red) and SP mode (blue). 
Current profile (top), relative energy deviation (center) 
and normalized emittance (bottom).The emittance is 
defined as the geometrical average of the horizontal and 
vertical emittances.  

The lasing at a radiation wavelength of 1 Å is obtained 
when the electron beam has a maximum energy of         
5.8 GeV, which corresponds to an undulator parameter K 
of about 1.2. For the long wavelength (7 Å) we choose the 
undulator parameter as large as possible to maximize the 
beam energy and, as a consequence, to enhance the FEL 
output power. The maximum K is about 1.5, which 
corresponds to a beam energy of about 2.4 GeV. The 
particle distributions for 7 Å are obtained simply by 
scaling the distributions at 1 Å. This scaling is valid since 
the difference between the two configurations is only the 
energy provided by the last part of the linac, while 
keeping the same compression setup. The FEL interaction 
is simulated with Genesis [5]. 

FOCUSING OPTIMIZATION 
We have analyzed how the FEL performance varies as a 

function of the focusing along the undulator for the LP 
mode. Figure 2 shows the relative FEL power at 
saturation as a function of the -function for the two 
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radiation wavelengths. For 1 Å, the best SASE 
performance is obtained when the average -function 
along the undulator is 10-11 m. For the 7 Å case the 
optimum -function would be smaller or equal to 9 m, 
which is the minimum value that can be obtained in our 
lattice. For the SP mode we expect to have smaller 
optimum -functions, since the emittances for this mode 
are also smaller. We have chosen for all succeeding 
simulations an average -function along the undulator of 
10 m, a compromise between the different optimums. 
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Figure 2: Relative FEL power at saturation as a function 
of the -function along the undulator for the LP mode for 
a radiation wavelength of 1 Å and 7 Å.  

FEL PERFORMANCE 
Tapering the undulator helps to improve the FEL 

performance because it compensates the energy loss of 
the electrons due to lasing. For the two modes we have 
applied two stages of linear tapering: pre-saturation taper 
to optimize the gain length in the exponential regime and 
post-saturation taper to maximize the FEL power at the 
end of the undulator beamline. As an illustration example, 
Figure 3 shows the FEL macropulse energy at the end of 
the undulator as a function of the post-saturation taper 
amplitude for the LP mode at a radiation wavelength of   
1 Å.  

Table 1 shows the SASE properties at the undulator exit 
for the studied cases, namely the FEL macropulse energy, 
the FEL pulse duration (rms), the spectrum bandwidth 
(rms), the radiation divergence (rms) and the effective 
source point. These results correspond to only one shot 
noise seed. Due to the stochastic nature of the SASE 
process, the output energy fluctuates roughly 
proportionally to ns

-1/2, being ns the number of spikes of 
the SASE pulse. According to this, the FEL energy 
fluctuations are expected to be the following: about 38 % 
for the SP mode at 7 Å (7 spikes), about 17 % for the SP 
mode at 1 Å (35 spikes), and better than 10 % for the LP 
mode (more than 100 spikes).  

Figures 4 and 5 show the FEL energy along the 
undulator beamline and the radiation spectrum, 
respectively, for the optimum case for all the considered 
configurations.  
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Figure 3: FEL macropulse energy for different post-
saturation tapers. The maximum FEL energy is around  
1.4 mJ and corresponds to a linear taper amplitude of 
0.125% per undulator module. 
 
Table 1: FEL Properties for the Different Studied Cases 

 
FEL 

Energy 
[ J] 

Rms 
length 

[fs] 

Rms 
Spect. 
Band.  

Rms 
div. 

[ rad] 

Source 
point 
[m] 

LP / 1 Å 1390 17.7 0.21% 2.0 20.4 

LP / 7 Å 1650 17.0 0.45% 9.8 ~10 

SP / 1 Å 108 1.5 0.12% 1.6 24.2 

SP / 7 Å  78 1.7 0.35% 8.5 ~10 
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Figure 4: FEL macropulse energy along the undulator 
beamline for the different operational modes. The 
simulations are done per each case with the optimum 
focusing and undulator tapering.  
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Figure 5: Radiation spectrum for the different operational 
modes for a wavelength of 1 Å (top) and 7 Å (bottom). 
The simulations are done with the optimum focusing and 
undulator tapering.  

 
As an example, Figure 6 shows the divergence and the 

effective waist position along the undulator beamline for 
the LP mode at a radiation wavelength of 1 Å. The source 
position is calculated following the procedure described 
in Ref. [6]. For 7 Å we could not follow this procedure 
mostly due to slippage effects. For this case we have 
estimated the source point to be at about 2 gain lengths 
before saturation, i.e. at around 10 m.   
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Figure 6: Radiation divergence (top) and effective source 
position (bottom, blue) along the undulator for the LP 
mode at a radiation wavelength of 1 Å. The red curve of 
the bottom plot indicates the point where the evaluation is 
done (z0 = z). 

WAKEFIELD EFFECTS 
Longitudinal wakes in the undulator can modify the 

energy of the electrons and therefore degrade the FEL 
performance by shifting the resonance condition. We 
have studied the wake effects due to resistive wall and 
surface roughness for the LP mode and a radiation 
wavelength of 1 Å. For the calculation of the wakes we 

follow the procedure of Refs. [7, 8] and we assume the 
parameters indicated in Table 2. 

 

Table 2: Parameters for the Wakefield Calculations  

Material Copper 

Separation of parallel plates 4.4 mm 

Corrugation amplitude 100 nm 

Corrugation period 10 μm 

 

Figure 7 shows the wake along the bunch (  = 0 indicates 
the head of the bunch). The current profile as well as the 
contributions of the resistive wall and the surface 
roughness are indicated. Although the current profile is 
slightly different than the one showed in    Figure 1, the 
results are expected to be equivalent. We note that the 
final wake does not depend significantly on the current 
spike in the head of the bunch and on the visible ripples in 
the current profile. The ripples are due to the low number 
of particles used in the start-to-end simulations in that 
case, which yield a larger shot-noise level for the 
longitudinal space-charge calculations in the elegant 
tracking.  
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Figure 7: Undulator wakes along the bunch for the LP 
mode (the beam charge is 200 pC).  

The effect of the wakes can be compensated by tapering 
the undulator. Figure 8 shows the relative macropulse 
FEL energy at the end of the undulator for different linear 
pre-saturation taper amplitudes, with and without 
considering the wakes. In this case we did not optimize 
the post-saturation tapering. Without tapering, the FEL 
energy decreases by a factor of 2 due to the wakes. The 
optimum tapering without considering the wakes is about 
0.05 %. In the presence of wakes, the taper amplitude has 
to be further increased to about 0.096 % to compensate 
for the additional energy loss due to wakes. The final FEL 
performance is not significantly degraded due to wakes: 
the optimum FEL performance for the 2 cases differ only 
for about 5%.  
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Figure 8: FEL relative pulse energy vs taper gradients. 
Tapering reduces the wakefield effects to a ~5 % level. 

CONCLUSIONS AND OUTLOOK 
We have presented the expected SASE performance for 

the hard X-ray beamline of SwissFEL based on electron 
distributions obtained from start-to-end simulations. The 
FEL macropulse energy is significantly higher than the 
one obtained with the design parameters and presented in 
Ref. [1] – for example for the LP mode, we expect to 
obtain about 1.5 mJ of FEL energy, a factor of ~10 higher 
than with the design parameters. The improvement can be 
explained by three factors: smaller normalized emittances, 
a better -function along the undulator optimized for such 
emittances, and undulator tapering. Based on our slice 
and thermal emittance measurements at the SwissFEL 
Injector Test Facility [9, 10] we presently expect to obtain 
significantly smaller emittances than the design ones – for 
instance, for the LP mode the design emittance is 0.43 μm 
and the currently expected is about 0.20 μm.  

For the LP mode, the spike at the head of the bunch 
(see Figure 1) contributes to the FEL performance. In the 
start-to-end simulations we have considered 1D CSR 
effects in the bunch compressors and longitudinal space-
charge along the linac. We will perform more advanced 
calculations to benchmark our 1D simulation results. 

Apart from the two standard operation modes, 
SwissFEL will have two additional special configurations:  
a large-bandwidth mode with 200 pC charge in which the 
FEL bandwidth will reach the few-percent level, and a 
ultra-short pulse mode that will generate attosecond 
pulses with three compression stages. Detailed start-to-
end simulations for these modes will be presented in a 
future opportunity.  
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SASE FEL PERFORMANCE AT THE SWISSFEL INJECTOR TEST

FACILITY

S. Reiche on behalf of the SwissFEL Team – Paul Scherrer Institut, Villigen, Switzerland

Abstract

A 4 m long prototype of the SwissFEL undulator module

with an undulator period length of 15 mm was installed at

the SwissFEL Injector Test Facility and tested with a 200

MeV electron beam in the beginning of 2014. We observed

FEL lasing in SASE mode in the wavelength range from 70

to 800 nm, tuning the wavelength by energy and gap. The

measurements of the FEL performance are reported.

INTRODUCTION

Hard X-ray FEL facilities rely very heavily on cutting-

edge technology for RF, diagnostics, insertion devices, and

X-ray optics such that building these facilities would repre-

sent a high risk without a prior test of the key components.

This was the main purpose of various test facilities around

the world, such as GTF [1] for LCLS, PITZ [2] for the Eu-

ropean XFEL, or SCSS [3] for SACLA. The SwissFEL [4],

currently under construction at the Paul Scherrer Institute

(PSI), is based on the results of the SwissFEL Injector Test

Facility [5], also hosted by the PSI. The test facility has been

in operation since August 2010 and will be decommissioned

in fall 2014 to move parts over to the SwissFEL building

for installation. The start of commissioning of SwissFEL is

foreseen for 2015 with a duration of two years.

Like SACLA, SwissFEL will utilize in-vacuum undula-

tors to minimize the undulator period and thus the required

electron energy to reach one Angstrom as the resonant wave-

length of the FEL. Due to the technical challenge to construct

12 modules of 4 m each a test with an electron beam is highly

beneficial to discover possible limitations in the performance

of the undulator prototype module. For that an undulator

module was installed at the test facility in the early months

of 2014. Demonstrating SASE performance was one of the

goals for this measurement series and the results are reported

in this paper.

THE SWISSFEL INJECTOR TEST

FACILITY

The SwissFEL Injector Test Facility (SITF) is a platform

to test key components for SwissFEL as well as to demon-

strate the beam parameters of the electron beam to suc-

cessfully operate SwissFEL at its shortest wavelength of

1 Angstrom.

The RF gun is a 2.5 cell photo RF gun [6], operating at

European S-band frequency of 2.998 GHz, which has re-

cently replaced the 3rd generation CLIC Test Facility (CTF3)

Gun in spring 2014. The former CTF3 gun was sufficient to

demonstrate the key beam parameters for a 200 pC beam and

a slice emittance of about 200 nm [7]. The gun is followed

by two 4 m long S-band traveling wave accelerating struc-

tures, boosting the electron energy up to 130 MeV. They are

enclosed by focusing solenoids to keep the beam size and

Twiss parameter within reasonable limits. An additional S-

band RF station feeds two S-Band structures to increase the

energy up to 250 MeV and to apply a chirp for compression.

However running off-crest to generate the chirp yields less

beam energy at a level of about 220 MeV. An X-band RF

structure linearizes the energy chirp for a better control on

the current profile after compression.

The 11 m long bunch compressor is movable to have

variable R56 from 0 to 70 mm while keeping the vacuum

chamber small. This allows for precise BPM readings in

the dispersive section of the bunch compressor as well as

the installation of quadrupoles and skew quadrupoles to

correct for linear tilts in the electron beam distribution in

both transverse planes [8].

A diagnostic section follows the bunch compressor for cur-

rent profile, projected and slice emittance, and longitudinal

phase space measurements (the last in the dispersive part of

the beam dump). The key component is a S-band transverse

deflecting cavity, streaking the beam in the vertical direction.

Initially a FODO section was foreseen to measure the beam

size at various positions along several cells of the FODO

lattice and reconstruct the beam emittance values from it. In

practice quad scans and multi-knob measurements with a

dedicated high resolution YAG screen at the end of the beam

line were more robust and easier to use [9]. The center part

of the FODO section could therefore be modified for other

tests.

One important test involved the in-vacuum undulator pro-

totype: a 4 m long undulator with a period length of 15 mm

and a tunable undulator parameter K between 1.0 and 1.7.

The main study was the entrance and exit kick of the undu-

lator on the electron beam and the alignment strategy of the

module by means of alignment quadrupoles [10]. The orbit

within the undulator is checked with the spontaneous radia-

tion (or FEL beam) on various screens after the undulator

and compared to the electron BPM reading.

With the installation of an undulator the expectation for

a SASE signal comes naturally. In particular the narrow

opening angle of the FEL signal would yield better resolution

in the angle between light cone and electron beam than the

rather broad and weak signal of the spontaneous undulator

radiation.

The general layout of the SwissFEL Injector Test Facility

is shown in Fig. 1.

MOP053 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

144C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

SASE FELs



Acceleration (S-band) 
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Figure 1: Schematic Layout of the SwissFEL Injector Test Facility.

SASE FEL MEASUREMENTS

In this section we report the measurements of the FEL

performance. In the same measurement period from January

to April 2014 other studies have been carried out, such as the

orbit response measurement of the U15 undulator module,

which are reported elsewhere [10] and not directly related

to the FEL performance.

Within two days of restarting the test injector after shut-

down we observed a bright signal on a YAG screen after the

undulator in addition to the electron spot. However the spot

exhibited diffraction like patterns and could not be propa-

gated beyond the first screen. Also the statistical distribution

of the FEL pulse intensity didn’t follow the expected Gamma

distribution [11] but had a significant enhancement at very

low pulse energies. The suspicion that we have observed

only a reflection of the FEL beam was confirmed by increas-

ing the aperture of the vacuum chamber after the undulator

Figure 2: Various FEL spots on a YAG screen 1 m after the

undulator.

and the analysis of the orbit response measurements indicat-

ing a very strong downward kick of the electron beam by the

fringe fields of the undulator field [10].

After the modification we observed an almost round spot

on various screens after the undulator. With a pair of cor-

rector magnets right after the undulator module the FEL

signal was separated from the electron beam. A special

YAG screen with a hole in the lower half allowed bypassing

the electron beam without generating scintillating light in

the case that the FEL signal would be weak. However the

intensity of the spot was bright enough that a normal YAG

screen could be used. Figure 2 shows a series of FEL spots

on the YAG screen, 1 m behind the undulator module, taken

for the statistical analysis of the FEL energy.

The measurement of the intensity fluctuation can give

information on the pulse length of the FEL pulse. The less

it fluctuates the longer the FEL pulse is because more spikes

are present in the pulse reducing the fluctuation in the sum-

mation over all spikes per pulse. To check the behavior we

configured the FEL for two different electron bunch lengths

and compared with numerical simulations, using the FEL

code Genesis 1.3 [12]. For the simulations we didn’t fit any

beam parameter. Instead the beam properties were derived

from the measurement of the electron beam parameters at

the test facility, such as bunch length, charge, emittance and

energy chirp.

The results of measurements and simulations are shown

in Fig. 3 and are in reasonably good agreement. Assuming a

Gamma distribution as the underlying distribution the only

free parameter is M and has fit values of M = 136 and

M = 208 for the measurement and simulation, respectively.

The beam energy was 100 MeV and a peak current of 20 A,

resulting in a radiation wavelength of 300 nm.

The pulse was compressed by applying a chirp with the

X-band cavity because at the time of the measurement the

RF station for the last two accelerating S-band structures,

controlling the chirp and boosting the beam energy to 250

MeV, was not operational. The values in the fluctuation

of the FEL energy in measurements and simulations were

M = 28 and M = 20, respectively.

The fitting of the Gamma distribution to the measurement

results were challenging because a background value has

to be subtracted. A slight change in that value has a strong

impact on the fit value, in particular for distributions, where

the spread is small compared to the mean value (e.g. the long
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Figure 3: Statistical fluctuation of the FEL signal in simulations and measurements for a long and short bunch (left and right

plots, respectively). For comparison the fit from the simulation has been overlaid in the distribution of the measurements.

bunch case with a value of M = 136). We measured the base

Figure 4: RMS FEL beam size at various screens after the

undulator.

level by disabling the electron bunch generation and thus

the FEL pulse, while keeping the region of interest constant.

The fit of the Gamma distribution to the measurement is

reasonably good although the base level may have been

influenced by the stray light of the YAG screen, generated

by the electron beam itself.

With the ability to measure the FEL spot on three different

screens the divergence of the FEL beam can be determined

and compared to simulations (see Fig. 4). The measurements

yield a value of 0.3 mrad while the simulations produce a

divergence of 0.38 mrad. As for the fluctuation of the FEL

pulse energy the simulations are based on measured electron

beam parameters and not matched to fit the result. For this

measurement the beam was compressed to a peak current

of 200 A at a beam energy of 130 MeV. The lower value in

the measurement indicates that the FEL amplification was

lower than in simulation and that gain guiding is weaker.

The resulting larger FEL mode size yield less diffraction and

thus smaller divergence.
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Tunability of the SASE FEL wavelength can be achieved

by opening and closing the gap with a tuning range up to a

factor 2 with respect to the shortest wavelength. This corre-

sponds to undulator parameter values of 1.0 and 1.7. The

measurements were done at a low beam energy of around

120 MeV with a resonance wavelength in the visible spec-

trum, because a spectrometer was available for that spectral

range. In Fig. 5 two different spectra are shown. The over-

all tuning range in this measurement was between 500 and

1000 nm. There is also a visible signal of the 3rd harmonic,

which shifts according to the resonance condition of the FEL.

Note that the spectrometer hasn’t been calibrated so that the

shown signals do not correspond to the spectral intensity. A

calibration would indicate much higher intensities towards

longer wavelengths and the ratio between first and third is

on a percent level at maximum. The spectrum is broader

because the electron beam has a residual chirp due to com-

pression. The measurement of the actual SASE bandwidth

would have required an uncompressed beam with low beam

current, resulting in a theoretical bandwidth smaller than the

resolution of the spectrometer.
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Figure 5: FEL spectra for an undulator gap of 4 and 5 mm

(blue and red curve, respectively).

CONCLUSION

Installing a 4 m long in-vacuum undulator in the Swiss-

FEL Injector Test Facility has successfully demonstrated

SASE operation, though no saturation has been achieved.

The measurements of the divergence angle and the SASE

fluctuation agree quite well with simulation based on the

measurements of the slice electron beam parameters using a

transverse deflector.

Besides some strong kicks in the entrance and exit of

the undulator, which had not been anticipated but could be

compensated with a larger aperture succeeding the undulator,

the field quality of the undulator is sufficient for operating a

VUV and visible undulator. The more stringent undulator

field requirements for a hard X-ray FEL could not be verified

experimentally.
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HARMONIC LASING OPTIONS FOR LCLS-II

G. Marcus, Y. Ding, Z. Huang, T. Raubenheimer, SLAC, Menlo Park, CA 94025, USA

G. Penn, LBNL, Berkeley, CA 94720, USA

Abstract

Harmonic lasing can be a cheap and relatively efficient

way to extend the photon energy range of a particular FEL

beamline. Furthermore, in comparison to nonlinear har-

monics, harmonic lasing can provide a beam that is more

intense, stable, and narrow-band. This paper explores the

application of the harmonic lasing concept at LCLS-II using

various combinations of phase shifters and attenuators. In

addition, a scheme by which individual undulator modules

are tuned to amplify either the third or fifth harmonic in

different configurations is presented in detail.

INTRODUCTION

Harmonic lasing in FELs, where the collective electron

beam/radiation instability of odd harmonics in a planar un-

dulator evolve independently of the fundamental resonant

radiation, has generated much recent interest and poten-

tially offers many benefits over nonlinear harmonic genera-

tion [1–3]. Some of these benefits include a more intense,

stable, and narrow-band radiation pulse. Harmonic lasing

can also be a relatively efficient way of extending the photon

energy range of a particular FEL beamline.

The performance of harmonic lasing schemes is contin-

gent on the successful suppression of the fundamental radia-

tion. In this way, incoherent energy spread that is associated

with the growth of the fundamental does not interrupt lin-

ear growth of the target harmonic, allowing it to reach full

saturation. A variety of methods have been proposed to sup-

press the fundamental radiation including, but not limited

to: introducing periodic phase shifts between the field and

the electron beam such that the fundamental experiences

a non-integer 2π phase shift while the desired harmonic

experiences an integer 2π shift; periodically filtering the

fundamental with a spectral attenuator while allowing the

desired harmonic to pass and simultaneously debunching the

electron beam in a bypass chicane; using a combination of

detuned/retuned undulators such that the desired harmonic is

resonant at different harmonic numbers (third, fifth, etc.) for

contiguous undulator sections. This paper explores the appli-

cation of each of these methods (and combinations thereof)

in the case of the LCLS-II design study to not only extend the

tuning range of individual beamlines, but to also increase the

performance of the hard x-ray (HXR) and soft x-ray (SXR)

beamlines at the high end of the tuning range [4]. The perfor-

mance is illustrated through numerical particle simulations

using the FEL code GENESIS [5] where we focus primarily

on lasing at the third harmonic.

PARAMETERIZATION

The eigenvalue equation for a high-gain FEL with all of

the relevant three-dimentional effects included was was first

generalized to the case of harmonics in [6]. More recently

[2], Ming Xie fitting formulas for the power gain length [7,8]

were also generalized to harmonic lasing:
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The Xie approach to parameterizing the power gain length

is useful for quickly estimating three-dimensional effects

using scaled parameters that represent essential system fea-

tures. Using this formalism, it is possible to quickly estimate

electron beam and undulator parameters that are suitable for

optimizing harmonic lasing. For instance, it offers a quick

estimate on the distance between phase shifters necessary

to effectively suppress the fundamental. It is also useful for

determining if harmonic lasing is viable for given electron

beam and undulator parameters. The harmonics can be ex-

tremely sensitive to the slice energy spread and emittance.

The Xie formalism quickly quantifies this sensitivity and

can illuminate how high in harmonics (and photon energy)

the harmonic lasing concept can be pushed.

Table 1: Nominal Electron Beam and Undulator Parameters

for the Baseline LCLS-II Scenario

Paramter Symbol Value SXR(HXR) Unit

e-beam energy E 4.0 GeV

emittance ǫ 0.45 µm
current I 1000 A

energy spread σE 500 keV

beta 〈β〉 12(13) m

undulator period λu 39(26) mm

segment length Lu 3.4 m

break length Lb 1.0 m

# segments Nu 21(32) -

total length Ltot 96(149) m
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An example of this optimization is illustrated in Figure 1,

which shows the dependence on the slice energy spread and

normalized emittance (at constant current) of the retuned

fundamental gain length (top left), the third harmonic gain

length (top right) and their ratio (bottom) for the nominal

LCLS-II parameters (see Table 1) for lasing at Eγ = 5 keV

in the presence of three-dimensional effects. The bottom

plot illustrates that the third harmonic at 5 keV has a shorter

gain length than the fundamental tuned to produce 5 keV

photons (through undulator parameter K tuning) regardless

of the slice energy spread or emittance around the LCLS-II

design point. The middle plot illustrates, however, that these

parameters must be reasonably controlled in order for the

harmonic to reach saturation within the undulator length

constraints. It also shows that the third harmonic is far more

sensitive to an increase in the slice energy spread than the

fundamental.

PHASE SHIFTERS

Phase shifters are present in gap tunable undulators in or-

der to maintain a 2π phase shift between the FEL radiation

and electron beam during the break sections that host strong

focusing quadrupoles. If, however, these phase shifters are

tuned such that the electron’s phase delay is either 2π/3 or

4π/3, the third harmonic stays resonant while the fundamen-

tal radiation is suppressed.

Figure 2 shows the power gain curves for an ideal elec-

tron beam specified by the parameters in Table 1 comparing

the production of Eγ = 5 keV photons through nonlinear

harmonics (brown), harmonic lasing (cyan) and the retuned,

using K, fundamental (blue) for the LCLS-II baseline sce-

nario in the HXR beamline. Here, we have included addi-

tional phase shifters for illustrative purposes in the harmonic

lasing scenario that are not in the current iteration of the

undulator lattice but are nonetheless needed to effectively

suppress the fundamental. We have found that the phase

shifter spacing should be less than the fundamental power

gain length. The phase shifter distribution is the optimized

recipe reported in [3]. As one can see, harmonic lasing

saturates at a higher average power than the nonlinear har-

monics. While it saturates at about the same power as the

retuned fundamental, it does so at a much earlier location,

which leaves significant room for post saturation tapering.

The current LCLS-II baseline barely reaches saturation at

the fundamental at Eγ = 5 keV. Among other advantages,

harmonic lasing enables the consideration of self-seeding

at 5 keV with the electron beam from the superconducting

linac. Furthermore, the RMS bandwidth of the harmonic

lasing photon beam is roughly two times smaller than that

coming from the fundamental, producing an overall brighter

beam.

While the primary aim of the phase shifters is to suppress

the fundamental radiation by shifting it’s phase relative to the

electrons, what actually ends up happening for self-amplified

spontaneous emission is the amplification of well separated

frequency bands. The goal of the phase shifters, then, is to
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Figure 1: Surface plots illustrating the dependence on the

slice energy spread and normalized emittance (at constant

current) of the retuned fundamental (using undulator K, de-

noted (1K)) gain length (top), the third harmonic gain length

(middle) and their ratio (bottom) for the nominal LCLS-II

parameters for lasing at Eγ = 5 keV.
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Figure 2: The average power gain curves for the fundemen-

tal tuned to Eγ = 1.67 keV (red), which drives the third

harmonic through nonlinear harmonic interaction (brown);

The suppressed fundamental (by phase shifters) tuned to

Eγ = 1.67 keV (green) and the third harmonic from har-

monic lasing (cyan); the retuned fundamental at Eγ = 5 keV

(blue).

increase the bandwidth of the fundamental by filling these

sidebands non-preferentially. While the optimized recipe

provided in [3] strategically fills these sidebands, and cer-

tainly works for most scenarios, randomized phase shifter

recipes can also produce the desired effect. This is illustrated

in Figure 3. The top plot shows the fundamental and third

harmonic using the optimized phase shifter recipe (blue and

green respectively) as well as the fundamental and third har-

monic (cyan and red) from a completely random distribution

of phase shifters. In this case, the performance is almost

identical, with the randomized distribution doing slightly

better at saturation. Randomized distributions, however, are

often inconsistent in their results as illustrated in the bottom

plot for a different random distribution.

INTRAUNDULATOR SPECTRAL

FILTERING

As previously mentioned, the LCLS-II does not have the

necessary phase shifter period to effectively suppress the

fundamental radiation when the third harmonic is tuned to

amplify 5 keV photon. Other methods, however, can be

used in concert with the given number of phase shifters to

optimize the performance. The results of including several

stages of spectral filtering (shown here using a crude model

where the filters perfectly absorb the fundamental while pass-

ing the third harmonic), along with using the available phase

shifters in a randomized fashion, is shown in Figure 5. The

filters have to be placed frequently enough such that the fun-

damental does not increase the energy spread as it amplifies.

The top plot shows the average power gain curves for the
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Figure 3: Comparison of the optimized phase shifter recipe

detailed in [3] with two independent random phase shifter

recipes. The top plot shown a comparable (or even slightly

better) performance while the bottom plot shows a clearly

worse performance for the random recipes.

third harmonic tuned to 5 keV (green) and the fundamental

(blue) using two spectral filters and compares the results to

the nominal performance of 5 keV at the fundamental using a

retuned undulator (red). The slice emittance, energy spread,

and beam matching for this particular study were for slightly

more pessimistic LCLS-II parameters than what is listed in

Table 1, which explains the slightly longer third harmonic

saturation length. The third harmonic (green) clearly outper-

forms the retuned fundamental (red). The addition of a third

spectral filter allows for the amplification of 7 keV photons at

the third harmonic close to saturation. This photon energy is

current beyond the reach of the fundamental in the baseline

LCLS-II case.
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Figure 4: The split undulator scheme where the first half of the undulator (red segments) has the desired photon energy

at the third harmonic while the second half of the undulator (green segments) has the desired photon energy at the fifth

harmonic. Quadrupoles are shown in blue while adjustable phase shifters are shown in orange.
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Figure 5: The average power gain curves for the third har-

monic tuned to 5 keV (green) and the fundamental (blue)

using two spectral filters compared to the nominal perfor-

mance of 5 keV at the fundamental (red).

DETUNED AND RETUNED UNDULATORS

More exotic methods of harmonic lasing have also been

proposed [9, 10]. If the undulator parameter K is large

enough, individual undulator sections can be tuned such

that the desired photon energy is resonant at either the third

or fifth harmonic (or higher). The scheme presented here

uses the first half of the LCLS-II SXR undulator such that

the third harmonic is tuned to produce Eγ = 4.1 keV pho-

tons while the existing phase shifters attempt to suppress

the fundamental as efficiently as possible (see Figure 4).

The second half of the undulator is tuned such that the fifth

harmonic is resonant at 4.1 keV. Here, the fundamental radi-

ation from the first half of the undulator is not resonant with

any harmonic. The phase shifters are used in an attempt

to suppress both the fundamental and third harmonic radia-

tion while allowing the fifth harmonic to continue to grow.

Figure 6 illustrates the performance of the undulator under

these conditions.
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Figure 6: Harmonic lasing scheme where the first.

It should be noted that the FEL resonance condition re-

quires an electron beam energy greater than 4 GeV to pro-

duce 4.1 keV photons from the fundamental in the SXR

beamline, which is beyond the baseline scenario. It is also

clear that the phase shifters in both the first and second half

of the undulators are not sufficient to suppress the undesired

harmonics completely. However, by the time the fundamen-

tal radiation in the second undulator (0.83 keV) begins to

amplify, the fifth harmonic at the desired energy has nearly
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saturated. Of course, ever more complicated arrangements

of undulator segments is being explored.

DISCUSSION

Harmonic lasing using clever combinations of phase

shifters, attenuators and detuned/retuned undulators offers

an attractive option to both improve the performance of un-

dulator beamlines at the high end of their tuning range and

to fully extend the tuning range altogether. Useful formulas

exist for quickly estimating the necessary harmonic lasing

method needed to reach a desired performance level. How-

ever, detailed numerical particle simulations are typically

needed to evaluate the efficacy of the implementation [11].

This paper details an initial harmonic lasing performance

study in the context of the LCLS-II project. It is worth

emphasizing that even though harmonic lasing nominally

requires a large number of phase shifters to effectively sup-

press the fundamental radiation, more exotic methods of

suppression using detuned and retuned undulators work for

the baseline LCLS-II beamlines without any additional com-

ponents. More realistic physical models of the spectral filters

and chicanes, as was done in [12], will be included in future

studies. For the moment, however, it has been shown that

the LCLS-II should benefit greatly from these concepts.
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Abstract
High brightness electron sources for modern linac-based

Free-Electron Lasers (FELs) have been characterized and op-

timized at the Photo Injector Test facility at DESY, Zeuthen

site (PITZ). Since the time structure of the electron bunches

at PITZ is identical to those at the European XFEL, the PITZ

accelerator is being considered as a proper machine for the

development of an IR/THz source prototype for pump and

probe experiments planned at the European XFEL. Tunable

IR/THz radiation sources using synchrotron radiation from

a dipole magnet, transition radiation, high gain FELs and

coherent radiation of tailored or premodulated beams are

currently under consideration. This work describes start-to-

end simulations for generating the FEL radiation using an

APPLE-II undulator with electron beams produced by the

PITZ accelerator. Analysis of the physical parameter space

has been performed with tools of the FAST program code

package. Electron Beam dynamics simulations were per-

formed by using the ASTRA code, while the GENESIS 1.3

code was used to study the SASE process. The results of

these studies are presented and discussed in this paper.

INTRODUCTION
The concept of generating IR/THz radiation by electron

bunches from a linear accelerator for pump and probe experi-

ments at the European XFEL was presented in Ref. [1]. One

of the important requirements for the IR/THz pulse is the

possibility for a precise synchronization with the x-ray pulse.

A way to meet this requirement is generating the IR/THz

pulse from the same type of electron source which serves

the European XFEL and therefore can provide the same time

structure and repetition rate as those of the x-ray pulses.

The Photo Injector Test facility at DESY, Zeuthen site

(PITZ) has been established to develop, study and opti-

mize high brightness electron sources for modern linac-

based short-wavelength Free-Electron Lasers (FELs) like

FLASH [2] and the European XFEL [3]. The photocath-

ode laser system at PITZ has the essential feature to be able

to produce various temporal pulse shapes [4]. The flat-top

temporal profile with a FWHM length of 20-22 ps and ∼2 ps
rise/fall times is usually used for the operation. The electron

bunch charge can be varied from a few pC to 4 nC and the

beam can be accelerated up to ∼22MeV/c.
Since PITZ serves as the facility for commissioning and

optimizing RF guns for the European XFEL [5,6] the same

characteristics (time structure and beam quality) of the elec-

∗ prach.boonpornprasert@desy.de

tron beam from the RF gun at PITZ is available as it will be

at the European XFEL. In addition, the site of a PITZ-like

setup is small enough to fit in the experimental hall for the

European XFEL users so that the transport of the IR/THz

radiation to the user experiments is very short. From these

advantages, PITZ can be considered as an ideal machine for

the development of a prototype IR/THz source for pump-

probe experiments at the European XFEL.

With the current techniques for the production of electron

beam at PITZ and different means for radiation generation

(dipole magnet, transition radiation, high gain FELs, coher-

ent radiation of tailored or premodulated beams, etc), it will

be possible to cover wavelengths in the whole radiation spec-

trum from IR (μm) to THz (cm) wavelengths with a variety

of field patterns (from single-cycled to narrow-band), and

with a high level of the peak and average radiation power [1].

As the PITZ beamline has limited possibilities to install

additional components, a preliminary layout for the IR/THz

radiation source was developed and is presented in Fig. 1.

Preliminary studies by using this layout have been done in

order to get benchmark results for actual beamline modi-

fications and further studies. The layout consists of a 1.6-

cell L-band photo RF gun surrounded by main and bucking

solenoids, a cut disk structure (CDS) booster, a c-shape chi-

cane bunch compressor (D1 to D4), quadrupole magnets

(Q1 to Q11), screen stations (S1 to S5) and an APPLE-II

type undulator [7]. The components and their positions in

this layout from the RF gun to the screen S1 are similar

to those of the current PITZ layout. With this preliminary

layout, we plan to study the radiation generation with 2

procedures: (i) Self-Amplification of Spontaneous Emis-

sion Free-Electron Lasers (SASE FELs) in the undulator

using an uncompressed, high charge electron bunch and (ii)

Coherent Transition Radiation (CTR) using an ultra-short

electron bunch which is compressed by the chicane bunch

compressor. The SASE radiation is anticipated to cover radi-

ation wavelengths of 20-100 μmwhile radiation wavelengths

above 100 μm are expected from the CTR.

This paper presents start-to-end (S2E) numerical simula-

tions for the SASE FEL radiation in the wavelength range

of 20-100 μm. An uncompressed electron beam with 4 nC

bunch charge and the APPLE-II type undulator were used

in the simulations. Calculation of the saturation character-

istics has been performed with tools of the FAST program

code package [8–10]. Beam dynamics simulations were

performed by using A Space charge TRacking Algorithm

(ASTRA) code [11], while the GENESIS1.3 code [12] was

used to study the SASE process.
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Figure 1: Preliminary schematic layout of the IR/THz facility at PITZ. Here S, Q and D represent screen stations, quadrupole

magnets and dipole magnets, respectively.

CONSIDERATIONS OF UNDULATOR
PERIOD LENGTH AND ELECTRON

BEAMMOMENTUM
The objectives of this section are to determine the undu-

lator period length and the electron beam momentum for

generating radiation wavelengths of 20 μm and 100 μm. The

undulator used in this study is an APPLE-II type undulator

in circular polarization mode. Its peak magnetic field (B0)
and undulator parameter (K) can be calculated by using the
following equations [13, 14]:

B0 = 1.54 exp ��−4.46
g

λu
+ 0.43

(
g

λu

)2�� , (1)

K =
eB0λu
2πmec

, (2)

where g is the undulator gap, λu is the undulator period
length, e is the electron charge, me is the electron mass and c
is speed of light. The goal FEL radiation wavelength (λrad)
can be calculated by the well-known undulator equation:

λrad =
λu

2γ2

(
1 + K2

)
, (3)

where γ is the Lorentz factor of the electron beam.
In order to achieve the shortest FEL saturation length,

the shortest period length of the undulator is expected. The

minimum gap is chosen to be 10mm for sufficient space for

the beam pipe. In order to avoid strong space-charge effects

during the beam transportation, the minimum electron beam

momentum is limited to 15MeV/c and the beam momentum

needs to be as high as possible for each radiation wavelength.

However, the maximum electron beam momentum is limited

at 22MeV/c which is the practical maximum momentum

used at PITZ. Figure 2 presents the calculated beam mo-

mentum as a function of the undulator gap for each case of

radiation wavelength and undulator period length. Under

the above mentioned conditions, the proper period length is

40mm, from which follows that the radiation wavelengths

of 20 μm and 100 μm can be generated with beam momenta

of 22MeV/c and 15MeV/c, and gap widths of ∼16.5mm
and ∼10mm, respectively.
OVERVIEW OF THE PARAMETER SPACE
An analysis of the parameter space of the SASE FEL at

PITZ is performed for two cases of radiation: 100 μm wave-

length using a 15MeV/c electron beam and 20 μm wave-

length using a 22MeV/c electron beam. It is performed

Figure 2: Electron beam momenta for radiation wavelengths

of 20 μm and 100 μm as a function of the undulator gap for

the different period lengths of the undulator.

by means of tools implemented in the code package FAST

[8–10]. We assume natural focusing properties of the helical

undulator, thus the remaining parameters of the problem

are photon wavelength, energy of the electron beam, peak

current, emittance, and energy spread. The numerical solu-

tion of the corresponding eigenvalue equation [8, 10] shows

that the main physical effects defining the operation of the

FEL amplifier are the diffraction effects and the space charge

effects. The influence of the longitudinal velocity spread

due to emittance and energy spread is negligible.

Figures 3 and 4 show an overview of the saturation charac-

teristics of the SASE FEL versus peak current and emittance.

The gray circles at these plots denote the points in the param-

eter space which we analyze below with detailed numerical

simulations with the code GENESIS 1.3. An important fea-

ture of the physical parameter space is the small value of

the diffraction parameter and the large value of the space

charge parameter [8]. In the largest fraction of the parameter

space we observe pretty slow dependence of the saturation

characteristics on the emittance which reflects the feature

of the logarithmic dependence of the FEL gain for small

values of the diffraction parameter [8]. At small emittances

we see degradation of the FEL gain due to strong space-

charge fields. Strong diffraction effects are important also

as a factor for a significant reduction of the slippage of the

radiation with respect to the kinematic slippage due to the

fact that the group velocity of the amplified wave, ∂ω/∂k,
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is less than the velocity of light (c) [8]. This effect allows
effective operation of the FEL amplifier driven by short elec-

tron pulses. Analysing the influence of the peak current

shows that operation at higher currents is more preferable

for a reduction of the saturation length and an increase of

the peak radiation power. Note that the parameter space of

the PITZ FEL is pretty close to that of the first SASE FEL

by the UCLA/LANL/RRCKI/SLAC group [8, 15, 16].

Figure 3: Contour plot for the saturation power [W] versus

peak current [A] and emittance [mm-mrad]. Top and bottom

plots correspond to the cases of 100 μm using a 15MeV/c

electron beam and 20 μm using a 22MeV/c electron beam,

respectively. The calculations have been performed with the

code FAST.

BEAM DYNAMICS SIMULATIONS
Beam dynamics simulations using the ASTRA code were

performed in order to deliver an uncompressed 4 nC electron

beam from the cathode to the undulator entrance. Space-

charge calculations were included in the simulations. The

beam transport line layout used in these simulations follows

the schematic diagram in Fig. 1. A flat-top cathode laser

pulse with a FWHM length of 20 ps and ∼2 ps rise/fall times
was used. In order to ensure that the rms laser spot size is

big enough for generating 4 nC bunch charge, the rms laser

spot size was set to 1mm which is close to the maximum

size from the practical point of view. The peak electric field

Figure 4: Contour plot for the saturation length [cm] versus

peak current [A] and emittance [mm-mrad]. Top and bottom

plots correspond to the cases of 100 μm using a 15MeV/c

electron beam and 20 μm using a 22MeV/c electron beam,

respectively. the calculations have been performed with the

code FAST.

at the cathode was fixed at 60MV/m and the booster peak

electric fields were set to 10 and 18MV/m for the beam

momenta of 15MeV/c and 22MeV/c, respectively.

The contour plots in the previous section indicate that

the emittance values at the undulator entrance should be

large enough in order to get rid of strong space-charge fields.

However, if one realizes beams with high bunch charge and

quite low momentum, a huge increase of the emittance dur-

ing the beam transport can be expected. For this reason, the

main solenoid current at the gun was optimized for mini-

mum beam emittance values at the first screen station (S1)

for both cases of beammomenta. Figure 5 shows the normal-

ized transverse emittance as a function of the main solenoid

current. The minimum emittance values were obtained at

the main solenoid current of 388A and 390A for the cases

of beam momenta of 15MeV/c and 22MeV/c, respectively.

Simulations using the optimized main solenoid current

were done from the cathode to the undulator entrance. The

quadrupole magnets Q1 to Q10 were used for beam transport

and matching. The matching strategy is that the transverse

size is slightly focused during the transport in order to have a
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compromise between the smallest beam size and the weakest

beam divergence at the undulator entrance. Figure 6 shows

the evolutions of rms beam sizes and the emittance values

through the RF gun, the booster cavity and the matching

section (S1 to S5). The simulation results show that the

growth of emittance in vertical plane is bigger than that of

the horizontal plane for both cases of beam momenta. For

the case of 15MeV/c, the emittance growth from the begin

to the end of the matching section is about a factor 3 while

it is about a factor 2 for the case of 22MeV/c. The asymme-

try of the emittance values between vertical and horizontal

planes is due to asymmetric quadrupole focusing strength be-

tween two planes [17]. The final transverse parameters and

longitudinal profiles of the beams at the undulator entrance

are shown in Table 1 and Fig. 7, respectively. Parameters

denoted by the gray circles in Fig. 3 and Fig. 4 are illustrated

for these final beam profiles. Saturation power of more than

30MW and a saturation length around 5m can be expected.

The strategies of beam optimization and matching still have

to be improved in order to deliver beams which allow for

shorter saturation length.

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�

�

�

�

�

��

��

��
���������

�		������

�
��
�
�
��

��
�
	


����������������������

������������������

Figure 5: Simulated normalized transverse emittance at the

screen S1 as a function of main solenoid current.

Table 1: Transverse Parameters of the Matched Beams at

the Undulator Entrance

Paramaters 15 MeV/c 22 MeV/c
σx [mm] 0.36 0.25

σy [mm] 0.36 0.25

εn,x [mm-mrad] 6.34 2.95

εn,y [mm-mrad] 7.16 3.98

αx 0.62 0.20

αy 1.36 −0.03

FEL SIMULATIONS
Simulations of the FEL radiation were performed using

the GENESIS 1.3 code. The calculations in time-dependent

mode including space-charge effects were used in the simula-

tions. The simulations were performed for both cases of radi-

ε
ε

ε

ε

ε

ε

(a) Normalized transverse emittance.

σ
σ

σ

σ

σ

σ

(b) Transverse rms size.

Figure 6: Evolutions of the transverse emittances (εn,x , εn,y )
and transverse rms sizes (σn,x , σn,y ) of the electron beams

from the cathode to the undulator entrance.

Figure 7: The slice current (left) and the slice rms momen-

tum spread (right) of the matched beams at the undulator

entrance.

ation: 20 μm and 100 μm. The matched beams from the pre-

vious section were used as the input beams for GENESIS 1.3.

The undulator period length was set to 40mm and the un-

dulator length is assumed to be 7m (175 periods) in order

to be long enough to reach the saturation points for the both

cases. In this preliminary simulation, the grid size for the

field calculation was set to be larger than the transverse radi-
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ation size along the entire undulator length in order to avoid

complication of the boundary conditions.

Figure 8 presents the peak power along the undulator.

The saturation lengths are 4.12m (103 periods) and 5.60m

(140 periods) for the radiation wavelengths of 100 and

20 μm, respectively. Figure 9 presents the temporal and

spectral structures of the radiation pulses at the points of sat-

uration. For 100 μm, the saturation power is about 90MW

while a spectrum bandwidth of the main peak is about 3%.

For 20 μm, the saturation power is about 130MW with a

bandwidth of the main peak in the spectrum spectrum is less

than 1%. By comparing these results with the results from

the code FAST in Fig. 3 and Fig. 4, the saturation lengths

from the simulations are corresponding well to the results

from those contour plots. In contrast, the saturation powers

from the simulations are higher than those in the contour

plots for the both cases.

Figure 8: Output peak power along the undulator axis for

the cases of 100 μm using a 15MeV/c electron beam and

20 μm using a 22MeV/c electron beam.

CONCLUSION AND OUTLOOK

The parameter space of a new IR/THz source based on

PITZ setup was studied. Analysis of the physical parame-

ter space was done using the FAST code and preliminary

start-to-end simulations of the SASE FEL were performed

using the ASTRA and the GENESIS 1.3 codes. The results

show that a radiation peak power of more than 90MW with

a narrow bandwidth below 3% can be achieved. However,

the strategies of electron beam optimization and matching

still can be improved in order to enhance the FEL perfor-

mance. In a next step, FEL simulations including waveguide

boundary conditions will be studied and performed. Already

now this case study shows interesting options for a tunable,

synchronized IR/THz source for pump-probe experiment at

the European XFEL.

(a) Temporal profiles of the radiation pulses.

Δω ω Δω ω

(b) Spectral profiles of the radiation pulses.

Figure 9: Temporal and spectral profiles of the radiation

pulses at the saturation points. Left and right plots corre-

spond to the case of 100 μm using a 15MeV/c electron beam

and 20 μm using a 22MeV/c electron beam, respectively.
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SASE CHARACTERISTICS FROM BASELINE EUROPEAN XFEL
UNDULATORS IN THE TAPERING REGIME

I. Agapov∗, G. Geloni, European XFEL GmbH, Hamburg, Germany
G. Feng, V. Kocharyan, E. Saldin, S. Serkez, I. Zagorodnov, DESY, Hamburg, Germany

Abstract
The output SASE characteristics of the baseline European

XFEL, recently used in the TDRs of scientific instruments
and X-ray optics, have been previously optimized assum-
ing uniform undulators without considering the potential of
undulator tapering in the SASE regime. Here we demon-
strate that the performance of European XFEL sources can
be significantly improved without additional hardware. The
procedure consists in the optimization of the undulator gap
configuration for each X-ray beamline. Here we provide a
comprehensive description of the X-ray photon beam proper-
ties as a function of wavelength and bunch charge. Based on
nominal parameters for the electron beam, we demonstrate
that undulator tapering allows one to achieve up to a tenfold
increase in peak power and photon spectral density in the
conventional SASE regime.

INTRODUCTION
The output SASE characteristics of the baseline European

XFEL have been previously optimized assuming uniform
undulator settings and used in the design of scientific instru-
ments [2–4]. In order to enable experiments over a continu-
ous photon energy range, European XFEL undulators have
adjustable gap [1]. The availability of very long tunable
gap undulators provides a unique opportunity for an up to
tenfold increase in spectral density and peak output power
(up to the TW-level) for nominal electron beam parameter
sets. [5] provides an overview of the design considerations
and the general layout of the X-ray instrumentation of the
European XFEL sources, beam transport systems and in-
struments. Baseline parameters for the electron beam have
been defined and presented in [6, 7]. These parameters have
been used for simulating FEL radiation characteristics and
saturation lengths relevant to the European XFEL SASE
undulators [8]. A well-known way to enhance the SASE
efficiency is to properly configure undulators with variable
gap [9–12]. In [13] it has been studied on an example of a
particular working point how a tapering procedure, i.e. a
slow reduction of the field strength of the undulator in or-
der to preserve the resonance wavelength, while the kinetic
energy of the electrons decreases due to the FEL process,
can be used to significantly improve performance of the
European XFEL sources without additional hardware. In
present article we demonstrate that tapering allows one to
achieve up to a tenfold increase in output for all achievable
photon energies and all nominal electron bunch charges. A
new set of baseline parameters of the electron beam for the

∗ ilya.agapov@xfel.eu

European XFEL has been recently updated [6, 7] and was
used in present work.
In the following we assume that SASE1 operates at the

photon energy of 12 keV, and the FEL process is switched
off for dedicated SASE3 operation with the help of a beta-
tron switcher [14]. The energy spread due to spontateous
radiation emission in SASE1 is accounted for. We highlight
operation of SASE3 for the electron energy of 14 GeV as the
most probable working energy. Optimal tapering is found
by numerical optimization using a piecewise-quadratic law.
The Genesis 1.3 code [15] has been used for our FEL stud-
ies. Benchmarks have been performed with another FEL
code ALICE [13, 16]. More details on the simulation proce-
dure can be found in [17] and up-to-date parameters will be
maintained on the XFEL.EU photon beam parameter web
page [18].

PHOTON BEAM PROPERTIES

At the European XFEL facility three photon beamlines
will be delivering X-ray pulses to six experimental stations.
For fixed electron and photon energy, five working points
are foreseen, corresponding to bunch charges of 0.02 nC, 0.1
nC, 0.25 nC, 0.5 nC, 1 nC, and resulting in pulse durations
of roughly 2 fs, 8 fs, 20 fs, 40 fs and 80 fs. The hard X-
ray undulators SASE1/2 are 250m long producing 4keV-
25keV photons, and the soft X-ray undulator SASE3 is 120
m with photon energy range of 0.25-3 keV. We will focus
on a more comprehensive description of SASE3 parameters,
with the performance of SASE1 discussed more shortly. The
improvement in SASE1 performance is comparable to that
of SASE3. Moreover, a self-seeding setup [19] is foreseen
for SASE1 from the beginning, which makes the high power
extraction in the SASEmodemore attractive in the soft X-ray
range.
The source properties: size, divergence, radiation pulse

energy, and maximum photon spectral density depend on
photon energy, bunch charge, and electron energy. The pulse
energies and the number of photons per pulse are shown in
Fig. 1 for the tapered mode and in Fig. 2 for the saturation
mode as functions of photon energy and bunch charge. In
the tapered mode, pulse energy (or, equivalently, number of
photons) increases by up to ten times compared to saturation,
depending on the bunch charge and radiation wavelength.
For short bunches (e.g. corresponding to 0.02 nC) the taper-
ing efficiency drops since the radiation slips forward relative
to the electron bunch and stops being amplified.
Figures 3 and 4 show comparisons of peak power and

photon spectral density produced in the standard SASEmode
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Figure 1: SASE3 baseline for 14 GeV electron energy: (top)
pulse energy and (bottom) number of photons per pulse as
a function of photon energy and bunch charge in the SASE
saturation mode of operation.

at saturation and in the tapered mode. Also in this case, up
to tenfold increase in these parameters is observed.
For soft X-rays produced at SASE3 a grating monochro-

mator will be used in order to reduce the bandwidth of FEL
radiation for spectroscopy applications. This monochroma-
tor provides resolution better than 10−4 and is able to accept
the high power level of the XFEL radiation [5]. Since the
monochromator bandwidth is much narrower than the SASE
FEL bandwidth, in order to predict the monochromator out-
put in terms of number of photon per pulse it is convenient to
describe the calculated spectral distribution by the maximum
photon spectral density of the source.
The source divergence is the most important parameter

for the layout of the X-ray beam transport system. Figure 5
shows X-ray pulse divergence in terms of the FWHM of the
angular distribution of X-ray pulse energy as a function of
photon energy and bunch charge, for saturation and tapered
modes respectively. The source divergence is largest for
the smallest photon energies and the lowest bunch charges.
Since one needs to minimize diffraction from the optics
aperture and preserve the radiation wavefront, any optical
elements should ideally have an aperture size large enough
to accept at least 4σ tails. The (horizontal) offset mirrors
of the SASE3 beamline are placed about 300 m behind the

Figure 2: SASE3 baseline for 14 GeV electron energy: (top)
pulse energy and (bottom) number of photons per pulse as
a function of photon energy and bunch charge in the SASE
tapering mode of operation.

undulator exit. This mirror system can be adjusted between
6 mrad and 20 mrad incidence angle. The X-ray optics
and transport group is planning to implement offset mirrors
with clear aperture of 800 mm [4]. With these parameters,
using Fig. 5, one obtains that the transverse clear aperture
of the offset mirrors is in principle enough to fulfill the 4σ
requirement for the SASE tapering mode of operation.
Figure 6 shows the evolution of the output energy in the

photon pulse and of the variance of the energy fluctuation
as a function of the distance inside the undulator, including
tapering. Figures 7 and 8 show a comparison of power and
spectrum produced in the standard SASE mode at satura-
tion and power and spectrum produced in the SASE mode
including post-saturation tapering.

Similar results can be obtained for the hard X-ray undula-
tor SASE1 (see Fig. 9). Moreover, here, due to the shorter
radiation wavelength, the radiation slippage does not cause
the decrease in tapering efficiency for shorter pulses.
The photon beam quality in the saturation and tapered

regime need not be the same. It is best to study such quality
by propagation of the photon pulse through the X-ray optics
and looking at the distribution of the photon field at the ex-
periment. Simulations with SRW [20] show that for the SPB
line [4], the beamline for coherent imaging where smallest
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Figure 3: SASE3 baseline for 14 GeV electron energy: peak
power in saturation (top) and tapering (bottom) mode.

Figure 4: SASE3 baseline for 14 GeV electron energy: Max-
imum of average spectral density, for 0.5 nC electron beam.

spot size is possible, 100nm focusing can be achieved both
with the saturation and tapered parameters (see Fig. 10),
which demonstrates that the photon beam quality does not
deteriorate. A more detailed analysis of the photon been
quality will be done elsewhere.

CONCLUSION
In this article we demonstrated that the potential of the

European XFEL in the standard SASE mode has been un-
derestimated up to the present day. The output X-ray pulse

Figure 5: SASE3 baseline for 14 GeV electron energy:
FWHM of angular distribution of X-ray pulse energy as
a function of photon energy and bunch charge in SASE satu-
ration mode (top) and in tapered mode (bottom).

Figure 6: SASE3 baseline for 14 GeV electron energy, 0.1nC
bunch charge, 1keV photon energy: Pulse energy evolution

parameters indicated in the design reports of scientific in-
struments and X-ray beam transport system are far from the
optimum found in this paper. Based on start-to-end simula-
tions it has been shown that tapering of baseline undulators
for both hard and soft X-rays provides an additional factor
of ten increase in spectral density and output power (up to
TW-level) for a baseline electron beam parameter set.
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Figure 7: SASE3 baseline for 14 GeV electron energy, 0.1nC
bunch charge, 1keV photon energy. Pulse shape: mean
(blue), rms (shaded), and median (green). Saturation (top)
and tapered (bottom).
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PROPOSAL TO GENERATE 10 TW LEVEL FEMTOSECOND X-RAY
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Abstract
Output characteristics of the European XFEL have been

previously studied assuming an operation point at 5 kA peak
current. Here we explore the possibility to go well beyond
such nominal peak current level. We consider a bunch with
0.25 nC charge, compressed up to a peak current of 45 kA.
An advantage of operating at such high peak current is the
increase of the x-ray output peak power without any modifi-
cation to the baseline design. Based on start-to-end simula-
tions, we demonstrate that such high peak current, combined
with undulator tapering, allows one to achieve up to a 100-
fold increase in a peak power in the conventional SASE
regime, compared to the nominal mode of operation. In par-
ticular, we find that 10 TW-power level, femtosecond x-ray
pulses can be generated in the photon energy range between
3 keV and 5 keV, which is optimal for single biomolecule
imaging. Our simulations are based on the exploitation of
all the 21 cells foreseen for the SASE3 undulator beamline,
and indicate that one can achieve diffraction to the desired
resolution with 15 mJ (corresponding to about 3 · 1013 pho-
tons) in pulses of about 3 fs, in the case of a 100 nm focus
at the photon energy of 3.5 keV.

INTRODUCTION
Imaging of single molecules at atomic resolution using ra-

diation from the European XFEL facility would enable a sig-
nificant advance in structural biology, because it would pro-
vide means to obtain structural information of large macro-
molecular assemblies that cannot crystallize, for example
membrane proteins. The imaging method “diffraction before
destruction” [1]- [5] requires pulses containing enough pho-
tons to produce measurable diffraction patterns, and short
enough to outrun radiation damage. The highest signals
are achieved at the longest wavelength that supports a given
resolution, which should be better than 0.3 nm. These con-
siderations suggest that the ideal energy range for single
biomolecule imaging spans between 3 keV and 5 keV [6].
The key metric for optimizing a photon source for single
biomolecule imaging is the peak power. Ideally, the peak
power should be of the order of 10 TW [7].
The baseline SASE undulator sources at the European

XFEL will saturate at about 50 GW [8]. While this limit is
very far from the 10 TW-level required for imaging single
biomolecules, a proposal exists to improve the output power
at the European XFEL by combining self-seeding [9]- [28],

emittance spoiler foil [29]- [31], and undulator tapering tech-
niques [32]- [42]. However, the realization of such proposal
requires installing additional hardware in the undulator sys-
tem and in the bunch compressor [7]. Here we explore a
simpler method to reach practically the same result without
additional hardware. This solution is based on the advan-
tages of the European XFEL accelerator complex, which
allows one to go well beyond the nominal 5 kA peak current.
The generation of x-ray SASE pulses at the European

XFEL using strongly compressed electron bunches has many
advantages, primarily because of the very high peak power,
and very short pulse duration that can be achieved in this
way [43]. Considering the baseline configuration of the
European XFEL [8], and based on start-to-end simulations,
we demonstrate here that it is possible to achieve a 100-fold
increase in peak power by strongly compressing electron
bunches with nominal charge. In this way we show that 10
TW power level, 3 fs-long pulses at photon energies around
4 keV can be achieved in the SASE regime. This example
illustrates the potential for improving the performance of the
European XFEL without additional hardware.

The solution to generate 10 TW power level proposed in
this article is not without complexities. The price for using
a very high peak-current is a large energy chirp within the
electron bunch, yielding in its turn a large (about 1%) SASE
radiation bandwidth. However, there are very important
applications like bio-imaging, where such extra-pink x-ray
beam has a sufficiently narrow bandwidth to be used as a
source for experiments without further monochromatization.

In order to enable high focus efficiency with commercially
available mirrors (80 cm-long) at photon energies around
4 keV, the undulator source needs to be located as close as
possible to the bio-imaging instrument. With this in mind
we performed simulations for the baseline SASE3 undulator
of the European XFEL at a nominal electron beam energy
of 17.5 GeV. We optimized our setup based on start-to-end
simulations for an electron beam with 0.25 nC charge, com-
pressed up to 45 kA peak current [44]. In this way, the SASE
saturation power could be increased to about 0.5 TW.
In order to generate high-power x-ray pulses we exploit

undulator tapering. Tapering consists in a slow reduction
of the field strength of the undulator in order to preserve
the resonance wavelength, while the kinetic energy of the
electrons decreases due to the FEL process. The undulator
taper can be simply implemented as discrete steps from one
undulator segment to the next, by changing the undulator

MOP057 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

164C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

SASE FELs



Table 1: European XFEL Parameters Used in this Paper

Units
Undulator period mm 68
Periods per cell - 73
Total number of cells - 21
Intersection length m 1.1
Energy GeV 17.5
Charge nC 0.25

gap. In this way, the output power of the SASE3 undulator
could be increased from the value of 0.5 TW in the SASE
saturation regime to about 5 TW. The SASE3 undulator with
21 cells consists of two parts. The first is composed by an
uniform undulator, the second consists of a tapered undu-
lator. The SASE signal is exponentially amplified passing
through the first uniform part. This is long enough, 9 cells, in
order to reach saturation, which yields about 0.5 TW power.
Finally, in the second part of the undulator the SASE output
is enhanced up to 5 TW by taking advantage of magnetic
field tapering over the last 12 cells.

From all applications of XFELs for life sciences, the main
expectation and the main challenge is the determination of
3D structures of biomolecules and their complexes from
diffraction images of single particles. Parameters of the
accelerator complex and availability of long baseline undu-
lators at the European XFEL offer the opportunity to build
a beamline suitable for single biomolecular imaging experi-
ments from the very beginning of the operation phase. In
the next decade, no other infrastructure will offer such high
peak current (up to about 50 kA) and high electron beam
energy (up to about 17.5 GeV) enabling 10 TW mode of
operation in the simplest SASE regime.

FEL STUDIES
We present a feasibility study of the setup described above

with the help of the FEL code Genesis 1.3 [45] running on a
parallel machine. Results are presented for the SASE3 FEL
line of the European XFEL, based on a statistical analysis
consisting of 100 runs. The overall beam parameters used
in the simulations are presented in Table 1.

The beam parameters at the entrance of the SASE3 undu-
lator, and the resistive wake inside the undulator are shown
in Fig. 1, see also [44]. Full tracking calculations were
used to find a new set of electron bunch parameters at the
entrance of baseline undulators. The main effects influenc-
ing the electron beam acceleration and transport, such as
space charge force, rf wakefields and coherent synchrotron
radiation (CSR) effects inside magnetic compressors have
been included. Our calculations account for both wakes and
quantum fluctuations in the SASE1 undulator.
Using a bunch with larger slice emittance and energy

spread, but also higher peak current, does not necessar-
ily complicates reaching SASE saturation, because the in-
creased peak current eases the effects of the increased longi-
tudinal velocity spread. For example, the final normalized
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Figure 1: Results from electron beam start-to-end simula-
tions at the entrance of SASE3. (First Row, Left) Current
profile. (First Row, Right) Normalized emittance as a func-
tion of the position inside the electron beam. (Second Row,
Left) Energy profile along the beam. (Second Row, Right)
Electron beam energy spread profile. (Bottom row) Resistive
wakefields in the SASE3 undulator.
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Figure 2: Evolution of the horizontal and vertical dimensions
of the electron bunch as a function of the distance inside
the SASE3 undulator. The plots refer to the longitudinal
position inside the bunch corresponding to the maximum
current value.

slice emittance in the 45 kA case studied here is about 4 µm,
but the SASE saturation length is in the very safe range
of 9 undulator cells at photon energies around 4 keV. The
extreme working point at 45 kA peak current is very in-
teresting, because the radiation peak power at saturation is
ten-fold increased up to about 0.5 TW. The problem with
operation at higher peak current is that wake fields become
larger and, therefore, the energy chirp within the electron
bunch becomes in its turn more and more important. In our
case of interest, the variation in the electron energy within
the bunch can be large compared to the Pierce parameter ρ
(i.e. with the slice gain-bandwidth) [44], but this does not
result in gain reduction (in order to incur in gain reduction,
one should have a relative variation in the electron beam
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Figure 3: Quadrupole strength along the undulator.
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Figure 4: Tapering law.

energy comparable or larger than the Pierce parameter ρ
within a cooperation length). Specifically, simulations show
that the large energy chirp along the electron bunch only
yields a large (about 1%) output radiation bandwidth.

Due to collective effects in the bunch compression sys-
tem, emittances in the horizontal and vertical directions are
significantly different. As a result, the electron beam looks
highly asymmetric in the transverse plane: in the horizon-
tal direction σx ∼ 20µm, while in the vertical direction
σy ∼ 50µm. The evolution of the transverse electron bunch
dimensions are plotted in Fig. 2. The evolution of the trans-
verse electron bunch dimensions is plotted in Fig. 2, and
the correspondent quadrupole strength is shown in Fig. 3.
The undulator is tapered according to the law in Fig. 4. The
quadrupole strength and the tapering have been optimized
to maximize the final output power.
The output characteristics, in terms of power and spec-

trum, are plotted in Fig. 5. Inspection of the plots shows that
one can reach 5 TW pulses with a bandwidth of about 1%.
Fig. 6 shows the distribution of the radiation pulse energy
per unit surface and angular distribution of the exit of the
setup. Finally, in Fig. 7 we plot the evolution of the output
energy in the photon pulse and of the variance of the energy
fluctuation as a function of the distance inside the output
undulator.
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Figure 5: Power and spectrum produced in the SASE mode
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Figure 7: Evolution of the output energy in the photon pulse
and of the variance of the energy fluctuation as a function of
the distance inside the output undulator, with tapering. Grey
lines refer to single shot realizations, the black line refers to
the average over a hundred realizations.

CONCLUSIONS
The nominal design parameters for the European XFEL

for a 0.25 nC electron bunch, which allow for SASE satura-
tion with 0.4 µm normalized slice emittance and 5 kA peak
current are described in [46]. In this article we note that the
European XFEL accelerator complex is flexible enough to
be reconfigured for much higher bunch peak-current. In this
case, the new beam parameters are simply set in the con-
trol room, and do not require hardware modifications in the
tunnel. This flexibility is demonstrated by studying the new
acceleration and compression parameters required over a
wide range of a peak current values well beyond the nominal
5 kA [44]. For each case, full tracking calculations were
used to find a new set of electron bunch parameters at the
entrance of baseline undulators. In this paper we considered
the extreme working point at 45 kA peak current, where the
radiation peak power at saturation is ten-fold increased up
to about 0.5 TW. This approach allows one to increase the
peak power to 5 TW by taking advantage of an undulator
magnetic-field taper over the baseline SASE3 undulator.
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PURIFIED SASE UNDULATOR CONFIGURATION TO ENHANCE THE
PERFORMANCE OF THE SOFT X-RAY BEAMLINE AT THE EUROPEAN

XFEL
Svitozar Serkez, Vitali Kocharyan, Evgeni Saldin, Igor Zagorodnov
Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany

Ilya Agapov, Gianluca Geloni
European XFEL GmbH, Hamburg, Germany

Abstract
The purified SASE (pSASE) undulator configuration re-

cently proposed at SLAC promises an increase in the output

spectral density of XFELs. In this article we study a straight-

forward implementation of this configuration for the soft

x-ray beamline at the European XFEL. A few undulator

cells, resonant at a subharmonic of the FEL radiation, are

used in the middle of the exponential regime to amplify the

radiation, while simultaneously reducing the FEL bandwidth.

Based on start- to-end simulations, we show that with the

proposed configuration the spectral density in the photon

energy range between 1.3 keV and 3 keV can be enhanced

of an order of magnitude compared to the baseline mode of

operation. This option can be implemented into the tunable-

gap SASE3 baseline undulator without additional hardware,

and it is complementary to the self-seeding option with grat-

ing monochromator proposed for the same undulator line,

which can cover the photon energy range between about 0.26

keV and 1 keV.

INTRODUCTION
The SASE3 beamline at the European XFEL will be op-

erated in the photon energy range between 0.26 keV and at

least 3 keV. A high level of longitudinal coherence is the

key to upgrade the baseline performance. Self-seeding is a

promising approach to significantly narrow the SASE band-

width and to produce nearly transform-limited pulses [1]-

[20]. The implementation of this method in the soft x-ray

wavelength range necessarily involves gratings as disper-

sive elements, which may be installed in the SASE3 undu-

lator without perturbing the electron focusing system and

could cover the spectral range between about 0.26 keV and

1 keV [18]- [19]. In order to provide a high level of longitu-

dinal coherence in the photon energy range between 1 keV

and 3 keV, proposals exist to narrow the SASE bandwidth

at the European XFEL by combining self-seeding and fresh

bunch techniques. However, this requires installing addi-

tional hardware in the undulator system [21, 22]. Here we

explore a simpler method to reach practically the same re-

sult without further changes in the undulator system. The

solution is based in essence on the purified SASE (pSASE)

technique proposed at SLAC [23], and naturally exploits the

gap tunability of the SASE3 undulator. In the pSASE con-

figuration, a few undulator cells resonant at a subharmonic

of the FEL radiation, called altogether the "slippage-boosted

Figure 1: The pSASE undulator configuration proposed for

the SASE3 beamline, which is expected to operate in the

photon energy range between 1.3 keV and 3 keV.

section", are used in the high-gain linear regime to reduce

the SASE bandwidth. The final characteristics of a pSASE

source are a compromise between high output power, which

can be reached with a conventional SASE undulator source

resonant at the target wavelength, and narrow bandwidth,

which can be reached with harmonic lasing [24]- [28]. We

demonstrate that it is possible to cover the energy range be-

tween 1.3 keV and 3 keV using the nominal European XFEL

electron beam parameters, and to reduce the SASE band-

width by a factor 5, still having the same output power as in

the baseline SASE regime. Note that the slippage-boosted

section is tuned to a subharmonic (the fifth, or the seventh)

of the FEL radiation. Therefore, the choice of the lowest

pSASE photon energy considered in this article, 1.3 keV, is

dictated by the minimal photon energy (0.26 keV) that can

be reached in the conventional SASE regime.

A more detailed treatment can be found in [29].

FEL STUDIES
A schematic layout of the proposed pSASE configuration

for the SASE3 undulator at the European XFEL is illustrated

in Fig. 1 and consists of three parts which will be called

U1 (5 cells), U2 (2 cells) and U3 (14 cells). We performed

a feasibility study of the pSASE setup with the help of the

FEL code Genesis 1.3 [30] running on a parallel machine.

Results are presented for the SASE3 FEL line of the Euro-

pean XFEL, based on a statistical analysis consisting of 100

runs. The overall beam parameters used in the simulations

are presented in Table 1.

The nominal beam parameters at the entrance of the

SASE3 undulator, and the resistive wake inside the undula-

tor are shown in Fig. 2, see also [31]. The evolution of the

transverse electron bunch dimensions is plotted in Fig. 3.
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Table 1: European XFEL Parameters Used in this Paper

Units

Undulator period mm 68

Periods per cell - 73

Total number of cells - 21

Intersection length m 1.1

Energy GeV 10.5

Charge nC 0.1
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Figure 2: Results from electron beam start-to-end simula-

tions at the entrance of SASE3. (First Row, Left) Current

profile. (First Row, Right) Normalized emittance vs. posi-

tion inside the electron beam. (Second Row, Left) Energy

profile along the beam. (Second Row, Right) Electron beam

energy spread profile. (Bottom row) Resistive wakefields in

the SASE3 undulator.

The number of cells in the undulator U1 should be equal

to five in order to optimize the final characteristics of the ra-

diation pulse. The output power and spectrum after the first

undulator tuned to 0.6 nm (the corresponding rms K value is
2.54) is shown in Fig. 4 for 100 runs. The average behavior
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Figure 3: Evolution of the horizontal and vertical dimen-

sions of the electron bunch (at maximum current value) vs.

distance inside the SASE3 undulator.

Figure 4: Power distribution and spectrum of the SASE soft

x-ray radiation pulse at the exit of the first undulator part U1.

Grey lines: single shot realization, black line: average over

100 realizations.

Figure 5: SASE radiation power and spectrum at the exit

of the second undulator part U2 (slippage-boosted section).

The SASE radiation generated in U1 is purified in U2, which

consists of 2 cells resonant at 4.2 nm. The fundamental ra-
diation at 4.2 nm is seeded by shot noise. The harmonic
radiation is seeded by that produced in U1. Top row: Results

of numerical simulations for radiation at the fundamental

produced in U2. Bottom row: Results of numerical simu-

lations for harmonic radiation amplified in U2. Grey lines

refer to single shot realizations, the black line refers to the

average over a hundred realizations.

is rendered in black. The radiation field is first dumped at

the exit of U1, and then further imported in the Genesis code

for simulating the 7th harmonic interaction in U2, which

is resonant at a fundamental of 4.2 nm. Together with the
radiation pulse, also electron beam file generated using the

values of energy loss and energy spread at the exit of U1

is fed in the simulation of the second undulator part. The

Genesis 7th harmonic field and particle file are downloaded

at the exit of the U2 undulator and used as input file for the

Genesis simulations of the U3 undulator. As explained in

the previous section, the length of the booster U2 is chosen

to make sure that the FEL power at the fundamental wave-

length is much lower than that at the chosen harmonic. The

output power and spectrum of fundamental and harmonic

radiation pulse after the U2 undulator tuned to 4.2 nm (the
corresponding rms K value is 7.16, and can be achieved by
reducing the undulator gap), that is the seventh subharmonic

of the target wavelength, are shown in the left and right plot
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Figure 6: Power and spectrum produced in the pSASE mode

(top row) and in the standard SASE mode (bottom row) at

saturation without undulator tapering. Grey lines: single

shot realization, black line: average over 100 realizations.
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Figure 7: Distribution of the radiation pulse energy per

unit surface and angular distribution of the pSASE radiation

pulse energy at saturation (top row) and at the exit of the

setup, including tapering (bottom row).

of Fig. 5. Since the FEL power at the fundamental wave-

length of 4.2 nm, which is about 1 MW, is much lower than
that at 0.6 nm, which is about 1 GW, phase shifters are not
needed to suppress the lasing at fundamental harmonic.

The output undulator U3 consists of two sections. The

first section is composed by an uniform undulator, the sec-

ond section by a tapered undulator. The purified pulse is

exponentially amplified passing through the first uniform
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Figure 8: Tapering law.

Figure 9: Power distribution and spectrum of the purified

SASE soft x-ray radiation pulse at the exit of the setup, with

tapering. Grey lines refer to single shot realizations, the

black line refers to the average over a hundred realizations.
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Figure 10: Evolution of the output energy in the photon pulse

and of the variance of the energy fluctuation as a function of

the distance inside the output undulator, with tapering. Grey

lines refer to single shot realizations, the black line refers to

the average over a hundred realizations.

part of the output undulator. This section is long enough,

5 cells, in order to reach saturation, which yields about 50

GW power Fig. 6 (top row). The radiation power profile

and spectra for SASE3 undulator beamline working in the

nominal SASE mode is shown in Fig. 6 (bottom row). As

seen before, the power level for both modes of operation are

similar, but the spectral density for the pSASE case is signif-

icantly higher than for the nominal SASE case. The size and

divergence of the pSASE radiation pulse at saturation are

shown in Fig. 7 (top row). In the second part of the output

undulator U3, the purified FEL output is enhanced up to

about 0.6 TW taking advantage of a taper of the undulator
magnetic field over the last 9 cells after saturation. The taper-

ing law is shown in Fig. 8. The output power and spectrum

of the entire setup, at the exit of U3, is shown in Fig. 9. The

size and divergence of the pSASE radiation pulse at the exit

of the setup including undulator tapering are shown in the

bottom row of Fig. 7. By inspection, one can see that the

difference with the pSASE setup at saturation, shown in the

top row of the same figure, is minimal. The evolution of

the output energy in the photon pulse as a function of the

distance inside the output undulator is reported in Fig. 10.

The photon spectral density for the output TW-level pulse is

about 30 times higher than that for the nominal SASE pulse

at saturation.

CONCLUSIONS
We studied the simple scheme proposed in [23] to sig-

nificantly enhance the spectral brightness of a SASE FEL

with the help of numerical simulations. Using the param-
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eters for the soft x-ray beamline SASE3 at the European

XFEL and a nominal electron bunch parameter set, we show

that the SASE bandwidth at saturation can be reduced by

a factor of five with respect to the proposed configuration

of the baseline, variable gap SASE3 undulator. In addition

to the example studied in [23], the purified radiation after

saturation is further significantly amplified (we report an

order of magnitude increase in power) in the last tapered part

of SASE3 undulator. With this configuration, a pSASE FEL

reaches TW peak power level with significantly enhanced

brightness (about one order of magnitude) compared with

the nominal SASE regime [32].
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BEAM DYNAMIC SIMULATIONS FOR SINGLE SPIKE RADIATION

WITH SHORT-PULSE INJECTOR LASER AT FLASH∗

M. Rehders†, J. Roensch-Schulenburg, Hamburg University and CFEL, Hamburg, Germany

J. Rossbach, Hamburg University, Hamburg, Germany

S. Schreiber, DESY, Hamburg, Germany

Abstract

This paper discusses the generation of single spike SASE

pulses at soft x-ray wavelength at the free-electron laser

FLASH by using very short electron bunches of only a few

micrometer bunch length. In order to achieve these extremely

short bunch lengths, very low bunch charges (in the order of

20 pC) and short electron bunches exiting the photo-injector

are required. For this, a new short-pulse injector laser with

adjustable rms pulse duration in the range of 0.7 ps to 1.6 ps

and bunch charges up to 200 pC was installed, extending the

electron beam parameter range before bunch compression

in magnetic chicanes. Beam dynamic studies have been

performed to optimize the injection and compression of low-

charge electron bunches by controlling the effect of coher-

ent synchrotron radiation and space-charge induced bunch

lengthening and emittance growth. Optimization includes

the pulse parameters of the injector laser. The simulation

codes ASTRA, CSRtrack and Genesis 1.3 were employed.

MOTIVATION

The Free-Electron Laser in Hamburg (FLASH) is a high-

gain SASE FEL user facility offering highly brilliant radi-

ation pulses in the XUV- to soft x-ray range with a typi-

cal pulse duration between <50 and 200 fs (FWHM) [1].

Amongst the variety of user experiments that are performed

at FLASH there are many pump-probe experiments where

the time resolution is limited by the XUV pulse duration.

These experiments would greatly benefit from being pro-

vided with shorter SASE pulses. In principle, the shorter

the SASE pulses that can be offered to the users, the shorter

the time scales that can be studied and the better the time

resolution for a given process to be investigated. FEL facili-

ties around the world are investigating on the generation of

extremely short SASE pulses. A relatively straight-forward

method is the generation of SASE pulses from very short

electron bunches (see e.g. [2–4]).

Due to the relatively low energies of only a few mega

electron volt, space charge forces still play a major role at

the injector. Therefore the high peak current and short bunch

duration required for the production of short SASE pulses

cannot be created at the injector. Instead bunch compression

is achieved at higher energies, typically in magnetic chicanes.

Strong compression in magnetic chicanes requires very tight

RF tolerances in the accelerating structure used to apply the

∗ The project has been supported by the Federal Ministry of Education

and Research of Germany (BMBF) under contract No. 05K10GU2 and

FSP301
† Marie.Rehders@desy.de

required energy chirp on the bunch. The main challenge for

the generation of very short electron bunches is therefore

the tolerance of the accelerating RF fields.

At FLASH an additional injector laser has been installed

to produce shorter bunches already at the injector. This

short pulse injector laser reduces the bunch compression

required in the magnetic chicanes for low charge electron

bunches, relaxing the RF tolerances for short pulse SASE

operation [5].

SASE pulses typically consist of many longitudinal op-

tical modes in the power distribution and spectrum. These

individual spikes are typically separated by the cooperation

length Lcoop [6]. The shortest possible SASE pulse consists

of only a single mode. This single spike operation consti-

tutes a special mode of operation for FELs. For single spike

radiation the bunch length σz has to approximately obey

σz ≤ 2πLcoop [2, 6]. At FLASH this means that the bunch

length has to be in the order of only a few micrometers.

Beam dynamic simulations have been performed to

achieve a detailed understanding of single spike operation

at FLASH. A start-to-end simulation for single spike radia-

tion with the short-pulse injector laser is presented that is

very close to machine settings used for standard short pulse

operation at FLASH.

SHORT PULSE OPERATION AT FLASH

FLASH has an RF photo-injector consisting of a 1.5 cell

L-band gun and two solenoids for emittance compensation.

Seven superconducting accelerating modules accelerate the

bunch to energies of up to 1.25 GeV. Four third harmonic

cavities upstream of the first bunch compressor are used

to linearize the longitudinal phase space distribution. Two

magnetic bunch compressors situated at 150 MeV and at

450 MeV are used to longitudinally compress the bunch to

peak currents and bunch lengths required for SASE opera-

tion. Recently FLASH has been upgraded to have a second

undulator beamline (FLASH2) that is currently being com-

missioned [1]. A schematic overview of FLASH is given in

Fig. 1. The simulations presented in this paper have been

performed for the original undulator beamline, FLASH1.

In order to adjust the SASE pulse duration to the needs

of each specific user experiment, the bunch length at the

undulator section is set accordingly. This is done by a com-

bination of two methods. First, the bunch length can be

scaled by adjusting the bunch compression applied in the

magnetic chicanes. Second, especially for the shortest SASE

pulses, the bunch length is additionally reduced already at

the injector. This is done be scaling of the bunch charge
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Figure 1: Schematic overview of FLASH. The simulations presented here have been performed for FLASH1.

and thus of the space charge forces that act on the electron

bunch at the low energies present at the injector. Thus a

small bunch charge in combination with a very strong bunch

compression is used to produce the shortest SASE pulses of

less than 50 fs (FWHM).

The initial bunch length of very low charge electron

bunches where longitudinal space charge forces do not play

a role any more at RF photo-injectors is given by the pulse

duration of the injector laser. Bunch compression in mag-

netic chicanes is limited by RF tolerances. Thus a limit is

given for the minimum SASE pulse duration that can be

reached by this means and for stable SASE operation.

Short Pulse Injector Laser

While the standard injector laser at FLASH has a fixed

pulse duration of 6.5 ps (rms), the pulse duration of the short-

pulse injector laser can be adjusted between 0.7 ps and 1.6 ps

(rms). By this means, the total bunch compression that has

to be applied to the bunch for single spike radiation can be

reduced by a factor 3–5.

Bunch charges of up to 200 pC can be produced with the

short-pulse laser. The transverse spot size on the photo-

cathode can be chosen by selecting a specific aperture from

a set with different radii that can be imaged onto the cathode.

The parameters laser pulse duration, bunch charge and spot

size on cathode can be set independently for each laser.

START-TO-END SIMULATION

A start-to-end simulation for an example of standard short

pulse operation at 13.5 nm can be found at [7]. The simu-

lation is based on a machine setting from March 2012 that

was used to produce SASE pulses with a pulse duration of

50 fs (FWHM) for a dedicated comparison of various differ-

ent techniques for SASE pulse characterization. The bunch

charge was 150 pC. This simulation has been used as a basis

for a start-to-end simulation with the short pulse laser that

is demonstrated in this paper.

It is important to note that no theoretical design optics

was used but instead the optics used for the simulations is

the exact optics that was in use in the machine during this

specific run.

A combination of the particle tracking codes ASTRA [8]

and CSRtrack [9] has been used for the simulations to include

collective effects such as space charge forces and coherent

synchrotron radiation (CSR). Wakefields have been added

analytically.

Start-to-end Simulation with Short Pulse Injector

Laser

A start-to-end simulation has been performed based

on machine settings for standard short pulse operation at

FLASH, but now for the short pulse injector laser. For the

simulation, only parameters that are independent for each

laser have been altered and the RF phase of the first acceler-

ating module after the gun has been scanned for optimum

bunch compression. Apart from this the machine setting is

exactly the same for both simulations.

The bunch charge has been chosen to be 20 pC in or-

der to be suited for single spike radiation at FLASH. The

laser-dependent parameters for both simulations are given

in Table 1.

Table 1: Laser-dependent parameters used for the start-to-

end simulation for standard short pulse operation at FLASH

[7] (standard laser) and the simulation with the short-pulse

injector laser based on it that is presented in this paper.

parameter standard laser short-pulse laser

pulse duration 15 ps FWHM 2.8 ps FWHM

spot diameter 1.2 mm 1.0 mm

bunch charge 150 pC 20 pC

A comparison of the longitudinal current profile after the

gun for both simulations is given in Fig. 2. The parameters

chosen for the short pulse injector laser result in a reduction

of the bunch duration by a factor 4 to 0.41 mm rms. The

core slice emittance is 0.26 mm mrad and the slice energy

spread 1.6 keV. The focussing strength of the solenoid has

not been optimized for emittance compensation but is fixed

to the value from the specific machine run described above.

The RF phase of the first accelerating module (ACC1)

after the gun has been adjusted by 0.6° for optimum bunch
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Figure 2: Longitudinal current profile after the gun for the

standard injector laser (150 pC) and for the short pulse injec-

tor laser (20 pC) corresponding to the parameters in Table 1.

The head of the bunch is to the right.

compression. Non of the other phases or gradients have

been altered. The longitudinal phase space distribution of

the bunch is well linearized upstream of the first magnetic

chicane. The bunch is slightly over-compressed in the second

bunch compressor.

Space charge forces acting on the bunch after compression

lead to a double structure in the longitudinal current profile

of the bunch, as can be seen in Fig. 3 at the beginning of

the undulator. The rms bunch length at the undulator is

3.6 µm, while the individual widths of the two spikes can

be fitted by a Gaussian to be 0.5 µm (trailing spike) and

0.6 µm (leading spike). The slice emittance is 0.8 mm mrad

(horizontal) and 1.2 mm mrad (vertical) for the trailing and

0.2 mm mrad (hor.) and 0.5 mm mrad (ver.) for the leading

spike, while the energy spread is 1.6 ∗ 10−3 and 5.1 ∗ 10−4

respectively.
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Figure 3: Longitudinal current profile at the beginning of

the undulator section for the standard injector laser (150 pC)

and for the short pulse injector laser (20 pC). The head of

the bunch is to the right.

SASE Simulation

The SASE process has been simulated with the 3D time

dependent code Genesis1.3 [10]. Longitudinal space charge

forces have not been taken into account in the SASE simula-

tion.

The longitudinal SASE profile and spectrum after 15 m

of the undulator section is shown in Fig. 4 for four different

statistical seeds. The SASE pulse duration is 2–3 fs FWHM

corresponding to the individual seeds. 2–3 modes are visible

in the spectrum of the SASE simulation, indicating that the

SASE pulse shown is not yet a perfect single spike.

Figure 4: Longitudinal SASE profile (top) and spectrum

(bottom) at 15 m of the undulator section for four different

statistical seeds.

The double structure from the current profile of the bunch

is not visible in the longitudinal SASE profile. This is due

to the difference in the slice parameters of the two current

spikes. While the trailing spike of the bunch has the highest

peak current of 2.5 kA, its slice emittance and slice energy

spread are much worse than those of the leading spike. The

trailing spike therefore doesn’t contribute much to the lasing

process. Instead the single spike that is seen in the longi-

tudinal current profile is produced by the smaller leading

spike. The peak current of the leading spike of 1.1 kA is still

high enough for SASE operation. It is comparable to the

peak current for the case of standard short pulse operation

as described above and in [7].
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CONCLUSION

Start-to-end simulations demonstrate that single spike

SASE FEL radiation can be achieved with the short-pulse

injector laser for machine settings that are almost identical

to standard short pulse operation (with the standard injector

laser) at FLASH.

The machine parameters that have to be adapted to achieve

this are only those that solely depend on the injector laser

that is in use – laser pulse duration, spot size and bunch

charge – and the RF phase of one single accelerating module

to optimize bunch compression.

As a result, if the machine is well set up, very little time

is needed to switch between standard short pulse operation

and single spike operation mode by switching between the

standard and short-pulse injector laser.

Recently very short SASE pulses with only one to four

spikes in the spectrum (an average of only 1.5 spikes within

the FWHM) have been achieved with the short pulse injector

laser at FLASH (see [5]).
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Abstract
Collective effects and instabilities due to longitudinal

space charge and coherent synchrotron radiation can de-
grade the quality of the ultra-relativistic, high-brightness
electron bunches needed for the operation of free-electron
lasers. In this contribution, we demonstrate the application
of a laser-induced microbunching instability to selectively
suppress the SASE process. A significant decrease of pho-
ton pulse energies was observed at the free-electron laser
FLASH in coincidence with overlap of 800 nm laser pulses
and electron bunches within a modulator located approxi-
mately 40 meters upstream of the undulators. We discuss the
underlying mechanisms based on longitudinal space charge
amplification (LSCA) [1] and present measurements.

INTRODUCTION
Microbunching instabilities driven by longitudinal space

charge (LSC) forces occurring in linear accelerators driving
free-electron lasers (FELs) affect electron beam diagnostics
as well as FEL operation. For instance, emission of coherent
optical transition radiation (COTR) was observed at several
facilities and it has to be mitigated for accurate measure-
ments of the transverse beam profile [2–5]. The concept to
use these instabilities for short-wavelength radiation produc-
tion was proposed as longitudinal space charge amplifier
(LSCA) in [1]. As illustrated in Fig. 1, an LSCA comprises
multiple amplification “cascades”, each one consisting of
a focusing channel (an electron beamline with quadrupole
magnets) followed by a dedicated dispersive element. In the
focusing channel, the electrons in the higher-density regions
∗ Work supported by Federal Ministry of Education and Research of Ger-
many under contract No. 05K10PE1, 05K10PE3, 05K13GU4, and
05K13PE3 and the German Research Foundation programme graduate
school 1355.

† christoph.lechner@desy.de

Focusing
channel

Chicane Focusing
channel

Chicane

Cascade 1 Cascade 2

Figure 1: Schematic layout of an LSCA configuration with
two cascades [1].

expand longitudinally introducing an energy change. The
R56 value of the dispersive element (we consider chicanes
here) converts these energy changes into a density modula-
tion. Starting from shot noise, a strong density modulation
can be achieved in two to four cascades.

LSCA effects were studied experimentally at the Next Lin-
ear Collider Test Accelerator (NLCTA) at SLAC, where the
impact of compression changes on spontaneous undulator
radiation was measured [6]. At the National Synchrotron
Light Source Source Development Laboratory (SDL) at
Brookhaven National Laboratory (BNL), a modulated cur-
rent profile was generated at the photoinjector with a mod-
ulated laser pulse. Microbunching gain was observed at
wavelengths suitable for THz generation [7]. In [8] it is pro-
posed to use longitudinal space charge effects to reduce the
slice energy spread in HGHG seeding applications.

In this contribution, we give an overview of LSCA studies
at FLASH in which the amplification process was initiated
by modulating the electron bunch by means of an external
laser pulse. The amplified energy modulation is shown to
suppress the lasing process.

EXPERIMENTAL SETUP
The measurements presented in this contribution were

performed at the FEL user facility FLASH at DESY, Ham-
burg [9]. The schematic layout of the facility is shown in
Fig. 2. The superconducting linear accelerator (linac) driv-
ing the FEL delivers high-brightness electron bunches with
energies up to 1.25GeV. At a repetition rate of 10Hz, bunch
trains consisting of up to 800 bunches at a 1MHz repetition
rate can be produced. The facility has been upgraded by
a second undulator beamline FLASH2, which is currently
under commissioning. The hardware (fast kickers and a sep-
tum) needed for the distribution of electron bunches into the
two undulator beamlines has been installed downstream of
the linear accelerator.

The hardware used in the measurements is located in the
FLASH1 electron beamline between the collimation sec-
tion and the undulator system, compare Fig. 3. The electron
bunches arriving from the collimation section of FLASH1
are modulated in an electromagnetic undulator (5 periods
of 20 cm, Kmax = 10.8) by the λ = 800 nm laser pulses
arriving from the seeding laser system. After the modula-
tor, chicane C1 with variable R56 is installed. For studies of
the LSCA, we use a combination of a transverse-deflecting
structure (TDS) and a dipole spectrometer installed about
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Figure 2: Schematic layout of the FLASH facility.
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Figure 3: Hardware used in the LSCA measurements. The electron bunch arrives from the collimation section of the
FLASH1 beamline, the 800 nm pulse from the laser system. In the modulator, the electron-light interaction imprints an
energy modulation into the bunch that is converted into a density modulation in the subsequent chicane C1. We do not use
the variable-gap undulators of the seeding experiment.

13m upstream of the FLASH1 SASE undulators. First, an
arrival-time dependent transverse kick is applied in the TDS,
an RF structure operated at 2856MHz. After this conversion
of longitudinal to spatial position, the contents of the lon-
gitudinal phase space can be measured on the observation
screen in the dispersive section downstream of the energy
spectrometer.
For the measurements with SASE, the TDS and the en-

ergy spectrometer have to be disabled to allow for transport
of the density modulated electron bunches to the FLASH1
main undulator. To measure the energy of the XUV pulses,
the gas-monitor detector (GMD) was used. Additionally,
spectra of XUV photon pulses were measured with a high-
resolution spectrometer. On its way to the beam dump, the
electron bunch traverses the THz undulator. Emission from
this undulator was also sent to a spectrometer.

PHYSICS OF LSCA
The electron bunches arriving from the FLASH collima-

tion section are energy-modulated by interacting with laser
pulses in the near-infrared (λ = 800 nm). A chicane at the
exit of the modulator transforms this energy modulation into
a density modulation. As this current-modulated electron
bunch is injected into a focusing beamline, an oscillation of
the longitudinal charge density is initiated. The wavelength
of this longitudinal plasma oscillation is [1]

Λ =

√
IA
I

Z0
|Z ′ |

λγ3

2
. (1)

Here IA = 17 kA is the Alfven current, I the current of the
electron bunch, Z0 = 377Ω is the free-space impedance, λ
is the wavelength of the modulation, γ is the Lorentz factor,

and Z ′ is the LSC impedance per unit length. Electrons in
regions of higher charge density expand longitudinally and
an increase of the energy modulation amplitude may be the
result while the current modulation becomes smaller. The
maximum energymodulation amplitude, which is larger than
the initial one, is achieved after drifting for ∆z = Λ/4. This
is the optimal position for the chicane of the next cascade of
the amplifier.
We simulated the transport of the modulated electron

bunch with the 3-D periodic space charge solver QField [10].
At the position of the modulator, we prepare a one-period
long central slice of the modulated electron bunch. This
slice is then tracked through the quadrupole optics assuming
periodic conditions. To account for the impact of the chicane
on the longitudinal phase space, a 2x2 matrix is applied at a
dedicated longitudinal position.

OVERVIEW OF MEASUREMENTS
Investigation of Space Charge Amplification

For the studies of laser-induced longitudinal space charge
amplification, we used mildly compressed electron bunches
with an peak current of 0.3 kA and an rms bunch duration
of 0.3 ps. The energy of the electron bunches was 700MeV.
These electron bunches are modulated by the λ = 800 nm
laser and in chicane C1 the bunching is generated. The
electron beamline from this chicane to the TDS, which we
use for measurements of the longitudinal phase space, is
configured as a drift space of about 24m length.

Using the TDS, the effect of variations of the laser pulse
energy (pulse duration 60 fs FWHM) as well as R56 varia-
tions of chicane C1 was studied in the longitudinal phase
space.
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SASE Suppression
With the FLASH1 FEL beamline in SASE operation at

λ ≈ 13 nm, we re-established the temporal overlap between
laser pulses and electron bunches. The energy of the XUV
photon pulses was measured with the “gas-monitor detector”
(GMD), a gas-filled volume in the XUV photon beamline
leading to the FLASH experimental hall. There, the photons
ionize gas atoms and the ion and electron currents indicate
the FEL pulse energy.

As for the studies of LSCA, we used external laser pulses
to generate an initial density modulation in the electron
bunch. Propagating to the SASE undulator, the energy mod-
ulation amplitude grows at the expense of bunching. This
degradation of the electron bunch parameters results in a re-
duction of the XUV photon pulse energy, as shown in Fig. 4.
We studied this SASE suppression effect for different laser
pulse energies and electron beamline configurations.
High-resolution spectra of the FEL radiation were

recorded for several laser pulse energy settings. Finally,
we acquired spectra of the emission of the electron bunches
in the THz undulator, which was tuned to 800 nm for these
measurements.
We reported on first SASE suppression results already

in [11]. These results were obtained before the FLASH
2013 shutdown with the injection beamline constructed for
the study of direct-HHG seeding at 38 nm [12]. The suppres-
sion results summarized in this section have been obtained
after the shutdown with a different laser beamline [13] that
will be used to study the high-gain harmonic generation
(HGHG) and echo-enabled harmonic generation (EEHG)
seeding options [14].

SUMMARY
We successfully reproduced the SASE suppression ef-

fect after the FLASH 2013 shutdown with a different laser
injection beamline. The laser-induced density modulation

10 20 30 40 50 60 70 80

0

50

100

150

Bunch Number

G
M

D
 E

le
ct

ro
n 

S
ig

na
l [

ar
b.

 u
ni

ts
]

Figure 4: Impact of the amplified laser modulation on SASE
energy. With laser switched on (red background), a signifi-
cant reduction of the XUV photon pulse energy is observed,
as compared to SASE with laser off.

initiates a growth of the energy modulation amplitude, ham-
pering the FEL process and significantly reducing the XUV
photon pulse energy. This process was studied for different
laser and electron beamline configurations. Furthermore,
in this contribution, we reported on measurements of the
underlying laser-seeded LSCA mechanism. The detailed
data analysis is still on-going and the final results will be
presented in [15].
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ELECTRON BEAM DELAYS FOR IMPROVED TEMPORAL
COHERENCE AND SHORT PULSE GENERATION AT SWISSFEL

N.R. Thompson, ASTeC, STFC Daresbury Laboratory, UK
S. Reiche, PSI, Villigen, Switzerland

Abstract
Proposals have been made for the introduction of mag-

netic electron beam delays in between the undulator modules

of a long sectional FEL undulator - these can be used for

the generation of trains of FEL pulses which can individ-

ually be shorter than the FEL cooperation time [1] or to

greatly improve the temporal coherence of the FEL output

compared to the nominal SASE configuration [2–4]. This

paper comprises a feasibility study of the application of

these techniques to a future SwissFEL hard X-Ray beamline.

Three-dimensional simulations are used to investigate the

potential photon output.

INTRODUCTION
SwissFEL, the X-ray free electron laser at the Paul Scher-

rer Institut, is currently under construction with planned

operation from the end of 2016. The facility comprises a

FEL named Aramis operating from 1–7Å and a second FEL

named Athos operating from 7–70Å. Both FELs will operate

in SASE and self-seeding modes. Space is reserved in the

undulator hall for the future addition of a second hard X-ray

FEL. In this paper we investigate the potential performance

of two proposed novel FEL schemes, the Mode-Locked Am-

plifier FEL [1] and the High-Brightness SASE FEL [2–4] if

implemented on this future beamline. The two schemes are

considered together because they utilise common hardware.

The Mode-Locked Amplifier FEL
In the Mode-Locked Amplifier FEL electron beam delay

chicanes are introduced between the modules of a long FEL

undulator. By delaying the electrons, the emission from

each undulator module is delayed with respect to the emis-

sion from the previous undulator module. If the undulator

modules are relatively short, such that the electron bunch

microstructure does not evolve much from one undulator

module to the next, the total field builds up as a series of

delayed, overlapped, fields of similar phase and amplitude

leading to interference. In the frequency domain the field

comprises a spectral comb centred on the resonant wave-

length λr = λw (1+ ā2
w )/2γ2 with an overall envelope given

by the spontaneous emission spectrum of a single undulator

module with FWHM bandwidth Δλ/λ ≈ 1/Nw . Here λw
is the undulator period, āw is the rms undulator deflection

parameter, γ is the electron relativistic factor and Nw is the

number of periods in one undulator module. The wavelength

spacing between the sideband modes is given by Δλ = λ2
r/s

where s = δ + Nwλr is the total slippage between radiation

and electrons in one combined undulator+delay module with

δ the applied delay in the chicane and Nwλr the slippage in

one undulator module. The spectrum is equivalent to that of

a laser ring cavity of length s—in effect a very short laser

cavity has been synthesised via the use of the macroscopic

electron beam delays. Viewed in the temporal domain the

radiation intensity builds up into a sequence of non-identical

spikes of separation s modulated by the normal SASE en-

velope, which due to the increased slippage itself becomes

stretched temporally by the slippage enhancement factor

Se = s/Nwλr . The shape of the spikes evolves along the

pulse because the radiation sideband modes are not phase

locked. To lock the modes a technique analogous to that

used in conventional lasers cavity is adopted—a modulation

is added to the system with a frequency equal to the mode

spacing, or equivalently a period of s. In the FEL this is

done by adding a modulation of period s to the electron

beam energy. In the time domain the FEL pulse is then seen

to comprise a series of cleanly separated, similar radiation

spikes where the length of each spike is approximately equal

to the slippage Nwλr in each undulator module.

The mode-locked amplifier FEL is thus a method for pro-

ducing a train of separated ultrashort radiation pulses. In

addition, because the bandwidth is inversely proportional to

the module length when the modules are shorter than a gain

length it is possible, by using very short undulators, to pro-

duce radiation output pulses with a bandwidth significantly

broader than that of a SASE FEL.

The High Brightness SASE FEL
The High Brightness SASE (HB-SASE) FEL utilises the

same hardware. The SASE radiation coherence length is

artificially extended by using electron beam delays to in-

crease the relative slippage between radiation and electrons.

For equal delays s a modal structure is created in the radi-

ation spectrum, as in the Mode-Locked FEL. In the time

domain this gives a pulse strongly modulated with period s.
It has been found that in this case the increase in radiation

coherence length is limited. However, because the mode

spacing depends on the delay s then by making all the de-

lays different it can be arranged that the sideband modes are

unique for every delay si so that there are no modes which

are continually amplified. Only the central resonant mode

reaches saturation, giving a narrow bandwidth pulse with

a smooth temporal structure. For the simulations in this

paper the delays are based on prime number sequences [4],

but good results have been observed in other studies using

delays which are random [2] or steadily increasing by a com-

mon factor [3]. Studies of the evolution of the radiation

coherence length lcoh through the system show that it grows

exponentially for a distance of several gain lengths through

the undulator and at saturation, for both prime number and
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Figure 1: SASE control case for Long Pulse parameters. A

3 fs section of the radiation pulse and spectrum of the whole

pulse are shown, at saturation which occurs at 37 m.

.

random delays, lcoh ≈ 0.35S where S =
∑

si is the total

slippage between radiation and electrons.

OUTLINE OF SIMULATION STUDIES
Both schemes were studied using version 3.0 of the 3D

simulation code Genesis 1.3 [5] and the results compared

with control simulations of standard SASE, the results of

which are shown in Figure 1. The parameters were based

on the nominal parameters for the SwissFEL accelerator

operating in Long Pulse mode at a resonant wavelength of

0.1 nm, and are given in Table 1. The approach taken was to

determine the minimum changes required to the standard lat-

tice, as utilised in the Aramis beamline, in order for the two

schemes to demonstrate effective performance. The nomi-

nal undulator length for Aramis is Nw = 265 periods—this

was used as a starting point then the length reduced to 130

periods, then 65 periods. The intra-undulator gap length of

0.6 m was kept constant and the FODO quadrupole gradient

also kept constant to maintain the same average β-function.

For each undulator length the schemes were simulated with

standard 4-dipole chicanes, in which the appropriate R56

term corresponding to the delay was calculated (and imple-

mented via the itram56 input parameter in Genesis 1.3),

then also with ischochronous chicanes (R56 = 0). For the

studies of Mode-Locking the full amplitude of the applied

energy modulation Δγ/γ was varied between 3.8 × 10−4
(� ρ) to 14.8 × 10−4 (� 4ρ), and slippage enhancement

factors of Se = 3.0 and Se = 6.0 were used. For HB-SASE

no energy modulation is required because the modes are

suppressed and do not therefore require locking.

Table 1: Electron Beam and Undulator Parameters Used for

Simulations

Parameter Value
Beam Energy E 5.8 Gev

Peak Current I 3 kA

Normalised Emittance εn 0.3 mm-mrad

Energy Spread σγ/γ 6 × 10−5
Undulator Period λw 15 mm

Undulator parameter āw 0.848

Results for Mode-Locking
It was found that for Nw = 265 it was not possible to

produce a clean temporal or spectral structure, for any com-

bination of energy modulation, slippage enhancement factor

or chicane type. The best results for this undulator length

(not shown) were for R56 = 0, Se = 6 andΔγ/γ = 3.8×10−4
for which there was observed a strong regular modulation

in the pulse profile and clear spectral modes, but neither the

temporal spikes or modes were clearly separated.

However, far improved results were obtained for shorter

undulator modules—-the cleanest pulse profiles and spectra

results for the four permutations of Nw = 130, Nw = 65,

R56 = 0 and R56 � 0 are shown in Figures 2-5. The caption

for each plot gives the parameters and Nmod is the undulator

module after which the results are shown. The ranges on the

x-axes of these plots are the same as the SASE control case

shown in Figure 1 to allow easy comparison with the SASE

case. For Nw = 130 the FWHM duration of the temporal

spikes is �70 as and this reduces to �30 as for Nw = 65.

It is also seen that the full bandwidths of the mode-locked

output are significantly broader than the SASE control—for

SASE (Δλ)FULL ∼ 0.003Å which approximately doubles

for Nw = 130 to ∼ 0.007 Å and doubles again to ∼ 0.014 Å

for Nw = 65. Comparison of the results using standard and

isochronous chicanes shows that the spectra are less well

defined for standard chicanes but that the temporal structures

are comparable. It should also be noted that using standard

chicanes the required number of undulator modules is nearly

halved, due to the enhancement of the FEL bunching in the

chicanes.

Results for HB-SASE
Summary results for HB-SASE are encapsulated in Figure

6 which shows, for Nw = 265, Nw = 130 and Nw = 65

the rms bandwidth, normalised to that of the SASE control,

for R56 = 0 and R56 � 0, as a function of the slippage en-

hancement Se . Also shown in the figure, for reference, is

the reciprocal of the slippage enhancement factor Se . Here

Se is defined slightly differently because each delay is dif-
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Figure 2: Nw = 130, R56 = 0, Δγ/γ = 7.4 × 10−4, Nmod = 14.
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Figure 3: Nw = 130, R56 � 0, Δγ/γ = 3.8 × 10−4, Nmod = 8.
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Figure 4: Nw = 65, R56 = 0, Δγ/γ = 7.4 × 10−4, Nmod = 28.
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Figure 5: Nw = 65, R56 � 0, Δγ/γ = 3.8 × 10−4, Nmod = 19.
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Figure 6: Summary of HB-SASE results, showing for Nw = 265, Nw = 130 and Nw = 65 the rms bandwidth, normalised

to that of the SASE control, for R56 = 0 and R56 � 0, as a function of the slippage enhancement Se .
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Figure 7: Example HB-SASE result, with Nw = 130, Se =
21, Nmod = 17.

.
ferent, so Se = (

∑n
i=1 si )/nNwλr is the total accumulated

slippage divided by the total slippage within the undulator

modules. The results show that for Nw = 265 the band-

width, compared to SASE, can be reduced by a factor of

15 using isochronous chicanes, but no reduction is possible

with standard chicanes. For the shorter undulator modules a

bandwidth reduction of up to a factor of 5 can be achieved

using standard chicanes, and a reduction of a factor of 30 can

be achieved with isochronous chicanes. Further reduction

may be possible for larger values of Se . Comparison of the

measured bandwidths with 1/Se shows that for isochronous

delays, and the shorter undulators, the bandwidth reduc-

tion is approximately proportional to Se . Example output is

shown in Figure 7 in which the axes scalings are the same as

previously. The parameters for this example are Nw = 130,

Se = 21, Nmod = 17 and the rms bandwidth of the pulse is

σλ/λ0 = 1.6 × 10−5.
CONCLUSION

It was found that for Mode-Locking the undulator modules

should have length shorter than Nw = 130 periods and the

beam delays could be implemented as dipole only chicanes.

To extend the output bandwidth further than the factor of

four enhancement demonstrated here the undulator modules

should be reduced to even shorter than Nw = 65. Future

work will push this limit as far as possible to determine the

broadest possible bandwidth.

For HB-SASE it was found that for Nw = 265 the band-

width can be reduced by a factor of 10 using isochronous

chicanes, but not at all with standard chicanes. Shorter un-

dulator modules are required to see an effect using standard

chicanes but for significant bandwidth reduction isochronous

chicanes are needed. A factor of 30 reduction is already

observed, which is sufficient to generate transform limited

output for the 10pC mode of operation of the SwissFEL

accelerator—first results for this option confirm this, but

space restrictions in this paper do not permit them to be

included. In future the HB-SASE work will be extended to

higher slippage enhancement factors. It may also be possible

to use delay sequences using mostly standard chicanes, but

bring forward to earlier in the sequence some of the larger

delays and implement these with special chicanes with an

R56 of the opposite sign to cancel the R56 accumulated to

that point. These delays would require more space and re-

quire the use of quadrupoles, so diffraction issues may be

relevant, but this will be another interesting topic for future

study.
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Abstract
A linear accelerating structure with an average loaded gra-

dient of 100 MV/m at X-Band frequencies has been demon-
strated in the CLIC study. Recently, it has been proposed
to use this structure to drive an FEL linac. In contrast to
CLIC the linac would be powered by klystrons not by an RF
source created by a drive beam. The main advantage of this
proposal is achieving the required energies in a very short
distance, thus the facility would be rather compact. In this
study, we present the structure choice and conceptual design
parameters of a facility which could generate laser photon
pulses below Angstrom. Shorter wavelengths can also be
reached with slightly increasing the energy.

INTRODUCTION
X-band accelerator development has gained improvement

within last ten years, motivated by the need for high-gradient
accelerators for the future linear colliders in high-energy
physics research [1]. Studies on accelerating structures op-
erating at 11.4 GHz were made at SLAC and KEK, in the
last two decades of the nineteen (up to 2004), for the de-
velopment of a TeV-scale high energy Linear Collider, and
led to achieve 65-70 MV/m accelerating gradients [2]. De-
sign of accelerator cells [3], manufacturing [4], and char-
acterization technique [5] have been developed. Later, sig-
nificant progress have been achieved by the CERN CLIC
(Compact Linear Collider) Collaboration, that has recently
demonstrated the possibility to operate 12 GHz accelerating
structures with an average loaded gradient higher than 100
MV/m [6], values far beyond those reached with the present
S and C band technology. The development of power sources
for x-band structures [7] gives opportunity this technology
may represent an useful solution to get very compact and
cost effective linacs for multi-GeV electron beams. More
recently, after the successful operation of the new FEL light
sources like LCLS, SACLA, FERMI, a stronger and more
vigorous interest in X-band technology has arose. The de-
mand for new FEL facilities is worldwide continuously in-
creasing, spurring plans for new dedicated machines. This
led to a general reconsideration of costs and spatial issues,
∗ avniaksoy@ankara.edu.tr

particularly for the hard X-ray sources, driven by long and
expensive multi-GeV NC linacs. For these machines the use
of X-band technology can greatly reduce costs and capital
investment, reducing the linac lengths and the size of build-
ings. To pursue this objectives, a scientific collaboration has
recently been established among several laboratories, inter-
ested in FEL developments, aimed at validating the use of
X-band technology for FEL based light sources [8]. The spe-
cific objectives of the collaboration will include the design,
assembly and high power tests of an X-band accelerating
module for FEL applications, made up of two accelerating
structures, RF pulse compression and a waveguide distri-
bution systems. Special care will be given to the operating
gradients, RF breakdown fault rate, alignment issues, wake
fields, and operating stabilities. The overall objective of the
collaboration is to support the feasibility studies of new re-
search infrastructures and/or the major upgrading of existing
ones, using X-band technology. The work program foresees
a strong interaction between FEL scientists, FEL designers
and accelerator experts. Starting from the FEL output speci-
fication, a fully self consistent FEL facility design will be
established (in terms of accelerator layout, major hardware
choices, and FEL

MACHINE DESCRIPTION
The proposed facility is a two-stage 6 GeV linac, consist-

ing of an S-Band injector and high-gradient X-band linac
which can deliver a high-repetition rate low-emittance beam,
one or several undulator sections and photon beam lines
with a user facility. The proposed layout is given with Fig. 1.
Expected facility length is about 550 m and basic parameters
of facility is given in Table 1.

Injector
The injector is proposed to be similar to the injector at

SwissFEL [9] . It is based on S-band RF gun operating at
about 100 MV/m gradient and standard S-band structures
operating at about 20 MV/ gradient.

Main Accelerator
The X-band accelerating structures developed for CLIC

project [10] are planned to be used in main accelerating sec-
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Figure 1: Layout of proposed facility.

Table 1: Basic Parameters of an X-FEL Facility Based on
X-band Linac

Parameter Unit Value

M
ai
n
Li
na
c

Energy GeV 6
Bunch Charge pC 250
Normalized emittance µmrad <0.5
RF pulse length at structure ns 150
Pulse repetition rate Hz 50-100
Number of bunches per pulse # 1-3
Linac frequency GHz 12
No of structures per RF module # 10
Total (effective) module length m 10 (7.5)
Number of RF modules needed # 12
Linac gradient MV/m 65
No of klystrons per RF module # 2
Klystron output power MW 50
Klystron output pulse length µ 1.5
Total (effective) linac length m 150 (100)

In
je
ct
or

Energy MeV 300
Linac frequency GHz 3
Linac gradient MV/m 20
Number of klystrons # 5
Klystron output Power MW 50
Total (effective) injector length m 50 (25)

tion. In order to define structure parameters initially we have
the impact of single bunch wake field along the main linac.
As the beam traverses down along the linac, the head of a
single bunch undergoes an unperturbed transverse motion.
On the other hand the tail, experiences deflection due to the
wake excited by the preceding particles. The amplitude of
the deflection in normalized transverse coordinates so called
amplification factor will be

A =
Ne2

2

∫ L

0

β(s)
E(s)

W⊥(s)ds (1)

where N is number of particles per bunch, β is beta function
along the linac, E is energy and W⊥ is the transverse wake
potential of the structures [11]. Figure 2 shows the curves of
maximum amplifications of max[ Ax

Ax0
] = 0.1 and 0.4 versus

gradient of two different CLIC structure (CLIC-502 [10],
CLIC-G [12]). As it can be seen on the figure in order to get
max[ Ax

Ax0
] = 0.4 the gradient of CLIC-G structure must be

more than 110 MV/m while the gradient above 35 MV/m is
acceptable for CLIC-502 type of structure. Both structure
do not allow to get max[ Ax

Ax0
] = 0.1 amplification.

Figure 2: Amplification factor of a single bunch versus gra-
dient and a/λ of structures.

Figure 3 shows the amplification of slices along a Gaus-
sian bunch using CLIC-502 structure with structure param-
eter of a/λ = 0.15 and gradient of G = 65 MV/m. In the
calculation simplified wake model for CLIC structure has
been used. As it can be on the figure the amplification of tail
in real coordinates is below 0.2 but the angle reaches 1.6.

Figure 3: Deflection of slices along Gaussian bunch.

Cost estimation has been done using the structure database
of CLIC taking into account wake field effect and

• Structure; a/λ, gradient, length, input power
• Module; pulse compressor, number of structure per
module

and the cost has been compared between each other. The
summary of cost estimation is given with Table 2
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Table 2: Summary of Basic Parameters of Cost Optimization

Parameter CLIC-502 Optimum
Structures per RF unit 12 16 10
Klystrons per RF unit 2 2 2
Structure length (m) 0.23 0.23 0.75
a/λ 0.145 0.145 0.125
Allowed gradient (MV/m) 100 100 >80
Operating gradient (MV/m) 77 67.5 65
Energy gain per RF unit (MeV) 213 248 488
RF units needed 27 23 12
Total klystrons 54 46 24
Linac active length (m) 74 84 88
Cost estimate (a.u.) 76.2 71.5 51.7

Pulse Compressor and RF Module Layout
Using the results given in Table 2, 10 structures will be

installed on one RF module and fed by one RF station which
is essentially is combination two klystrons. Schematic view
of the module and power combination/distribution system is
given with Fig. 4.

Figure 4: Layout of proposed facility.

Two klystron that each has power of 50 MW and pulse
length of 1.5 µs will be driven by two individual modulator.
The RF pulses will be combined with hybrids combiners.
Single RF pulse that has 100 MW power and 1.5 µs length
will be compressed to 150 ns by SLED-II delay lines [13].
After compression expected RF power is 468 MW. The com-
pressed power will be distributed by an RF network to each
structure evenly which means each structure will be fed by
46.8 MW power yielding 68.8 MV/m gradient.

SIMULATIONS
Preliminary simulations has been performed for the injec-

tor, main accelerating section and FEL generation.

Injector
Similar to LCLS [14] a 1.5 cell photo cathode RF gun

operating 100 MV/m gradient at 3 GHz is proposed for the
electron source. The cathode of the gun is assumed to de-
liver 250 pC bunch charge and 9 ps full width half maximum

bunch length. Travelling wave accelerating structures that
are operating with 20 MV/m gradient at 3 GHz are fallowed
the RF gun similar to SwissFEL. Astra code [15] has been
used for simulations and optimization injector section. The
beam size and emittance along the RF gun and two RF struc-
tures of injector is given with Figs. 5. As it can be seen the
projected normalized emittance εx is below 0.5 mm.mrad.

Figure 5: Emittance and horizontal beam size through the
injector.

Main Accelerating Section
The injector is followed by an X-Band structure as a chirp

linearizer in order to perform better bunch compression. A
bunch compressor is located after the linearizer structure
afterward two stage main accelerating section separated with
bunch compressor is proposed for the main accelerating
section (see Fig. 1). FODO type of lattice is proposed for
beam transport and Elegant code [16] has been used for
tracking.

Figure 6: Beam energy, and Twiss functions along the main
linac.

Figures 6 and 7 show the beam energy and Twiss func-
tions along the linac and final longitudinal phase space of
the bunch. As it can be seen on Fig. 7 the bunches are com-
pressed down to σt = 26 fs (σz = 8 µm) and RMS energy
spread at the end of linac is σE/E = 0.06%

Lasing Section
For the lasing section it is proposed that planar undulators

each has about 4.2 m length are located on FODO type of
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Figure 7: Longitudinal phase space of bunch at the end of
linac.

lattice. Free electron laser (FEL) at very small wavelength
range can be produced with a single-pass devices in the
Self Amplified Spontaneus Emission (SASE) mode. The
resonant wavelength of radiation produced from a undulator
is given by

λ =
λu

2γ2
(
1 + K2

RMS

)
, (2)

where λu is the undulator period, KRMS is the RMS undula-
tor strength and γ is the relativistic factor. Figure 8 shows
saturation process of FEL at 1Å resonant wavelength for
beam energy of 6 GeV and undulator period of λu = 15 mm
and undulator strength of KRMS = 1. As it can be seen the
power saturates around 50 m.

Figure 8: Power growth along the lasing section.

CONCLUSION
In this paper we focused on feasibility of usage of CLIC

X-Band structures driving an FEL facility. We described
preliminary simulations. It is shown that the radiation below
1 A can be produced in SASE mode. The self seeding and
tapered undulator options should be studied in future work.
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A NOVEL MODELING APPROACH FOR ELECTRON BEAMS IN SASE
FELs

P. Niknejadi and J.M.J. Madey
University of Hawai‘i at Manoa, Honolulu, HI 96822, USA

Abstract
We have recently shown that the Wheeler-Feynman anal-

ysis of the interaction of a moving charge with distant ab-
sorbers provides a perfect match to the energy radiated by
two coherently oscillating charged particles (a heretofore
unsolved problem in classical electrodynamics). Here we
explain the need to include the Wheeler-Feynman coherent
radiation reaction force as an integral part of the solution to
the boundary value problem for free electron lasers (FELs)
that radiate into “free space”. We will also discuss how the
advanced field of the absorber can interact with the radiating
particles at the time of emission. Finally we will introduce
and explore the possibility of improving the temporal coher-
ence of self amplified spontaneous emission (SASE) FELs
as well as the possibility of optimizing the spectrum of their
emitted radiation via altering the structure of their targets
by useing the Wheeler-Feynman coherent radiation reaction
force in the analysis of FEL operation.

INTRODUCTION
In the past few years the successful operation of x-ray

FELs based on the SASE principle has made them a power-
ful new tool for addressing fundamental questions in biol-
ogy, chemistry and nano-technology [1]. On the other hand
the fundamental principle that the SASE FEL’s rely on, the
theory of radiation in classical electrodynamics, has a few
unresolved questions of its own. For instance, since classi-
cal field theory has, for about a century, failed to provide a
non-diverging solution and origin for the radiation reaction
field, our understanding of the process of coherent radiation
in the classical limit with respect to conservation of energy
is not complete. The radiation reaction field is the electric
field responsible for energy conservation in the process of
radiation.

The analysis provided by Wheeler and Feynman, in their
1945 paper “Interaction with the Absorber as the Mechanism
of Radiation," for the first time yields an exact match between
the radiated power of oscillating particles and the rate of
change of the particle’s kinetic energy [2]. The conceptual
backbone of the Wheeler and Feynman model has been
debated for many years and raises a number of questions
about the nature of interactions of fields and particles. But it
has been shown that themodel is consistent with the quantum
electrodynamics [3] and Dirac’s theory of single particle
radiation reaction force [4]. In their paper, Wheeler and
Feynman did not consider the coherent radiation emitted
by multiple accelerated charges. However, we have shown
that the Wheeler-Feynman derivation for a moving charge
interacting with the absorber also provides a perfect match

to the radiated energy in the case of two or more coherently
oscillating charged particles [5].

These developments seem likely to clarify our understand-
ing and contribute to the further advancement of FEL light
sources, and possibly improve the temporal coherence of
SASE FELs. With the rapid advancement and reliance upon
these sources, this is a good time to consider the effect of
the Wheeler-Feynman approach on current technology. We
also hope that this approach will provide further insight into
physics underlying the behavior of the of these powerful
devices as well as additional means to control the spectral
intensity and bandwidth in addition to the operating wave-
length.
The description of advanced interactions as set forth in

the Wheeler Feynman paper has led us to explore both the
engineering implications for the design of SASE FEL sys-
tems and possible new approaches for the investigation of
the distribution of distant matter in the universe as well [6].

APPLYING WHEELER FEYNMAN
ANALYSIS TO COLLECTION OF
COHERENTLY OSCILLATING

PARTICLES
Wheeler and Feynman were able to demonstrate that,

when formulated in the language of covariant action-at-a-
distance, the solution to the boundary value problem cor-
responding to an oscillating particle within a spherical ab-
sorbing shell of arbitrary density is dominated by the in-
terference of the retarded and advanced forces originating
in the accelerated and absorbing particles. This leads to a
force on the accelerated particle exactly equal to that needed
to match the power carried by radiation to the particles in
the absorbing shell. In their 1949 paper, their quantitative
findings also show that these interactions are only evident
in the immediate vicinity of the radiating/absorbing charges,
and converge to the conventional retarded electrodynamics
at larger distances from the radiating charge [7].

Case of Two Coherently Oscillating Particles
Consider two coherently oscillating charged particles dis-

placed by distance “r" in an arbitrary direction. If the dis-
placement r has an angle α with respect to the direction of
motion of the coherently oscillating charged particles, the
integral of Poynting vector (the radiated power) is defined
Equation 1. When the charges oscillate perpendicular to
the direction of their separation vector, α = π/2, the power
radiated is given by Equation 2.
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PRadiated(α) ∝ 2
∫ 2π
0

∫ π

0 sin3(θ) cos2 × (1)(
kr (cos(θ) cos(α)+sin(θ) sin(α) cos(φ))

2

)
dθdφ

and PRadiated(α = π/2) ∝

2
∫ 2π

0

∫ π

0
sin3(θ) cos2

(
kr (sin(θ) cos(φ))

2

)
dθdφ (2)

The work done on the radiating charges by the electric field
they generate must equal the radiated power calculated by
Poynting’s vector in Equation 1 and Equation 2.
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Printed by Mathematica for StudentsFigure 1: Comparison of the power extracted by the Dirac
coherent radiation force and amplitude of the Wheeler-
Feynman coherent radiation force with the power radiated
by the two oscillating charged particles’ for displacements
parallel to their vector accelerations. The non-local compo-
nent of the Dirac coherent radiation reaction force falls to
zero for any finite displacement of the two charges along this
direction, leaving only each particle’s single point radiation
reaction force to oppose their oscillating velocities (adapted
from Reference [5]).

As indicated in Figure 1 and 2, the Wheeler and Feynman
model is particularly useful when dealing with coherently
radiating particles in free-space. Figure 3 compares the ra-
diated power and energy extracted by the Wheeler-Feynman
coherent radiation reaction force for all angles of α.

Case of Coherent Beams in SASE FELs
The coherent radiation emitted by tightly bunched electron

beams plays a critical role in the analysis and operation of
free electron lasers. For conducting or reflecting (resonator
mirror) FELs, a normal mode analysis of operation already
includes the relevant boundary conditions. However, in
order to arrive at a comprehensive first-principles field-based
analysis of the intense of radiation emitted into free-space
by devices that work based on the SASE principle, including
all target interactions, we also need to include the effect of
boundary condition at the target.
Kimel and Elias [8] were able to show it is possible to

use the Lienard-Wiechert description of FEL interaction to
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Figure 2: Comparison of the power extracted by the Dirac
coherent radiation force and the amplitude of the Wheeler-
Feynman coherent radiation force with the power radiated
by the two oscillating charged particles’ for displacements
perpendicular to their vector accelerations (adapted from
Reference [5]).

Out[823]=

Printed by Mathematica for Students

Text

Amplitude of the Wheeler-Feynman 
coherent radiation force

Figure 3: Amplitude of the Wheeler-Feynman coherent ra-
diation reaction force for two oscillating charged particles’
with displacement r and angle α (between the displacement
and direction of oscillation).

include a viable model the coherent radiation reaction in
covariant form valid for radiation into free-space.
In the Wheeler Feynman model, to calculate the effect

of absorber in vicinity of an accelerating source charge, the
retarded field of the source charge traveling outbound is first
used to calculate the motions of absorber particles. Then
the sum of the absorber’s advanced fields near the source is
calculated. Finally it is shown that the addition of this field
to the half advanced plus half retarded field of the source
gives the expected fully retarded field of the source, while
also producing the correct radiation reaction force.
Applying the same principle to the beam traveling in a

SASE FEL, we start by considering both the advanced and
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Figure 4: Diagram showing the advanced field (solid blue) of the absorber due to retarded field (dashed green) of emitting
electrons acing on the oscillating electrons.

retarded field/potential of both the target (the absorber) and
the electrons (the emitter). Now we must include half the
retarded (outgoing) field of the emitters and the half the
advanced (incoming) field of the target. The interaction of
the advanced field of the target with the radiating electrons
will insure energy conservation on the one hand, and on the
other hand imposes the fields and forces initiated from the
target on the source (Figure 4).

This feature allows for improving the spectral bandwidth
and temporal coherence of the output of SASE FELs by
manipulation of the target, as long as the target can resonate
with the source and impose higher degrees of coherence.

MÖSSBAUER EFFECT
In order to measure and check the validity of this model

it is essential to have a target that can verify the role of the
absorber. In the past century, the Mössbauer effect has been
used to investigate special electronic structures in matter, as
well as biology and chemistry. In recent years, Mössbauer
spectrometry has also been utilized for measurement of co-
herent scattering and diffraction of nuclear radiation [9]. Due
to its nature, the Mössbauer absorber can be approximated
stationary oscillating dipoles (Figure 4).
Since the energy distribution of the utilized radiation is

extremely narrow, a Mössbauer absorber, for instance Fe57
above the Curie point [10], is an effective tool for high en-
ergy resonance spectroscopy. Including a Mössbauer ab-
sorber as part of the target of the SASE FEL will allow the
advanced field of the target to have interactions with the
emitting electrons and yield a narrow spectral bandwidth.
Further analysis on use of Mössbauer solids as target for
SASE FELs discusses the characteristic and advantages of
concave target, one similar to the concave resonator mirrors

of a cavity FEL, for measurement of the coherence in these
sources [11].

CONCLUSION
Here we discussed the results and implications ofWheeler-

Feynman analysis of the interaction of a moving charge with
distant absorbers. We showed that it provides a perfect match
to the energy radiated by two coherently oscillating charged
particles, and described the reasoning behind including the
Wheeler-Feynman coherent radiation reaction force as an
integral part of the solution of the boundary value problem
of FELs that radiate into free-space. Finally we conclude
that he Wheeler-Feynman model enables the development
of a transparent first principles model of the instantaneous
effects of boundary conditions on the radiation emitted by
oscillating charges in systems subject to those boundary con-
ditions enabling both the attainment of energy conservation
and the modification of the relevant boundary conditions to
optimize system performance.
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STATISTICAL PROPERTIES OF THE RADIATION FROM SASE FEL

OPERATING IN A POST-SATURATION REGIME WITH AND WITHOUT

UNDULATOR TAPERING

E.A. Schneidmiller, M.V. Yurkov, DESY, Hamburg, Germany

Abstract

We describe statistical and coherence properties of the

radiation from x-ray free electron lasers (XFEL) operating

in the post-saturation regime. We consider practical case

of the SASE3 FEL at European XFEL. We perform com-

parison of the main characteristics of X-ray FEL operating

in the post-saturation regime with and without undulator ta-

pering: efficiency, coherence time and degree of transverse

coherence.

INTRODUCTION

Radiation from Self Amplified Spontaneous Emission

Free Electron Laser (SASE FEL) [1, 2] has limited spatial

and temporal coherence. This happens due to start-up of

the amplification process from the shot noise in the elec-

tron beam. The fluctuations of the electron beam density are

uncorrelated in time and space, and many radiation modes

are excited at the initial stage of amplification. As a rule,

ground spatial TEM00 mode with highest gain dominates,

and the degree of transverse coherence grows in the expo-

nential amplification stage. Radiation wave slips forward

with respect to the electron beam by one wavelength per

one undulator period. This relative slippage on the scale of

the field gain length gives an estimate for coherence length.

Both, degree of transverse coherence and coherence time

reach maximum value in the end of the exponential regime

of amplification, and then degrade visibly in the nonlinear

regime. Maximum degree of transverse coherence of about

0.95 is reached for the values of diffraction parameter about

1. For large values of the diffraction parameter the degree of

transverse coherence falls down due to poor mode selection,

i.e. mode degeneration takes place. For small values of

the diffraction parameter the degree of transverse coherence

falls down due to more poor longitudinal coherence [3–6].

Radiation from SASE FEL with planar undulator con-

tains visible contribution of odd harmonics. Parameter

range where intensity of higher harmonics is defined mainly

by nonlinear beam bunching in the fundamental harmonic

has been intensively studied in refs. [7–16]. Comprehen-

sive studies of the nonlinear harmonic generation have been

performed in [16] in the framework of the one-dimensional

model. General features of harmonic radiation have been

determined. It was found that coherence time at saturation

falls inversely proportional to harmonic number, and rela-

tive spectrum bandwidth remains constant with harmonic

number. Comprehensive study of the coherence properties

of the odd harmonics in the framework of 3D model have

been performed in [17]. We considered parameter range

when intensity of higher harmonics is mainly defined by

nonlinear harmonics generation mechanism. The case op-

timized XFEL has been considered. Using similarity tech-

niques we present universal dependencies for the main char-

acteristics of the SASE FEL covering all practical range of

optimized X-ray FELs.

Application of the undulator tapering [18] allows to in-

crease conversion efficiency to rather high values [19–27].

New wave of interest to the undulator tapering came with x-

ray free electron lasers [28–32] (see [33–36] and references

therein). It is used now not only as demonstration tool [37],

but as a routine tool at operating x-ray FEL facilities LCLS

and SACLA.

There are several reasons why we performed the present

study. The first reason is that SASE3 FEL at the European

XFEL operating at long wavelengths can not be tuned as

optimized FEL [4] due to limitation on minimum value of

the focusing beta function, and dedicated study is required

for description of coherence properties. Another reason is

that in the parameter range of SASE3 FEL linear mecha-

nism of harmonic generation is essential which results in

much higher power of higher odd harmonic with respect to

the case of nonlinear harmonic generation [33,38]. Finally,

we compare coherence properties for both, fundamental and

the third harmonic for the case of untapered undulator and

undulator with optimized tapering. We show that the bril-

liance of the fundamental harmonic of the radiation from

SASE FEL with optimized tapering can be increased by a

factor of 3 with respect to untapered case.

GENERAL DEFINITIONS AND

SIMULATION PROCEDURE

The first-order transverse correlation function is defined

as

γ1(~r⊥,~r′⊥, z, t) =
〈Ẽ(~r⊥, z, t)Ẽ

∗ (~r′⊥, z, t)〉
[

〈|Ẽ(~r⊥, z, t) |2〉〈|Ẽ(~r′⊥, z, t) |2〉
]1/2
,

where Ẽ is the slowly varying amplitude of the amplified

wave. For a stationary random process γ1 does not depend

on time, and the degree of transverse is:

ζ =

∫

|γ1(~r⊥,~r′⊥) |2I (~r⊥)I (~r′⊥) d~r⊥ d~r′⊥

[
∫

I (~r⊥) d~r⊥]2
,

where I (~r⊥) = 〈|Ẽ(~r⊥) |2〉. The first order time correlation

function, g1(t, t′), is calculated in accordance with the defi-

nition:
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g1(~r , t − t
′) =

〈Ẽ(~r , t)Ẽ
∗ (~r , t′)〉

[

〈| Ẽ(~r , t) |2〉〈| Ẽ(~r , t′) |2〉
]1/2
,

For a stationary random process time correlation functions

are functions of the only argument, τ = t−t′. The coherence

time is defined as τc =
∞
∫

−∞

|g1(τ) |2 d τ. Peak brilliance is

defined as a transversely coherent spectral flux:

B =
ω d Ṅph

dω

ζ

(λ/2)2
.

If one traces evolution of the brilliance of the radia-

tion along the undulator length there is always the point,

which we define as the saturation point, where the brilliance

reaches maximum value [4].

Simulations have been performed with three-

dimensional, time-dependent FEL simulation code

[4, 17, 39] tracing actual number of electrons. In our

simulation procedure particles correspond to real electrons

randomly distributed in full 6D phase space. This allows

us to avoid any artificial effects arising from standard

procedures of macroparticle loading as we described

earlier [4]. Simulations of the FEL process have been

performed for the case of a long bunch with uniform axial

profile of the beam current. Such a model provides rather

accurate predictions for the coherence properties of the

XFEL, since typical radiation pulse from the XFEL is much

longer than the coherence time. Output of the simulation

code are arrays containing complex values of the radiation

field amplitudes. Then we apply statistical analysis, and

calculate physical values as it has been defined in this

section.

RESULTS

We perform comparative analysis of tapered and unta-

pered case for parameters of the SASE3 undulator of the

European XFEL. Undulator period is 6.8 cm, electron en-

ergy is 14 GeV, radiation wavelength is 1.55 nm. Undula-

tor consists of 21 modules, each is 5 meters long with 1.1

m long intersections between modules. Parameters of the

electron beam correspond to 0.25 nC case of the baseline

parameters of the electron beam: emittance 0.6 mm-mrad,

rms energy spread 2.5 MeV, peak beam current 5 kA [33].

Average focusing beta function is equal to 15 m. The value

of the diffraction parameter is B = 1.1 which is close to opti-

mum conditions for reaching maximum value of the degree

of transverse coherence [4]. Two cases were simulated: un-

tapered undulator, and undulator optimized for maximum

FEL efficiency [40].

Plots in Fig. 1 show evolution along the undulator of the

radiation power, degree of transverse coherence, coherence

time, and brilliance for the fundamental harmonic. Power,

coherence time, and brilliance are normalized to the values
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Figure 1: Fundamental harmonic: evolution of the radiation

power and brilliance (top plot) and of coherence time and

degree of transverse coherence (bottom plot) along the un-

dulator for untapered (solid curves) and optimized tapered

case (dashed curves).

of the fundamental harmonic in the saturation point. Satu-

ration length for the fundamental harmonic is equal to 53 m.

Absolute values in the saturation point are: radiation power

is 108 GW and 6.6 GW; coherence time is 1.2 fs and 0.5

fs; degree of transverse coherence is 0.86 and 0.72 for the

fundamental and the 3rd harmonic, respectively. Brilliance

of the fundamental harmonic in the saturation point is equal

to 3.8 × 1022 photons/sec/mm2/rad2/0.1% bandwidth. Now

we compare behavior of the radiation properties for the ta-

pered and untapered case. Growth of the radiation power

is higher for the tapered case. We also obtain less inten-

sive degradation of the coherence properties of the radiation.

However, brilliance of the radiation for tapered saturates at

the undulator length of 80 m, and then drops down gradu-

ally. Benefit of the tapered case against untapered case in

terms of the radiation brilliance is factor of 3. It is mainly

reached by the increase of the radiation power by a factor

of 5. Coherence properties of the radiation in the point of

maximum brilliance are worse than those of the untapered

SASE FEL in the saturation point: 0.86 to 0.68 for the de-

gree of transverse coherence, and 1 to 0.86 in terms of co-

herence time. Figure 2 presents normalized spectral power

of the fundamental harmonic for untapered (black) and ta-

pered (red) case. Output points correspond to the maximum
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Figure 2: Normalized spectral power of the fundamental

harmonic for untapered (black) and tapered (red) case. Out-

put points correspond to the maximum brilliance: z = 53 m

and z = 80 m for untapered and tapered case, respectively.

Spectrum of untapered case is shifted by 1% to the right-

hand side.
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Figure 3: Contribution of the 3rd harmonic radiation power

to the total radiation power for untapered (solid curves) and

optimized tapered case (dashed curves).

brilliance: z = 53 m and z = 80 m for untapered and tapered

case, respectively. It is seen that spectrum of the untapered

case is more narrow and does not contain spanning tails.

We already mentioned that parameters of SASE3 FEL

are such that we expect significant increase of the radiation

power in the higher odd harmonics due to mechanism of lin-

ear harmonic generation. This happens due to small value

of the diffraction parameter and high quality of the electron

beam (small emittance and energy spread) [38]. Results of

numerical simulations presented in Fig. 3 shows that for un-

tapered case contribution of the 3rd harmonic to the total

power is about 6% in the saturation point. Note that mecha-

nism of nonlinear harmonic generation results in the value

of 2% only. High value of the 3rd harmonic radiation power

should be the subject of concern for the planned user ex-

periments. It can constitute harmful background, or can be

used in pump-probe experiments. Mechanisms to control

3rd harmonic contribution are now the subject of dedicated

studies [41].
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Figure 4: 3rd harmonic: evolution of the radiation power

and brilliance (top plot) and of coherence time and degree

of transverse coherence (bottom plot) along the undulator

for untapered (solid curves) and optimized tapered case

(dashed curves).

Plots in Fig. 4 show evolution along the undulator of the

radiation power, degree of transverse coherence, coherence

time, and brilliance for the 3rd harmonic. Power, coher-

ence time, and brilliance are normalized to the values of

the 3rd harmonic in the saturation point of the fundamental

harmonic. Absolute numbers were introduced above. There

is interesting observation that brilliance of the radiation of

the 3rd harmonic does not differ significantly for untapered

and tapered cases. In the case of optimized tapered undu-

lator relative contribution of the 3rd harmonic to the total

power is visibly less while absolute power is higher than for

untapered case. Coherence properties of the 3rd harmonic

for untapered case are a bit better than those of the tapered

case.

To make our paper complete, we conclude with present-

ing in Fig. 5 of the evolution along the undulator of the

FWHM spot size and FWHM angular divergence of the ra-

diation in the far zone. Cone of the fundamental harmonic

radiation in the far zone is visibly wider for the tapered case.

Also, phase front of the radiation is quite different for ta-

pered and untapered case. This is a hint for careful design

of the optical transport system capable effectively handle

both, untapered and tapered options.
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Figure 5: Evolution along the undulator of the FWHM spot

size (top plot) and FWHM angular divergence of the radia-

tion in the far zone (bottom plot) for untapered (solid curves)

and optimized tapered case (dashed curves). Black and red

colors correspond to the fundamental and the 3rd harmonic,

respectively.

SUMMARY

Application of undulator tapering has evident benefit for

SASE3 FEL operating in the wavelength range around 1.6

nm. It is about factor of 6 in the pulse radiation energy with

respect to the saturation regime, and factor of 3 with respect

to the radiation power at full length. General feature of ta-

pered regime is that both, spatial and temporal coherence

degrade in the nonlinear regime, but a bit slowly than for

untapered case. Peak brilliance is reached in the middle of

tapered section, and exceeds by a factor of 3 the value of the

peak brilliance in the saturation regime. Degree of trans-

verse coherence in the saturation for untapered case is 0.86.

Degree of transverse coherence for maximum brilliance of

tapered case is 0.66. Coherence time falls by 15%. At the

exit of the undulator degree of transverse coherence for ta-

pered case is 0.6, and coherence time falls by 20%. 3rd

harmonic in the nonlinear regime for both, untapered and

tapered cases, exhibit nearly constant brilliance and nearly

constant contribution to the total power. Coherence time of

the 3rd harmonic for the tapered case approximately scales

inversely proportional to harmonic number, as in untapered

case.
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OPTIMIZATION OF A HIGH EFFICIENCY FEL AMPLIFIER
E.A. Schneidmiller, M.V. Yurkov, DESY, Hamburg, Germany

Abstract
The problem of an efficiency increase of an FEL ampli-

fier is now of great practical importance. Technique of un-
dulator tapering in the post-saturation regime is used at the
existing x-ray FELs LCLS and SACLA, and is planned for
use at the European XFEL, Swiss FEL, and PAL XFEL.
There are also discussions on the future of high peak and av-
erage power FELs for scientific and industrial applications.
In this paper we perform detailed analysis of the tapering
strategies for high power seeded FEL amplifiers. Applica-
tion of similarity techniques allows us to derive universal
law of the undulator tapering.

INTRODUCTION
Efficiency of FEL amplifier with untapered undulator is

defined by the value of the FEL parameter ρ. Application
of the undulator tapering [1] allows to increase conversion
efficiency to rather high values. In the framework of the
one-dimensional theory the status of the problem of taper-
ing has been settled, and it is generally accepted that op-
timum law of the undulator tapering is quadratic with the
linear correction for optimization of the particle’s capture
in the decelerating potential [2–7]. Similar physical situa-
tion occurs in the FEL amplifier with waveguide with small
waveguide parameter. In this case radiation is confined with
the waveguide. Physical parameters of FEL amplifiers op-
erating in infrared, visible, and x-ray wavelength range are
such that these devices are described in the framework of
three dimensional theory with an “open” electron beam, i.e.
physical case of pure diffraction in a free space. In this case
diffraction of the radiation is essential physical effect influ-
encing optimization of the tapering process. Discussions
and studies on optimum law of the undulator tapering in
3D case are in the progress for more than 20 years. Our
previous studies were mainly driven by occasional calcula-
tions of perspective FEL systems for high power scientific
(for instance, FEL based γγ - collider ) and industrial ap-
plications (for instance, for isotope separation, and lithogra-
phy [8–10]). New wave of interest to the undulator tapering
came with x-ray free electron lasers. It is used now not only
as demonstration tool [11], but as a routine tool at operating
x-ray FEL facilities LCLS and SACLA.

During an intermediate physical discussion on the sub-
ject of tapering we pointed out that asymptotical law of
the undulator tapering for FEL amplifier with “open” beam
should be linear in terms of the detuning parameter [7].
The origin for this statement is that radiation power of the
bunched electron beam grows linearly with the undulator
length for very long undulator. However, the problem of
optimum matching of the electron beam into the regime of
coherent deceleration is still open. Practical calculations of
specific systems yielded in several empirical laws using dif-

ferent polynomial dependencies, application of tricks with
detuning jumps, etc (see [12, 13] and references therein).

In this paper we perform global analysis of the parame-
ter space of seeded FEL amplifier and derive universal law
of the undulator tapering defined by the only diffraction pa-
rameter.

BASIC RELATIONS
We consider axisymmetric model of the electron beam. It

is assumed that transverse distribution function of the elec-
tron beam is Gaussian, so rms transverse size of matched
beam is σ =

√
ϵ β ,where ϵ = ϵn/γ is rms beam emittance,

γ is relativistic factor, and β is focusing beta-function. In
the following we consider rectified case of the “cold” elec-
tron beam and neglect space charge effects. Under this as-
sumptions the FEL amplifier is described by the diffraction
parameter B [7], and detuning parameter Ĉ:

B = 2Γσ2ω/c , Ĉ = C/Γ , (1)

where Γ =
[
Iω2θ2s A2

JJ/(IAc2γ2
zγ)

]1/2
is the gain parameter,

C = 2π/λw −ω/(2cγ2
z ) is the detuning of the electron with

the nominal energy E0. In the following electron energy is
normalized as P̂ = (E − E0)/(ρE0), where ρ = cγ2

zΓ/ω is
the efficiency parameter1. The following notations are used
here: I is the beam current, ω = 2πc/λ is the frequency
of the electromagnetic wave, θs = Krms/γ, Krms is the rms
undulator parameter, γ−2

z = γ
−2 + θ2s , kw = 2π/λw is the

undulator wavenumber, IA = 17 kA is the Alfven current,
AJJ = 1 for helical undulator and AJJ = J0(K2

rms/2(1 +
K2

rms)) − J1(K2
rms/2(1 + K2

rms)) for planar undulator. Here
J0 and J1 are the Bessel functions of the first kind.

Equations, describing motion of the particles in the pon-
deromotive potential well of electromagnetic wave and un-
dulator get simple form when written down in normalized
form (see, e.g. [7]):

dΨ
dẑ
= Ĉ + P̂,

dP̂
dẑ
= U cos(ϕU + Ψ) , (2)

where ẑ = Γz, and U and ϕU are amplitude and phase of ef-
fective potential. Energy change of electrons is small in the
exponential stage of amplification, P̂ ≪ 1, and process of
electron bunching in phase Ψ lasts for long distance, ẑ ≫ 1.
Situation changes drastically when electron energy change
P̂ approaches to the unity. The change of phase on the scale
of ∆ẑ ≃ 1 becomes to be fast, particles start to slip in phase
Ψwhich leads to the debunching of the electron beam modu-
lation, and growth of the radiation power is saturated. opera-
tion. Undulator tapering [1], i.e. adjustment of the detuning

1 Note that it differs from 1-D definition by the factor B1/3 [7].
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according to the energy loss of electrons, Ĉ( ẑ) = −P̂( ẑ), al-
lows to keep synchronism of electrons with electromagnetic
wave and increase output power.

Radiation of Modulated Electron Beam
FEL radiation is coherent radiation of the electron beam

which is modulated at the resonance wavelength during am-
plification process. It is reasonable here to remember prop-
erties of the radiation of the modulated electron beam. Radi-
ation power of modulated beam in helical undulator is given
by [14]:

P =
πθ2sωI2

0 a2
inz

4πc2

[
arctan

(
1

2N

)
+ N ln

(
4N2

4N2 + 1

)]
, (3)

where ain is amplitude of modulation of the electron beam
current (I (z, t) = I0[1 + ain cosω(z/vz − t)]), and N =
kσ2/z is Fresnel number. We note here that expression (3)
is a crucial element for understanding the optimum law of
the undulator tapering. Indeed, in the deep tapering regime
some fraction of the particles is trapped in the regime of co-
herent deceleration. Thus, beam modulation is fixed, and
asymptotically radiation power should be described by (3).
One can easily find that both asymptotes of undulator ta-
pering discussed in the introductory section: 1D model of
(wide electron beam), and thin beam asymptote are well
described by this expression. Asymptote of wide electron
beam corresponds to large values of Fresnel number N , and
it follows from (3) that radiation power scales as P ∝ z2.
Asymptote of thin electron beam corresponds to small val-
ues of the Fresnel Number N , and radiation power becomes
linearly proportional to the undulator length, P ∝ z. Un-
dulator tapering should adjust detuning according to the
energy loss by electrons, and we find that tapering law
should be quadratic for the case of wide electron beam,
C ∝ −P ∝ z2, and linear - for the case of thin electron
beam, C ∝ −P ∝ z.
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Figure 1: Universal characteristics of FEL amplifier. Color
codes are: black - trapping efficiency Ktrap for globally
optimized undulator; red - fitting coefficient of global opti-
mization α−1

tap ; blue - FEL field gain ReΛ/Γ; green - FEL
efficiency in the saturation, ηsat = Psat/(ρPb ).

GLOBAL OPTIMIZATION
We start with global optimization of the parameter space.

Simulations have been performed with three-dimensional,
time-dependent FEL simulation code [15]. In the frame-
work of the accepted model (cold electron beam) both,
field gain ReΛ/Γ and efficiency in the saturation, ηsat =
Psat/(ρPb ) of the FEL amplifier tuned to exact resonance
are defined by the only diffraction parameter B (see Fig.1).
Operation of the FEL amplifier before saturation is also de-
fined by the diffraction parameter B. One can clearly ob-
serve this from Fig. 2. Here longitudinal coordinate is nor-
malized to the gain length Lg = 1/(ReΛ/Γ), and radiation
power is normalized to the saturation power. When amplifi-
cation process enters nonlinear stage, output power is func-
tion of two parameters, diffraction parameter and reduced
undulator length.

Now we come to the problem of efficiency increase with
undulator tapering. First, we solve this problem using ap-
proach of straightforward global optimization. The func-
tion of optimization is to find maximum of the output power
at the undulator length exceeding ten field gain lengths. We
divide undulator into many pieces and change detuning of
all pieces independently. We apply adiabatic (smooth) ta-
pering, i.e. we prevent jumps of the detuning on the bound-
ary of the sections. Number of sections is controlled to
be large enough to provide the result which is independent
on the number of sections. Then we choose tapering law
C(B, z) corresponding to the maximum power at the exit
of the whole undulator. This global optimization procedure
has been performed in the practically important range of
diffraction parameters from B = 1 to B = 40. Results of this
global optimization are summarized in Fig. 3. Ratio of the
normalized power to the normalized detuning gives us the
value of trapping efficiency of electrons into the regime of
coherent deceleration, Ktrap = P̂/Ĉ. This universal func-
tion of diffraction parameter B is plotted on Fig: 1. We find
that optimum trapping factor approaches values of 80% for
B = 1, and falls down to 45% for B = 40. It is interesting
to notice that for B & 5 it scales roughly as B−1/3, similar
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Figure 2: Evolution of the radiation power along the undula-
tor (untapered case). Color codes: black, red, green curves
correspond to the value of diffraction parameter B = 1, 10,
and 40.
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to other FEL characteristics like FEL gain and saturation
efficiency.

It comes from global optimization that in the whole pa-
rameter range undulator tapering starts from the value of
∆z ≃ 2Lg before saturation. This is not surprising if we
look on Fig. 2. Optimum undulator tapering should com-
pensate loss of the electron energy which is in fact follows
identical parametric dependence on the gain Lg for all val-
ues of diffraction parameter. Next observations come from
the analysis of the beam modulation. The first observation
is that the beam modulation at the initial stage of the non-
linear regime follows similar behavior for all diffraction pa-
rameters (see Fig. 4). This gives a hint that initial capture
of the particles is performed in a similar way in the whole
parameter range. The second observation is that the beam
modulation after trapping of the electrons to the coherent
deceleration process remains constant along the undulator,
and it is universal function of the diffraction parameter B
(see Fig. 4). This is gives us the main hint which we dis-
cussed in the previous section. I.e., excluding trapping tran-
sition stage, we deal with radiation of the modulated elec-
tron beam (3). Main essence of our study is to apply para-
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Figure 3: Evolution along the undulator of the output power
(solid curves) and detuning (dashed curves) for FEL am-
plifier with global optimization of the undulator tapering.
Color codes: black, red, green curves correspond to the
value of diffraction parameter B = 1, 10, and 40.
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Figure 4: Evolution along the undulator of the squared
value of the beam bunching for FEL amplifier with global
undulator tapering. Color codes: black, red, green curves
correspond to the value of diffraction parameter B = 1, 10,
and 40.
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Figure 5: Evolution along the undulator of the output power
(solid curves) and detuning (dashed curves) Color codes:
black - FEL with global optimization of undulator tapering,
red - fit with formula (4). Here the value of diffraction pa-
rameter is B = 10.

metrical dependence like (3) to fit optimum detuning pat-
tern in Fig. 3 such that condition of optimum tapering is
preserved:

Ĉ = αtap ( ẑ− ẑ0)
[
arctan

(
1

2N

)
+ N ln

(
4N2

4N2 + 1

)]
, (4)

with Fresnel number N fitted by N = βtap/( ẑ − ẑ0). Thus,
we try to fit optimum detuning with three parameters: z0,
αtap and βtap . Here undulator length is normalized to the
gain parameter, ẑ = Γz. One parameter of this fit, start of
the undulator tapering z0 is firmly fixed by the global opti-
mization procedure, z0 = zsat − 2Lg . Another parameter
of the problem, βtap , is rather well approximated with the
linear dependency on diffraction parameter, βtap = 10× B.
Remaining parameter, αtap is plotted in Fig. 1. It is slow
function of the diffraction parameter B, and scales approx-
imately to B1/3 as all other important FEL parameters pre-
sented in Fig. 1. Thus, application of similarity techniques
gives us an elegant way for general parametrical fit of such
complicated phenomena as optimum undulator tapering.
Actually, accuracy of this fit is pretty good giving the re-
sults for optimum detuning which are close to the global
optimum. We illustrate with Fig. 5 tapering law (4) for spe-
cific value of the diffraction parameter B = 10. Curves
in black color are normalized power and detuning derived
from global optimization. Red dashed curve is detuning Ĉ
given by (4) with αtap = 2.2 (see Fig. 1, and βtap = 100
(according to relation βtap = 10 × B). The solid curve in
red color is normalized FEL efficiency simulated using de-
tuning (4). We see good agreement of the fit with global
optimization. The same situation occurs in the whole range
of traced values of diffraction parameter B. Such a good
agreement is not surprising since fitting is based on very
clean parametric dependencies, and numerical simulations
just provided relevant numerical factors.

We finish our paper with illustration of the trapping pro-
cess. Trapping efficiency Ktrap = P̂/Ĉ is plotted in Fig. 1.
Trapping efficiency falls down with diffraction parameter B.
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Figure 6: Phase space distribution of electrons at different
stages of trapping process. Color codes correspond to dif-
ferent location of the particles in the beam (black - core of
the beam, blue - edge of the beam). Here diffraction param-
eter is B = 10. Top, middle, and bottom plots correspond
to (z− zsat )/Lg = 2.5, 3.9 and 5.3, respectively (sse Fig: 5).

This is natural consequence of diffraction effects discussed
earlier (see, e.g. [7], Chap. 4). For small value of the diffrac-
tion parameter B gradient of the field of the beam radiation
mode across the electron bunch is smaller than for large val-
ues of diffraction parameter. In the latter case we obtain
situation when electrons located in the core of the electron
beam are already fully bunched while electrons on the edge
of the beam are not bunched yet. As a result, number of
electrons with similar positions on the energy-phase plane
falls down with the growth of the diffraction parameter, as
well as trapping efficiency into the regime of coherent decel-
eration. The trapping process is illustrated with phase space
plots presented on Fig. 6 for the value of diffraction param-
eter B = 10. Top, middle, and bottom plots correspond
to the points of (z − zsat )/Lg = 2.5, 3.9 and 5.3 on Fig. 3.
Different color codes (black to blue) correspond to differ-
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Figure 7: Population of electrons in energy at different
stages of trapping process. Color codes correspond to dif-
ferent location of the particles in the beam (black - core of
the beam, blue - edge of the beam). Here diffraction param-
eter is B = 10. Top, middle, and bottom plots correspond
to (z− zsat )/Lg = 2.5, 3.9 and 5.3, respectively (sse Fig: 5).

ent locations of the particles across the beam (core to edge.
We see that particles in the core of bunch (black points) are
trapped most effectively. Nearly all particles located in the
edge of the electron beam (blue points) leave stability re-
gion very soon. Trapping process lasts for several field gain
length when trapped particles become to be isolated in the
trapped energy band for which undulator tapering is opti-
mized further. For specific value of the diffraction parame-
ter B = 10 it is not finished even at three field gain lengths
after saturation, and non-trapped particles continue to pop-
ulate low energy tail of the energy distribution (see Fig. 7).
Recently we have been invited to the discussion on the de-
tails of trapped particles distribution in the phase space ob-
served experimentally at LCLS [16]. Graphs presented in
Figs. 6 and 7 give a hint on the origin of energy bands which
are formed by non-trapped particles. This is consequence
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of nonlinear dynamics of electrons leaving the region of sta-
bility. Actually, similar effect can be seen in the early 1D
studies [5, 6].

DISCUSSION
In this paper we derived general law for optimum undu-

lator tapering in the presence of diffraction effects. Purified
case of “cold” electron has been considered. This allowed
us to isolate diffraction effects in the most clear form. It
has been found that universal function of the undulator ta-
pering depends on the only diffraction parameter. Tapering
law is described with simple analytical expression with two
fitting coefficients. Extension of this approach to practical
life (including energy spread and emittance) is pretty much
straightforward and will result in corrections to the fitting
coefficients without changing general law given by (4). The
same law is evidently applicable to SASE FEL as well with
relevant correction of fitting coefficients.
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AN OVERVIEW OF THE RADIATION PROPERTIES OF THE EUROPEAN

XFEL

E.A. Schneidmiller, M.V. Yurkov, DESY, Hamburg, Germany

Abstract

We present an overview of the radiation properties of the

European XFEL based on recently accepted strategy of op-

eration at the fixed set of electron energies (8.5 GeV, 12 GeV,

14 GeV, and 17.5 GeV), baseline parameters if the electron

beam, and new set undulator parameters. We also discuss

potential extension of the parameter space which does not

require new hardware and can be realized at a very early

stage of the European XFEL operation.

INTRODUCTION

Construction of the European XFEL [1] entered final

stage: underground tunnels and infrastructure are ready,

and first pieces of the equipment has been already installed

[2]. Superconducting accelerator will provide energy of

electrons up to 17.5 GeV. It operates in the burst mode with

10 Hz repetition rate of 0.6 ms pulse duration. Each pulse

brings train of up to 2700 electron bunches (4.5 MHz rep-

etition rate). Three undulators will be installed at the first

stage: SASE1, SASE2, and SASE3. SASE3 undulator is

placed sequentially after SASE1 undulator in the same elec-

tron beamline. All undulators have similar mechanical de-

sign. Length of the undulator module is equal to 5 meters.

Length of undulator intersection is equal to 1.1 m. undula-

tors SASE1 and SASE2 are identical: period length is 40

mm, number of modules is 35, range of gap variation is 10

to 20 mm. Undulator SASE3 has period of 68 mm, 10 to 25

mm gap tunability range, and consists of 21 module. Most

portion of the undulator modules has been manufactured,

and magnetic measurements and tuning are going on [3].

Design and construction of user’s end station (instruments)

is on track as well. Requirements by users are summarized

and analyzed in a proper way to provide maximum oppor-

tunities for every instrument and experiment [4].

BASELINE PARAMETERS

Baseline parameters of the European XFEL passed two

major corrections: in 2006 [1] and 2010 [4–6]. Operat-

ing range for bunch charge is from 20 pC to 1 nC, peak

current is 5 kA, and normalized rms emittance is between

0.3 mm-mrad and 1 mm-mrad depending on bunch charge

[5]. There are two changes in the baseline option since

last update in 2010. Tunability range of undulators has

been corrected on the base of magnetic measurements [3],

and in terms of undulator parameter is 1.65 - 4 and 4 - 9

for SASE1/2 and SASE3, respectively. Tunability range in

terms of λmax/λmin is 3.5 for SASE1/2 and 4.6 for SASE3.

Reduction of tunability range caused the change of operat-

ing energies providing required flexibility for simultaneous

operation of different beamlines and instruments. Now four

operating points in the electron energy are fixed: 17.5 GeV,

14 GeV, 12 GeV, and 8.5 GeV [7]. Figures 1 and 2 show an

overview of the main photon beam properties of the Euro-

pean XFEL for two values of the baseline parameters for

the bunch charge of 0.1 nC and 1 nC. Calculations have

been performed with FEL simulation code FAST [8]. Left

and right columns in these plots correspond SASE1/2 and

SASE3 undulator, and allow visual tracing of the operating

wavelength bands, pulse energy, and brilliance as function

of the electron energy. General tendencies are that opera-

tion with higher charges provides higher pulse energy and

higher average brilliance. Qualitative difference in the be-

havior of the brilliance at 0.1 nC and 1 nC for SASE1/2

requires some clarification. It originates from two reasons.

The first reason relates to optimization procedure which cor-

responds to the choice of optimum focusing beta function

providing maximum power gain [9, 10]. Optimization pro-

cedure suggests smaller values of focusing beta function for

smaller emittances. However, there is always technical lim-

itation on the minimum focusing beta function (15 m in our

case). As a result, SASE3 and 0.1 nC option of SASE1 op-

erate with beta function defined by technical limit of 15 m,

while optimum beta function for high charge (1 nC) option

of SASE1 is above 15 m, and its values depend on operating

point in the radiation wavelength and in the electron energy.

Another factor defining peculiar behavior of brilliance at

high charge and small wavelength relates to degradation of

coherence properties of the radiation due to large value of

the emittance [10]. This effect is responsible for the reduc-

tion of the brilliance for 1 nC case at short wavelengths.

Detailed parameters of the radiation together with 3D

field maps are being compiled in the photon data base of

the European XFEL [11, 12]. Currently this data base is

used in the test mode for optimization of the photon beam

transport and imaging experiment [13,14]. When user inter-

face will be finally settled, photon data base will be open for

free external access, and can be used by users for planning

experiments.

Operation of SASE3

Properties of the radiation from SASE3 presented in Figs.

1 and 2 assume that electron beam is not disturbed by FEL

interaction in the SASE1 undulator. Decoupling of SASE3

and SASE1 operation can be performed with an application

of betatron switcher [6, 15] (see Fig. 3). Feedback kickers

can be used to test and operate this option at the initial stage.

In case of positive results dedicated kickers need to be in-

stalled [5].

Operation of SASE3 as an afterburner of SASE1 is also

possible, but with reduced range of accessible wavelengths,

and reduced power (see Fig. 4). General problem is that
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Figure 1: An overview of main photon beam properties of the European XFEL for SASE1/2 (left column) and SASE3

(right column). Contour plots present pulse energy (top row), peak brilliance (middle row), and average brilliance (lower

row). Units for the pulse energy and brilliance are mJ and photons/sec/mm2/rad2/0.1% bandwidth, respectively. Bunch

charge is equal to 0.1 nC. Calculations have been performed with FEL simulation code FAST [8].

tuning of SASE1 to higher pulse energies leads to higher

induced energy spread in the electron beam, and to degra-

dation of the SASE3 performance. For instance, operation

of SASE3 at the energy of 17.5 GeV is impossible at any

wavelength if wavelength of SASE1 is longer than 0.1 nm,

and radiation power of SASE1 is tuned by a factor of 1.5

above saturation power.

POTENTIAL EXTENSIONS BEYOND

BASELINE OPTION

There are several potential extensions beyond baseline

option which can be realized at a very early stage of the

European XFEL operation without additional hardware, or

by means of extensions of the functions of the present hard-

ware. Some ideas are pretty old, and some other appeared

just recently. Some proposal rely on parameters of the

electron beam beyond baseline option. Several groups per-

form theoretical and simulation studies of different options.

There is also experimental activity at FLASH and LCLS

on verification of advanced concepts. Here we briefly high-

light several extensions related to the European XFEL with

references to the most fresh publications.

Efficiency Increase by Undulator Tapering

Undulator tapering will allow to increase significantly

FEL power. Many studies on this subject have been per-

formed for the parameters of the European XFEL (see

[1, 6, 16, 17] and references therein). Benefit in the pho-

ton flux can be pretty high. For instance, it can be up to

one order of magnitude for SASE3 operating in the wave-

length range above 1 nm. However, coherence properties

of the radiation degrade with respect to SASE FEL oper-

ating in the saturation with untapered undulator. Increase

of the brilliance is visibly less than increase of the radia-

tion power [17]. Users relying just on photon flux will have
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Figure 2: An overview of photon beam properties of the European XFEL for SASE1/2 (left column) and SASE3 (right

column). Contour plots present pulse energy (top row), peak brilliance (middle row), and average brilliance (lower row).

Units for the pulse energy and brilliance are mJ and photons/sec/mm2/rad2/0.1% bandwidth, respectively. Bunch charge

is equal to 1 nC. Calculations have been performed with FEL simulation code FAST [8].

profit from the undulator tapering. Note that undulator ta-

pering is routine procedure at LCLS [18].

Extended Range of Electron Beam Parameters

Several options are under consideration exploiting higher

peak currents, and higher bunch charges to increase pulse

energy and peak power (see [6, 19] and references therein).

Dedicated activity on simulation, production and character-

ization of high charge bunches in XFEL-type electron gun

is ongoing at PITZ [20,21]. Another direction of studies is

production of ultrashort pulses. This activity also involves

both, simulation studies for XFEL and experimental stud-

ies at FLASH (see [22–24] and references therein). For in-

stance, use of higher charges in combination with tapering

will allow to generate sub-Joule energies in the radiation

pulse [6]. Note that there can be some technical complica-

tions for operation with charges which are not in the gate

of baseline parameters [5]. It is our experience of FLASH

operation with small charges that limitations of the electron

beam diagnostic are not a stopovers, but they significantly

complicate tuning, since some feedback system stop to work

because of noisy measurements.

Multicolor Mode of Operation

Betatron switcher [15] mentioned in the previous section

can be used in long undulators for providing multi-color op-

eration. Different parts of the undulator are tuned to dif-

ferent resonance wavelength. Fast kicker and steerer force

lasing of selected bunch in specific part of the undulator

similar to that described in the caption to Fig. 3.

Harmonic Generation

Contrary to nonlinear harmonic generation, harmonic las-

ing in a high-gain FEL can provide much more intense, sta-

ble,and narrow-band FEL beam which is easier to handle if

the fundamental is suppressed [25]. At the European XFEL
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QFK
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-

0 

Figure 3: A schematic illustration of the betatron switcher

for decoupling of operation of SASE1 and SASE3 [6, 15].

Here "FK" stands for a fast kicker (giving different kicks

to selected bunches) and "Q" for a quadrupole or a static

steer (giving the same static kick to all bunches). Lasing

to saturation takes place only on straight sections of beam

orbit. Bunches not disturbed by fast kicker lase only in

SASE1 (top curve), while those deflected by fast kicker lase

in SASE3 only (bottom curve).
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Figure 4: Minimum wavelength of SASE3 versus operating

wavelength of SASE1. Electron energy is 17.5 GeV, bunch

charge is 1 nC. Minimum wavelength is defined by the con-

dition of saturation at the length of SASE3 undulator of 100

meters. Psat, 1.5× Psat, and 2× Psat denote power of SASE1

in terms of saturation power. Operation of SASE3 in satu-

ration is possible for the wavelengths above the curves. Cal-

culations have been performed with FEL simulation code

FAST [8].

the harmonic lasing would allow to extend operating range

ultimately up to 100 keV. Currently this option is studied

for implementation in the MID instrument [26]. Dedicated

experimental program on harmonic generation is ongoing

at LCLS [27].

“Pink” Photon Beam

Some user application require “pink” photon beam with

spectrum width of several per cent. Two options of spec-

trum increase has been considered so far: formation of the

energy chirp in the bunch train [5], and formation of the

energy chirp within electron bunch [28].

Harmonic Lasing Self-Seeded FEL

A concept of a harmonic lasing self-seeded FEL (HLSS)

has been proposed recently [25]. A gap-tunable undulator

is divided into two parts by setting two different undulator

parameters such that the first part is tuned to a sub-harmonic

of the second part. Harmonic lasing occurs in the exponen-

tial gain regime in the first part of the undulator, also the

fundamental stays well below saturation. In the second part

of the undulator the fundamental mode is resonant to the

wavelength, previously amplified as the harmonic. The am-

plification process proceeds in the fundamental mode up to

saturation. In this case the bandwidth is defined by the har-

monic lasing (i.e. it is reduced by a significant factor de-

pending on harmonic number) but the saturation power is

still as high as in the reference case of lasing at the funda-

mental in the whole undulator, i.e. the spectral brightness

increases. Application of the undulator tapering in the deep

nonlinear regime would allow to generate higher peak pow-

ers approaching TW level [29]. Modification of the HLSS

scheme, named purified SASE - pSASE [30], is under con-

sideration as well [31].

Afterburners and Polarization Control

Baseline design of a typical X-ray FEL undulator as-

sumes a planar configuration which results in a linear polar-

ization of the FEL radiation. However, many experiments

at X-ray FEL user facilities would profit from using a cir-

cularly polarized radiation. As a cheap upgrade one can

consider an installation of a short helical (or cross-planar)

afterburner, but then one should have an efficient method to

suppress linearly polarized background from the main un-

dulator. An elegant technique for such a suppression has

been proposed recently: an application of the reverse taper

in the main undulator [32]. In this case the density modula-

tion (bunching) is practically the same as in the case of non-

tapered undulator while the power of linearly polarized radi-

ation is suppressed by orders of magnitude. Then strongly

modulated electron beam radiates at full power in the after-

burner. Technique for the suppression of the output power

with negative tapering has been successfully demonstrated

recently at LCLS [33].

The proposed method is rather universal, i.e. it can be

used at SASE FELs and seeded (self-seeded) FELs, with

any wavelength of interest, in a wide range of electron

beam parameters, and with any repetition rate. Consider-

ing SASE3 undulator of the European XFEL as a practi-

cal example, it has been demonstrated that soft X-ray radi-

ation pulses with peak power in excess of 100 GW and an

ultimately high degree of circular polarization can be pro-

duced [32]. This option has been granted high priority as

the first upgrade of the European XFEL [5].

Self-Seeding Option

Self-seeding option [34] has also high priority as the first

upgrade of the European XFEL (see [5, 35–37] and refer-

ences therein). Both, hard and soft x-ray options are un-
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der consideration with optimization on dedicated beamline

for bio-imaging [38]. As soon as fine measurements of the

electron beam and FEL parameters will be performed, an

upgrade for self-seeding option will be launched [5].

Longitudinal Space Charge Amplifier

Longitudinal space charge instability can be used in the

schemes for generation of vacuum ultraviolet (VUV) and X-

ray radiation [39]. A typical longitudinal space charge am-

plifier (LSCA) consists of few amplification cascades (drift

space plus chicane) with a short undulator behind the last

cascade. If the amplifier starts up from the shot noise, the

amplified density modulation has a wide band, on the order

of unity. The bandwidth of the radiation within the central

cone is given by inverse number of undulator periods. A

wavelength compression could be an attractive option for

LSCA since the process is broadband, and a high compres-

sion stability is not required. LSCA can be used as a cheap

addition to the existing or planned short-wavelength FELs.

In particular, it can produce the second color for a pump-

probe experiment. It is also possible to generate attosecond

pulses in the VUV and X-ray regimes [40]. Some user ex-

periments can profit from a relatively large bandwidth of the

radiation, and this is easy to obtain in LSCA scheme. Re-

cently LSCA scheme has been successfully demonstrated at

SLAC [41].
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PROSPECTS FOR CW OPERATION OF THE EUROPEAN XFEL IN
HARD X-RAY REGIME

R. Brinkmann, E.A. Schneidmiller, J. Sekutowicz, M.V. Yurkov, DESY, Hamburg, Germany

Abstract
The European XFEL will operate nominally at 17.5 GeV

in SP (short pulse) mode with 0.65 ms long bunch train and
10 Hz repetition rate. A possible upgrade of the linac to
CW (continuous wave) or LP (long pulse) modes with a
corresponding reduction of electron beam energy is under
discussion since many years. Recent successes in the dedi-
cated R&D program allow to forecast a technical feasibility
of such an upgrade in the foreseeable future. One of the
challenges is to provide sub-Ångstrom FEL operation in CW
and LP modes. In this paper we perform a preliminary anal-
ysis of a possible operation of the European XFEL in the
hard X-ray regime in CW and LP modes with the energies
of 7 GeV and 10 GeV, respectively. We show that, with
reasonable requirements on electron beam quality, lasing on
the fundamental will be possible in sub-Ångstrom regime.
As an option for generation of brilliant photon beams at
short wavelengths we also consider harmonic lasing that has
recently attracted a significant attention.

INTRODUCTION
The European XFEL [1] will be the first hard X-ray FEL

user facility based on superconducting accelerator technol-
ogy, and will provide unprecedented average brilliance of
photon beams. The XFEL linac will operate nominally at
17.5 GeV in a burst mode with up to 2700 bunches within
a 0.65 ms long bunch train and 10 Hz repetition rate. Even
though the RF pulses are much longer than those available
at X-ray FEL facilities, based on normal conducting acceler-
ators, in the context of this paper we will call this SP (short
pulse) mode of operation.
In order to cope with high repetition rate within a pulse

train, special efforts are being made to develop fast X-ray
instrumentation [2]. Still, many user experiments would
strongly profit from increasing distance between X-ray
pulses while lengthening pulse trains and keeping total num-
ber of X-ray pulses unchanged (or increased). Such a regime
would require an operation of the accelerator with much
longer RF pulses (LP, or long pulse mode), or even in CW
(continuous wave) mode as a limit. A possible upgrade of
the XFEL linac to CW or LP modes with a corresponding
reduction of electron beam energy is under discussion since
many years [3]. Recent successes in the dedicated R&D
program [4] allow to forecast a technical feasibility of such
an upgrade in the foreseeable future.
One of the main challenges of CW upgrade is to pro-

vide sub-Ångstrom FEL operation which is, obviously, more
difficult with lower electron energies. One can consider im-
proving the electron beam quality as well as reducing the
undulator period as possible measures. An additional possi-

bility is a harmonic lasing [5–8] that has recently attracted
a significant attention [8]. Harmonic lasing can extend op-
erating range of an X-ray FEL facility and provide brilliant
photon beams of high energies for user experiments.

CW UPGRADE OF THE LINAC
A possible upgrade of the XFEL linac to CW or LP modes

holds a great potential for a further improvement of X-ray
FEL user operation, including a more comfortable (for exper-
iments) time structure, higher average brilliance, improved
stability etc. The drawbacks are a somewhat smaller peak
brilliance and a reduced photon energy range, both due to a
lower electron beam energy. Both disadvantages can, how-
ever, be minimized by an improvement of the electron beam
quality and application of advanced FEL techniques. More-
over, one can keep a possibility to relatively quickly switch
between SP and CW modes thus greatly improving the flexi-
bility of the user facility.
For a CW upgrade of the linac, the following main mea-

sures will be needed [4]:
i) Upgrade of the cryogenic plant with the aim to approxi-

mately double its capacity;
ii) Installation of new RF power sources: compact Induc-

tive Output Tubes (IOTs);
iii) Exchange of the first 17 accelerator modules by the

new ones (including a larger diameter 2-phase helium tube,
new HOM couplers etc.) designed for operation in CW
mode with a relatively high gradient (up to 16 MV/m). This
ensures that the beam formation system (up to the last bunch
compressor) operates with a similar energy profile as it does
in SP mode. Then 12 old accelerating modules are relocated
to the end of the linac;
iiii) Installation of a new injector generating a high-

brightness electron beam in CW mode.
The first two items can be realized in a straightforward

way; the third one is based on the steady progress of the
TESLA technology [9] and is not particularly challenging.
Until recently the main uncertainty was connected with the
absence of CW injectors providing a sufficient quality of
electron beams. However, last year there was an experimen-
tal demonstration of small emittances (for charges below 100
pC) at a CW photoinjector using a DC gun followed imme-
diately by acceleration with superconducting cavities [10].
The measured parameters are already sufficient for consider-
ing this kind of injector as a candidate for CW upgrade of
the XFEL linac (although the operation would be limited to
low charge scenarios). As an alternative one can consider a
superconducting RF gun that can potentially produce also
larger charge bunches with low emittances (the progress re-
ports can be found in [11, 12]) or even a normal conducting
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Table 1: Main Assumptions for CW/LP Upgrade of the XFEL Facility

Parameter Unit Value

Beam
Maximum charge per bunch [nC] 0.5
Time between subsequent bunches [µs] 4
Average current [mA] 0.125
Maximum beam energy in CW mode [GeV] 7.8
Main Linac
Number of 8-cavity cryomodules - 96
1.8K cryogenic dynamic load per cryomodule [W] 16
1.8K cryogenic static load per cryomodule [W] 4
Q0 of cavities - 2.8 × 1010
Maximum Eacc for CW mode [MV/m] 7.3
Qload of input coupler - 2 × 107
Mean RF-power per cavity [kW] < 2.5
Assumed microphonics: (peak-peak)/2 [Hz] 32
Injector Section up to 2 GeV
Number of 8-cavity cryomodules in linacs L0 / L1 / L2 - 1/ 4/ 12
Maximum Eacc for CW mode in linacs L0 / L1 / L2 [MV/m] 16 /11/ 15
1.8K total cryogenic load per cryomodule in linacs L0 / L1 / L2 [W] 91 / 45 / 80
Q0 of cavities - 2.5 × 1010

RF gun [13]. In the latter case a special regime can, in prin-
ciple, be organized when a continuous sequence of short RF
pulses is used [14] instead of powering the gun in true CW
mode.

In this paper we do not present a comprehensive technical
description of the CW upgrade, it will be published else-
where [15]. Here we only summarize some technical details
in Table 1.

To predict a possible electron energy range in CW and LP
modes, and to test the XFEL cryomodules in these regimes, a
series of measurements is being performed at DESY [4]. The
measurements demonstrate stable behavior of the modules in
these regimes, and allow to conservatively predict that the en-
ergy can reach 7 GeV in CW mode, and 10 GeV in LP mode
with 35% duty factor [4]. Recent measurements of a cry-
omodule equipped with large grain Nb cavities and improved
HOM couplers demonstrated even better performance, and
allow for more optimistic forecasts (as it is reflected in Table
1). Moreover, all these measurements have been done with
pre-series XFEL cryomodules which have not yet reached
an ultimate performance. In other words, one can hope for
higher electron energies after CW upgrade. Nevertheless, in
this paper we conservatively consider electron energy range
between 7 GeV and 10 GeV.

LASING IN THE BASELINE UNDULATOR
Apart from the standard regime of the FEL operation,

namely lasing at the fundamental wavelength to saturation,
in this paper we will also consider harmonic lasing as an
option for reaching short wavelengths. Harmonic lasing in
single-pass high-gain FELs [5–8] is the radiative instabil-

ity at an odd harmonic of the planar undulator developing
independently from lasing at the fundamental. Contrary to
nonlinear harmonic generation (which is driven by the fun-
damental in the vicinity of saturation), harmonic lasing can
provide much more intense, stable, and narrow-band FEL
beam if the fundamental is suppressed. The most attractive
feature of saturated harmonic lasing is that the brilliance of a
harmonic is comparable to that of the fundamental. Indeed,
a good estimate for the saturation efficiency is λw/(hLsat),
where λw is the undulator period, Lsat is the saturation length,
and h is harmonic number. At the same time, the relative
rms bandwidth has the same scaling. If we consider lasing at
the same wavelength on the fundamental and on a harmonic
(with the retuned undulator parameter K), transverse coher-
ence properties are about the same since they are mainly
defined by emittance-to-wavelength ratio. Thus, also the
brilliance is about the same in both cases. In many cases,
however, the saturation length for harmonics can be shorter
than that of the fundamental at the same wavelength. As
a consequence, for a given undulator length one can reach
saturation on harmonics at a shorter wavelength. It was
shown in a recent study [8] that the 3rd and even the 5th
harmonic lasing in X-ray FELs is much more robust than
usually thought, and can be widely used at the present level
of accelerator and FEL technology.

In the following we will consider the range of beam en-
ergies from 7 to 10 GeV, assuming that the former can be
achieved in CWmode, and the latter - in LP mode with about
35% duty factor [4]. The hard X-ray undulators SASE1 and
SASE2 of the European XFEL have 4 cm period, and the
largest K-value of 3.9 is achieved at the gap of 10 mm. The
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Figure 1: Energy spread versus normalized emittance for which the saturation in SASE1 undulator is possible at 1 Å(upper
graphs), 0.75 Å(middle graphs), and 0.5 Å(lower graphs). The beam energy is 10 GeV (left column) and 7 GeV (right
column), and the peak current is 5 kA. Beta-function is optimized for the highest gain when the optimum is larger than 15
m, otherwise beta-function is 15 m. Solid, dash, and dot curves correspond to the 1st, the 3rd, and the 5th harmonic lasing,
correspondingly.

net magnetic length of the undulator is 175 m. Our task is
to define the range of achievable photon energies depending
on electron beam quality. We consider lasing on the funda-
mental as well as on the 3rd and the 5th harmonics. The
formulas from [8] are used to calculate the saturation length.
We assume that the peak current is 5 kA in all considered
cases (different compression scenarios we leave for future
studies). We optimize beta-function in the undulator for the

shortest gain length. However, when the optimum beta is
smaller than 15 m (which we assume as a technical limit),
we set it to 15 m.

In Fig. 1 we present energy spread versus normalized
emittance for which the saturation is possible at 1 Å, 0.75
Å, and 0.5 Å for the electron energies of 7 and 10 GeV. The
corresponding photon energy range is 12.4–24.8 keV. In the
case of 10 GeV the lasing at 1 Å is not possible on the fifth
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Figure 2: Range of photon energies accessible with the fundamental (between the solid lines), the third harmonic (between
the dash lines), and the fifth harmonic (between the dot lines). Upper left: εn = 0.4 µm, σE = 1 MeV, upper right:
εn = 0.4 µm, σE = 2 MeV, lower left: εn = 0.8 µm, σE = 1 MeV, lower right: εn = 0.8 µm, σE = 2 MeV. The undulator
period is 4 cm, maximum K is 3.9, the peak current is 5 kA. Beta-function is optimized for the highest gain when the
optimum is larger than 15 m, otherwise beta-function is 15 m.

harmonic because K is not sufficiently large. However, las-
ing to saturation on the fundamental and on the 3rd harmonic
is possible practically for any reasonable beam quality. Res-
onance at 0.5 Å cannot be achieved on the fundamental, but
lasing to saturation on the 3rd and on the 5th harmonics is
possible for a sufficiently bright electron beam. In the case of
7 GeV the resonance at 1 Å and at shorter wavelengths is not
possible on the fundamental. However, lasing to saturation
on the 3rd and the 5th harmonics in sub-Ångstrom regime is
possible (although at 0.5 Å it would require extremely bright
electron beams).
We can also calculate photon energy range that can be

achieved in the considered electron energy range depending
on electron beam quality. In Fig. 2 we present the results for
four different combinations of slice emittance and energy
spread ranging from 0.4 µm and 1 MeV (upper left plot)
to 0.8 µm and 2 MeV (lower right plot). One can see that
harmonics have a significant advantage over the fundamental
only if the electron beam is bright enough. One can notice
that, for example, lasing on the 5th harmonic is not possible
for the most pessimistic parameter set.

Finally, let us note that the baseline undulator with a rela-
tively large period and large K value has an advantage of a

big tunability range, as one can see from Fig. 2. Moreover,
one can keep the usual operation range after switching back
to the SP mode. Another advantage is that keeping a rela-
tively large gap (10 mm) is favorable in the context of CW
operation with a high average power of the electron beam.
However, we have also considered a scenario with a shorter
period undulator, the results can be found in [16].
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SUPPRESSION OF THE FUNDAMENTAL FREQUENCY FOR A
SUCCESSFUL HARMONIC LASING IN SASE FELS

E.A. Schneidmiller, M.V. Yurkov, DESY, Hamburg, Germany

Abstract
Harmonic lasing in X-ray FELs has recently attracted a

significant attention and is now seriously considered as a
potential method for generation of brilliant photon beams at
short wavelengths. It is clear, however, that for a successful
harmonic lasing one has to suppress the fundamental. In
this paper we discuss different methods for such a suppres-
sion: phase shifters, intraundulator spectral filtering, and
switching between the 3rd and the 5th harmonics.

INTRODUCTION
Harmonic lasing in single-pass high-gain FELs [1–7] is

the radiative instability at an odd harmonic of the planar
undulator developing independently from lasing at the funda-
mental. Contrary to nonlinear harmonic generation (which
is driven by the fundamental in the vicinity of saturation),
harmonic lasing can provide much more intense, stable, and
narrow-band FEL beam if the fundamental is suppressed.
The most attractive feature of saturated harmonic lasing is
that the brilliance of a harmonic is comparable to that of
the fundamental. Indeed, a good estimate for the saturation
efficiency is λw/(hLsat), where λw is the undulator period,
Lsat is the saturation length, and h is harmonic number. At
the same time, the relative rms bandwidth has the same
scaling. If we consider lasing at the same wavelength on
the fundamental and on a harmonic (with the retuned un-
dulator parameter K), transverse coherence properties are
about the same since they are mainly defined by emittance-
to-wavelength ratio. Thus, also the brilliance is about the
same in both cases. In many cases, however, the saturation
length for harmonics is significantly shorter than that of the
fundamental at the same wavelength. As a consequence, for
a given undulator length one can reach saturation on har-
monics at a shorter wavelength. It was shown in a recent
study [6] that the 3rd and even the 5th harmonic lasing in
X-ray FELs is much more robust than usually thought, and
can be widely used at the present level of accelerator and
FEL technology.
For a successful harmonic lasing the fundamental mode

must be suppressed. Otherwise it saturates earlier and spoils
the longitudinal phase space of the electron beam thus pre-
venting further exponential growth of harmonics. In this
paper we discuss and compare different methods of suppres-
sion.

PHASE SHIFTERS
An elegant method to disrupt the fundamental without

affecting the third harmonic lasing was suggested in [4]: one
can use phase shifters between undulator modules. If phase
shifters are tuned such that the phase delay is 2π/3 (or 4π/3)

Table 1: Parameters of Electron Beam and Undulator

Electron beam Value
Energy 1.25 GeV
Charge 150 pC
Peak current 2.5 kA
Rms normalized slice emittance 0.5 µm
Rms slice energy spread 250 keV
Rms pulse duration 24 fs

Undulator Value
Fundamental wavelength 3.9 nm
Period 2.3 cm
Krms 1
Beta-function 7 m
Net magnetic length 25 m

for the fundamental, then its amplification is disrupted. At
the same time the phase shift is equal to 2π for the third
harmonic, i.e. it continues to get amplified without being
affected by phase shifters. We define phase shift in the
same way as it was done in [4] in order to make our results
compatible with the previous studies. For example, the shift
2π/3 corresponds to the advance of a modulated electron
beam with respect to electromagnetic field by λ/3.

Since there are two possible phase shifts, one can consider
different ways of their distributions along the undulator. Here
we compare four strategies studied in the literature [4–6,8]
by performing simulations with the code FAST [9]. For
the sake of comparison we take a set of parameters from a
proposal for FLASH upgrade for harmonic lasing up to 1
keV [7]. The parameters of the beam and the undulator are
summarized in Table 1. The undulator is supposed to be
made of 3 m long segments with integrated phase shifters
(in addition to phase shifters between the segments) such
that the distance between the phase shifters is 0.5 m.

In the following we present the results of simulations with
four different ways of distribution of phase shifters.

Consecutive Use of the Same Phase Shifts
This variation of the phase shifters method was considered

in [4]. The simulations in [4] were done for the case of
a monochromatic seed, and the results cannot be applied
for a SASE FEL. The reason is that in the latter case the
amplified frequencies are defined self-consistently, i.e. there
is frequency shift (red or blue) depending on positions and
magnitudes of phase kicks. This leads to a significantly
weaker suppression effect. We illustrate this for the SASE
FEL with the parameters from Table 1.

Proceedings of FEL2014, Basel, Switzerland MOP068

SASE FELs

ISBN 978-3-95450-133-5

215 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



0 5 10 15 20 25
10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

Figure 1: Pulse energy versus magnetic length of the undula-
tor for the fundamental (solid) and the 3rd harmonic (dash).
Electron beam and undulator parameters are given in Table
1. Phase shifters are located after every 0.5 m long section
of the undulator. All the phase shifts are set to 2π/3.

In Fig. 1 we present the gain curve for the case of us-
ing only 2π/3 phase shifters (the case of only 4π/3 phase
shifters look similar). One can see that the method is in-
efficient. The saturation of the fundamental is delayed by
about 20%, which is not sufficient for letting the third har-
monic reach saturation. Instead, at the position z ' 13 m in
the undulator the fundamental enters nonlinear regime and
spoils the longitudinal phase space such that the exponential
growth of the third harmonic is stopped. It is interesting to
notice that there is no nonlinear harmonic generation which
is usually expected to result in emission of radiation on the
3rd harmonic at the level of 1% of the fundamental. This
effect is explained in [7].
We can conclude that the version of the phase shifter

method, considered in [4], is inefficient in suppression of the
fundamental in the case of SASE FELs (although ii works
well in the case of a monochromatic seed, see [4]) even if
the number of phase shifters is very large.

Alternation of Phase Shifts 2π/3 and 4π/3
The second version of the phase shifter method was pro-

posed in [5]: one should use an alternation of 2π/3 and
4π/3 phase shifters. In this case two frequency bands are
generated at the fundamental, and the gain is reduced. We
have simulated this configuration with the same parameters
of the beam and the undulator. The results are shown in
Fig. 2. One can see that this modification of the method
works better, i.e. the saturation of the fundamental is de-
layed more significantly. However, this is still not sufficient
to provide the 3rd harmonic lasing up to its saturation in the
considered case.

Piecewise Use of Phase Shifts 2π/3 and 4π/3
In [6] we proposed another modification of phase shifters

method that works better in the case of a SASE FEL. In the
following we assume that a distance between phase shifters
is shorter than the gain length of the fundamental harmonic.
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Figure 2: Pulse energy versus magnetic length of the undula-
tor for the fundamental (solid) and the 3rd harmonic (dash).
Electron beam and undulator parameters are given in Table
1. Phase shifters are located after every 0.5 m long section
of the undulator, the phase shifts are 2π/3 for the even phase
shifters, and 4π/3 for the odd ones.

Our method of disrupting the fundamental mode can be de-
fined as a piecewise use of phase shifters with the strength
2π/3 and 4π/3. For example, in the first part of the undulator
(consisting of several segments with phase shifters between
them) we introduce phase shifts 4π/3. A red-shifted (with
respect to a nominal case without phase shifters) frequency
band is amplified starting up from shot noise. In the follow-
ing second part of the undulator we use 2π/3 phase shifts,
so that the frequency band, amplified in the first part, is
practically excluded from the amplification process. In a re-
alistic 3D case, the radiation is diffracted out of the electron
beam, and the density and energy modulations within this
frequency band are partially suppressed due to emittance
and energy spread while the beam is passing the second part
of the undulator (although the suppression effect is often not
strong). Instead, a blue-shifted frequency band is amplified
in the second part of the undulator, starting up from shot
noise. Then, in the third part we change to no phase shifts
case, then again to 4π/3 in the fourth part, etc. A more
complicated optimization can include using one or two 2π/3
shifts in the first part with 4π/3 phase shifters, and so on.
The efficiency of the method strongly depends on the ratio
of the distance between phase shifters and the gain length of
the undisturbed fundamental mode. The smaller this ratio,
the stronger suppression can be achieved after optimization
of phase shifts distribution.
In Fig. 3 we present the results of simulations with the

parameters from Table 1 and optimized distribution of phase
shifts. One can see that the piecewise method works well in
the considered case, i.e. it allows to suppress the fundamen-
tal such that the third harmonic reaches saturation while the
fundamental is still well below its saturation.

We can simply generalize the method to the 5th harmonic
lasing. One can introduce a piecewise combination of some
of the phase shifts 2π/5, 4π/5, 6π/5, or 8π/5 (for the funda-
mental frequency). In this case also the third harmonic will
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Figure 3: Pulse energy versus magnetic length of the undula-
tor for the fundamental (solid) and the 3rd harmonic (dash).
Electron beam and undulator parameters are given in Table
1. Phase shifters are located after every 0.5 m long section of
the undulator. The phase shift is 4π/3 after sections 1-4, 6-9,
11-13, 18, 23, 39-49, and 2π/3 after sections 5, 10, 14-17,
19-22, 24-27.
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Figure 4: Pulse energy versus magnetic length of the undula-
tor for the fundamental (solid) and the 3rd harmonic (dash).
Electron beam and undulator parameters are given in Table
1. Phase shifters are located after every 0.5 m long section
of the undulator. A choice between phase shifts 2π/3 and
4π/3 is randomly generated.

see the disrupting shifts, while the fifth harmonic will not
be affected. If the number of phase shifters is sufficient, the
fundamental mode and the third harmonic can be strongly
suppressed.

Random Distribution of Shifts 2π/3 and 4π/3

This variation of phase shifters method is proposed in
[8]. We simulated this method using the parameters from
Table 1 again. We tried 5 different random realizations of
phase shifts, the best result is shown in Fig. 4. One can
notice that the approach with random distributions promises
better suppression than the first two approaches using regular
distributions. However, it looks somewhat less effective than
the optimized piecewise distribution.

At the end of our studies of the phase shifters method, we
can conclude that the method works but one needs a lot of
phase shifters and a fancy way of their distribution.

INTRAUNDULATOR SPECTRAL
FILTERING

The method was proposed in [6], its idea is simple: at a
position in the undulator where the fundamental harmonic
is in the high-gain linear regime (well below saturation),
the electron beam trajectory deviates from a straight line,
and a filter is inserted that strongly suppresses the funda-
mental mode but only weakly affects the third harmonic.
As a simple bending system one can use, for example, a
chicane that substitutes one of the undulator segments as
it is done at LCLS [10] for operation of the self-seeding
scheme [11]. A possible alternative is to make a closed
bump with the help of moving quadrupoles of the undulator
focusing system (quadrupoles are usually placed after each
undulator segment, so that in this case two segments are
excluded from lasing). Although the main purpose of the
bending system is to provide an offset for insertion of a filter,
it has to satisfy two other requirements: on the one hand a
delay of the bunch with respect to a radiation pulse must be
smaller than the bunch length; on the other hand, the R56
(equal to the double delay) should be sufficient for smearing
of energy and density modulations at the fundamental wave-
length: 2πσγR56/(γλ1) � 1. Both conditions can be easily
satisfied simultaneously in most cases. The active length
of the first part of the undulator is chosen such that, on the
one hand, the highest possible gain is achieved; on the other
hand, energy modulations, induced by the FEL interaction at
the fundamental wavelength (and converted to uncorrelated
energy spread through the chicane), should be sufficiently
small to avoid a significant increase of gain length of the
third harmonic in the second part of the undulator.

We present here a numerical example for third harmonic
lasing at LCLS at the photon energy of 25 keV with a sig-
nificant power and a relatively narrow intrinsic bandwidth.
LCLS undulator consists of 33 identical 3.4-m-long seg-
ments, undulator period is 3 cm, and the peak undulator
parameter is 3.5 (rms value of K is 2.5). The 16th segment is
replaced with a chicane (hard X-ray self-seeding, or HXRSS
chicane) for operation of the self-seeding scheme [11]. As
a possible realization of the filter we propose here a silicon
crystal that is not supposed to spoil phase front of the third
harmonic radiation while attenuating the fundamental har-
monic by orders of magnitude. A thickness of the crystal
is defined by a required attenuation factor and an expected
photon energy range. As an example we consider here the
thickness of 600 µm and third harmonic lasing at 25 keV.
Attenuation length at 8.3 keV is µ−1 = 73 µm, and at 25
keV it is µ−1 = 1.85 mm [12], so that the corresponding
transmission factors are 2.7 × 10−4 and 0.72. With a given
thickness of the crystal the scheme would work well in the
range 20-30 keV, and for lower photon energies of the third
harmonic a thinner crystal would be needed.
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Figure 5: Averaged peak power for the fundamental har-
monic (solid) and the third harmonic (dash) versus geomet-
rical length of the LCLS undulator (including breaks). The
wavelength of the third harmonic is 0.5 Å (photon energy 25
keV). Beam and undulator parameters are in the text. The
fundamental is disrupted with the help of the spectral filter
(see the text) and of the phase shifters. The phase shifts are
4π/3 after segments 1-5 and 17-22, and 2π/3 after segments
6-10 and 23-28. Simulations were performed with the code
FAST.

In the considered parameter range the spectral filtering
method alone is not sufficient, therefore we suggest to com-
bine it with the phase shifters method. We propose to install
phase shifters with the shift 4π/3 after undulator segments
1-5 and 17-22, and with the shift 2π/3 after segments 6-10
and 23-28. Let us consider a specific parameter set for third
harmonic lasing at 0.5 Å (photon energy 25 keV). The elec-
tron beam parameters are as follows: energy is 13.6 GeV
(the fundamental wavelength is 1.5 Å), peak current is 3 kA,
normalized slice emittance is 0.3 µm, uncorrelated energy
spread is 1.4 MeV. The beta-function in the undulator is 30
m. In our simulations we do not consider a specific bunch
length, so that our result is the peak power of the third har-
monic radiation in the part of the pulse that overlapped with
the electron beam after the chicane. We performed simu-
lations with the code FAST [9], the results are presented
in Fig. 5. The averaged peak power of the third harmonic
radiation is 6 GW, and an intrinsic bandwidth is 3 × 10−4
(FWHM). The power incident on the crystal is in the range
of tens of megawatts, and should not be problematic from
the point of view of peak and average power load.
It was suggested [13] to perform a test experiment at 18

keV with the filter installed in the soft X-ray self-seeding
(SXRSS) chicane and without phase shifters (using only
HXRSS chicane as a phase shifter). If this experiment will
be successful, one can think of installation of an additional
filter in HXRSS chicane and/or phase shifters.

SWITCHING BETWEEN THE 3RD AND
THE 5TH HARMONICS

This method was proposed at DESY [14] and indepen-
dently by SLAC/LBNL group [8]. The method is based on

the observation that in some practical cases the gain lengths
of the 3rd and the 5th harmonics are close to each other [14].
Thus, the following trick is possible. Imagine, we aim at
lasing at 1Å. We tune the first part of the undulator to the
resonance with 5Å, so that we are interested in the 5th har-
monic lasing. The fundamental and the third harmonic are
suppressed by the piecewise combination of (some of the)
phase shifters 2π/5, 4π/5, 6π/5, and 8π/5 such that they
stay well below saturation in the first part of the undulator.
Then, in the second part we reduce parameter K such that the
resonance at 3Å is achieved. Now the fifth harmonic from
the first part continues to get amplified as the third harmonic
(while the first and the third ones are off resonance). The
fundamental in the second part is suppressed with the help
of piecewise distribution of phase shifters 2π/3 and 4π/3.
If necessary, one can later switch back to a resonance with
5Å, and so on. Also, a use of many pieces with 5th and 3rd
harmonic lasing without phase shifters might be possible.
Moreover, the scheme can be generalized to the case of even
higher harmonics.

CONCLUSION
There exist different methods for suppression of the fun-

damental to provide conditions for harmonic lasing. There
is also a hope that more methods will be invented as soon as
the interest to this mode of operation will grow.
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DESIGN STUDY FOR THE PEHG EXPERIMENT AT SDUV-FEL* 
C. Feng, H.X. Deng#, M. Zhang, T. Zhang, X.T. Wang, W. Zhang, B. Liu, D. Wang, Z.T. Zhao 

Shanghai Institute of Applied Physics, CAS, Shanghai 201800, China 

Abstract 
In this paper, design studies for the proof-of-principle 

experiment of the recently proposed phase-merging 
enhanced harmonic generation (PEHG) mechanism are 
presented. A dogleg and a new designed transverse 
gradient undulator should be added in the undulator 
system of SDUV-FEL to perform the phase-merging 
effect. With the help of 3D simulation codes, we show the 
possible performance of PEHG with the realistic 
parameters of SDUV-FEL.  

INTRODUCTION 
High-gain seeded FEL schemes have been developed 

for producing stable and fully temporal coherence laser 
pulse from deep UV down to the x-ray regime. The most 
famous frequency up-conversion scheme is so called the 
high-gain harmonic generation (HGHG) [1], which uses 
an external laser pulse to interact with the electron bunch 
for the generation of coherent micro-bunching. The 
property of HGHG output is a direct map of the seed 
laser’s attributes, which ensures high degree of temporal 
coherence and small pulse energy fluctuations with 
respect to self-amplified spontaneous emission (SASE) 
[2]. However, significant bunching at higher harmonics 
usually needs to strengthen the energy modulation in 
HGHG, which will result in a degradation of the 
amplification process of FEL. Thus the requirement of 
FEL amplification on the beam energy spread prevents 
the possibility of reaching short wavelength in a single 
stage HGHG. 

Recently, a novel seeded FEL scheme termed phase-
merging enhanced harmonic generation (PEHG) [3, 4], 
has been proposed for significantly improving the 
frequency up-conversion efficiency of harmonic 
generation FELs. Generally, a transversely dispersed 
electron beam and a transverse gradient undulator (TGU) 
[5] are needed in PEHG for performing the phase-
merging effect purpose: when the transversely dispersed 
electrons passage through the TGU, around the zero-
crossing of the energy modulation, electrons with the 
same energy will merge into a same longitudinal phase. 

Several ways have been proposed [3, 4, 6] for 
performing the phase-merging effect as shown in Fig. 1, 
where doglegs are added before modulators for 
transversely dispersing the electron bunch. Fig. 1(a) 
shows the initial proposed PEHG scheme, where a short 
TGU is used for the energy modulation and to precisely 
manipulate the electrons in the horizontal dimension. It is 
found later that these two functions of TGU can be 
separately performed by employing a modified design, as 
shown in Fig. 1 (b). In this scheme, a normal modulator is 

used for the energy modulation, and the TGU is 
responsible only for transverse manipulation of the 
electrons, a design that will be much more flexible for 
practical operation. Fig. 1(c) shows a much simpler 
scheme that adopts a normal modulator and a wave-front 
tilted seed laser pulse to realize the phase-merging effect. 
Analytical and numerical investigations indicate that all 
these three schemes have the potential of generating ultra-
high harmonic bunching factor with a relatively small 
energy modulation. To demonstrate these theoretical 
predictions, a proof-of-principle experiment for PEHG 
has been planned at Shanghai deep ultraviolet free-
electron laser facility (SDUV-FEL) [7, 8]. In this paper, 
we present the design studies for this experiment. 

LAYOUT AND MAIN PARAMETERS 
The SDUV-FEL is an integrated multi-purpose test 

facility for seeded FEL principles, capable of testing 
various seeded FEL working modes. A new beam line will 
be added after the linac of SDUV-FEL for the PEHG and 
Thomson scattering experiments in this year. The layout 
of the PEHG experiment is shown in Fig. 2. A dogleg is 
adopted for switching the electron bunch and introducing 
a large transverse dispersion into the electron beam. After 
that, a conventional modulator and a new designed TGU, 
as shown in Fig. 3, are employed for energy modulation 
and manipulating the electron beam. The energy 
modulation will be converted to density modulation by 
the dispersion section (DS). Then the coherently bunched 
beam is sent through the radiator for high harmonic 
radiation.  

 

Figure 1: Modulation schemes for PEHG. 

 ___________________________________________  

*Work supported by National Natural Science Foundation of China 
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One can find that the undulator beam line in Fig. 2 is 
suitable for testing all the three modulation schemes in 
Fig. 1. Here we only present the design and simulation 
results for the second scheme (Fig. 1(b)), which is the 
most flexible scheme for PEHG. 

To roughly estimate the optimal parameters of the 
PEHG experiment, here we adopt the 4-dimensional 
linear beam transport matrix in the x-z plane, i.e.,
( ,  ',  , )x x z is used in the following. The 4 4 beam 
transport matrix for the dogleg is 

1 0
0 1 0 0
0 1
0 0 0 1

D

D
D

L

R ,   (1) 

where DL is the length of the dogleg, and D are, 
respectively, the dispersion and the momentum 
compaction generated in the dogleg. We ignore the effects 
of D hereafter. 

When an electron beam with central beam energy 0 is 
sent through a TGU with total length TL , transverse 

gradient and central undulator parameter 0K , the 
transport matrix of the short TGU approximately reads: 

1 0 0
0 1 0

/ 2 1 0
0 0 0 1

T

T
T

L

L
R ,   (2) 

where 2 2
0 0/ 2TL K is the transverse gradient parameter 

of the TGU. Then the transport matrix for the whole 
beam line including all components shown in Fig. 1(b) 
can be written as 

1 2 2

3 4 2

1 1 2 1 2

1 1

0

(1 ) (1 ) 1
1

c c c c

k k a
k k h c

k c h k d h h a
c h d h h

R , (3) 

where a , b , c , d are beam matching parameters,
1 1 2 2 1k a a b c , 2 2 1 2 1k a b b d , 3 1 2 1 2 1k a c c d c h ,

4 1 2 1 2 1k b c d d d h , 1 1 1 1 1a d b c , 2 2 2 2 1a d b c ,
h is the seed laser induced energy chirp around the zero-
crossing of the energy modulation and c is the 
momentum compaction of the DS. For simplify, we 
choose 1 2 1 2 1a a d d and 1 2 1 2 0b b c c here, 
then the Eq. (3) can be re-written as 

1 0 0
0 1

(1 ) 1
0 1

c c c

h h
h h

h h

R  ,  (4) 

The density modulation of a high harmonic generation 
scheme is an optical-scale micro-bunch compression 
process. To maximize the high harmonic bunching factor, 
1 0ch should be satisfied first, and the optimized 
condition for the phase-merging effect is 0c . 
Under these optimized conditions, the bunching factor 
will be only affected by the product of and the initial 
horizontal beam size x  according to Eq. (4). From Eq. 
(3), one can also find that the required value of and
for performing the phase-merging effect can be 
significantly reduced by changing the values of 1a and

2a .The optimal parameters for the PEHG experiment are 
summarized in Table 1. 

 
 

 
Figure 2: Layout for the PEHG experiment at SDUV-FEL. 

 

 
Figure 3: (a) The TGU for PEHG experiment. (b) 
Measurement results of magnetic field distributions for 
different transverse position of TGU.   

(a) 

(b) 
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Table 1: Main Parameters for PEHG Experiment 

Parameters Value 
Beam energy 160 MeV 
Slice energy spread 48 keV 
Normalized emittance 3 mrad 
Bunch charge 300 pC 
Peak current 100 A 

of dogleg 1 m 

Seed wavelength 2500 nm (from OPA) 
Seed pulse length 1 ps (FWHM) 
Period of TGU 60 mm 

TL of TGU 0.6 m 

of TGU -43.5 m-1 

0K of TGU 5 

c of DS 1 mm 

Radiation wavelength 250 nm 
Period of radiator 25 mm 
Length of radiator 1.5 m 

SIMULATIONS 
With parameters shown in Table 1, we carried out 3D 

simulations for the PEHG experiment. ASTRA [9] is 
used for tracking the particle from the cathode to the 
injection point to the linac. Then the electron beam is 
tracked through the main accelerator with help of 
ELEGANT [10] taking into account of the CSR and the 
space charge effects. The energy of the electron beam is 
around 160 MeV at the exist of the linac, the peak current 
after bunch compression is about 100 A, and the slice 
energy spread in the central part of the electron beam is 
around 2 keV. This kind of small energy spread will 
result in a large bunching factor at low harmonic numbers 
for both HGHG and PEHG. 

The key advantage of the PEHG is that it can generate 
very high harmonics with harmonic number much larger 
than the ratio of energy modulation to energy spread. This 
makes it possible to generate very high frequency 
bunching while simultaneously keeping the beam energy 
spread small. However, limited by the beam energy and 
period length of the radiator, generation of ultra-high 
harmonic radiation is not possible at SDUV-FEL. An 
alternative way to demonstrate the superiority of PEHG 
over HGHG is to increase the initial slice energy spread. 
In this design, we adopt a Nd:YLF laser at 1047 nm to 
heat the electron beam energy spread before the dogleg. 
After this laser heater, the slice energy spread is increased 
to about 48 keV. 

The energy and density modulation processes are 
tracked with a modified version of GENESIS [11]. For 
comparison purpose, we carried out simulations for both 
HGHG and PEHG. The only difference for these two 
simulations is set 0 or 143.5m . The longitudinal 

phase space distributions in a small fragment of the 
electron bunch are shown in Fig. 4. Different from a 
conventional HGHG, most of the electrons are 
compressed into a small region around the zero-phase in 
PEHG, which indicates that the density modulation has 
been significantly enhanced for high harmonics, as shown 
in Fig. 5. The 10th harmonic bunching factor of HGHG is 
at the shot noise level. 

  

The bunched electron beams are then sent through a 
short radiator resonant at 250 nm for the generation of 
coherent signals at 10th harmonic of the seed. Simulations 
results of the radiation pulses and single-shot spectra for 
HGHG and PEHG are shown in Fig. 6. The output pulse 

 

 
Figure 4: Phase space distributions in the central part of 
electron beam for (a) HGHG and (b) PEHG. 

 

Figure 5: Comparison of 10th harmonic bunching factor 
distributions along the electron bunch for HGHG and 
PEHG. 

(a) 

(b) 

Proceedings of FEL2014, Basel, Switzerland MOP070

Seeded FELs

ISBN 978-3-95450-133-5

221 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



energy of PEHG is much higher than HGHG at 10th 
harmonic and the spectrum bandwidth of PEHG is quite 
close to the transform limit. 

 

CONCLUSION 
In conclusion, we present design studies of a proof-of-

principle experiment for PEHG based on the upgraded 
SDUV-FEL. With a new designed dogleg and a TGU, all 
the three modulation schemes for PEHG can be 
demonstrated at SDUV-FEL. Theoretical analysis and 
numerical simulations are given to shown the parameter 
optimization method and possible performance of PEHG. 
The coherent signal of PEHG at 250 nm with pulse 
energy much larger than HGHG can be obtain by 
properly choosing the parameters of the machine. The 
upgrade of SDUV-FEL will be finished in this year and 
the commissioning of PEHG will be started in the next 
year. 
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Figure 6:  Comparisons of 10th harmonic radiation pulses 
(a) and spectra (b) for HGHG and PEHG. 

(a) 
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LASER SEEDING SCHEMES FOR SOFT X-RAYS AT LCLS-II
G. Penn, LBNL, Berkeley, CA, USA

P. Emma, E. Hemsing, G. Marcus, T.O. Raubenheimer, L. Wang, SLAC, Menlo Park, CA, USA

Abstract
The initial design for LCLS-II incorporates both SASE

and self-seeded configurations. Increased stability and/or
coherence than is possible with either configuration may be
provided by seeding with external lasers followed by one or
more stages of harmonic generation, especially in the soft
x-ray regime. External seeding also allows for increased
flexibility, for example the ability to quickly vary the pulse
duration. Studies of schemes based on high-gain harmonic
generation and echo-enabled harmonic generation are pre-
sented, including realistic electron distributions based on
tracking through the injector and linac.

INTRODUCTION
In addition to SASE [1] and self-seeding [2, 3] schemes,

LCLS-II [4] may also incorporate seeding using external
lasers. Benefits include more control over the x-ray pulse,
better shot-to-shot stability, and possibly a narrower spec-
trum. The use of external lasers may have an impact on
repetition rate and tends to reduce the energy of the final
x-ray pulse. In addition, upshifting by very large harmonics
from the laser wavelength introduces new challenges. Here
we discuss designs for both the two-stage high-gain harmonic
generation (HGHG) and single-stage echo-enabled harmonic
generation (EEHG) seeding schemes, and compare their per-
formance. Two-stage HGHG with a fresh-bunch delay has
been demonstrated at FERMI@Elettra [5] with excellent
performance down to the 65th harmonic (4 nm). EEHG has
been demonstrated at NLCTA [6] up to the 15th harmonic
(160 nm).

ELECTRON BEAM AND UNDULATOR
PARAMETERS

The simulations shown below use particles obtained from
two start-to-end (S2E) simulations of the linac accelerating
the beam to 4 GeV. One simulation uses a 100 pC bunch
and the other a 300 pC bunch. Not all aspects of longitudi-
nal dynamics have been modelled, however. The nominal
parameters for the electron beam and the main undulator
sections for producing radiation are given in Table 1. Local
parameters will vary with position along the bunch. The
longitudinal phase space of the beams are shown in Fig. 1,
and the current profiles are shown in Fig. 2. Compared to
the 100 pC bunch, the 300 pC bunch is longer, has a larger
emittance and a slightly lower peak current.
The final undulators have a period of 39 mm and cover

the desired tuning range from 250 eV to 1.3 keV. Here, we
focus on producing radiation at 1 nm, which is the most
challenging part of the tuning range. The external laser is

fixed at a wavelength of 260 nm. The large overall harmonic
jump presents certain challenges which will be noted below.

Table 1: Beam and Undulator Parameters for Soft X-ray
Production at LCLS-II

Parameter Symbol Value
Electron Beam:
Bunch charge Q 100 — 300 pC
Electron energy E 4 GeV
Peak current I 1 kA
Emittance εN 0.3 — 0.43 µm
Energy spread σE 0.5 MeV
Beta function β 15 m

Final undulators:
Undulator period λu 39 mm
Undulator segment length Lseg 3.4 m
Break length Lb 1.2 m
Min. magnetic gap gmin 7.2 mm
Max. undulator parameter Kmax 5.48
Max. resonant wavelength λmax 5.1 nm

Figure 1: Longitudinal phase space for 100 pC (left) and
300 pC (right) electron bunches.

 0
 0.2
 0.4
 0.6
 0.8

 1
 1.2
 1.4
 1.6
 1.8

 2

-250 -200 -150 -100 -50  0  50  100  150  200

I (
kA

)

Time (fs)

100 pC
300 pC

Figure 2: Current profiles for 100 pC and 300 pC electron
bunches.
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HGHG AND EEHG SCHEMES
The layouts for the two main schemes are shown in Fig. 3.

Additional undulator sectionsmay be placed at the end, tuned
to a shorter wavelength. FEL simulations were performed us-
ing GENESIS [7]. These and other schemes have previously
been considered in Chapter 18 of the LCLS-II Conceptual
Design Report [8] for idealized beams and with a focus on
producing radiation at 2 nm.

UV 
seeds 

!

!

radiator mod1 

!

!

mod2 

! ! ! !!

! !

UV 
seed 

!

! !

! ! ! !

!

!!

mod1 rad1 mod2 rad2 

fresh 
bunch 

delay 

EEHG 

HGHG!

!

!

Figure 3: Beamline layouts using EEHG (top) and two-stage
HGHG with a fresh bunch delay (bottom).

HGHG Design and Layout
The initial HGHG design uses one laser with a 260 nm

wavelength. One stage of harmonic generation is followed by
a fresh-bunch delay and a second stage of harmonic genera-
tion to reach wavelengths as low as 1 nm. The nominal peak
power to reach 1 nm is 800 MW, but the laser power has to
be adjusted differently for the two beams because radiation
production at the intermediate wavelength is sensitive to the
electron properties. Because of the fresh-bunch delay the
pulse duration must be short in order to have the two stages
fit within the core of the electron bunch.

The undulator used for the initial modulation has a period
of 100 mm and is 3.2 m long. The resulting energy mod-
ulation can be as large as 6 MeV. The next five undulator
sections have a period of 80 mm, each 3.2 m long. These
undulators have helical polarization to increase the coupling
at the intermediate wavelength; all other undulators have pla-
nar polarization. The first three are used to radiate through
the narrow bunching produced at a 260 nm wavelength. This
is followed by a delay chicane, and the next two undulator
sections modulate electrons in a region which is located
further to the head of the bunch. The large total undulator
length is required to be able to reach a final wavelength of 1
nm. The intermediate wavelength in that case is 13 nm, the
20th harmonic.
The third chicane yields bunching at 1 nm of the order

of 1%. The final set of undulators, with a 39 mm period,
radiate at this wavelength to saturation. The final stage of
harmonic generation must produce significant bunching at
the 13th harmonic, so the energy modulation must be quite
large as well, but at the same time radiation at 1 nm will be

suppressed if the energy spread grows beyond around 3 MeV.
Note that both bunches have a minimum energy spread of
0.5 MeV.
The chicanes are fairly modest, and are all about 2 m in

length. The first chicane has R56 = 22 µm. The fresh-bunch
delay can be as small as 25 fs, corresponding to R56 = 15 µm,
in order to fit the entire process into the 100 pC bunch length.
For the 300 pC bunch, the delay could be as large as 100
fs. The weaker end of this range for the delay chicane is not
enough to suppress bunching at the intermediate wavelength.
The bunching towards the tail of the bunch will radiate in the
undulator sections immediately following the fresh bunch
delay, although not enough to produce significant bunching
after next stage of harmonic generation.

EEHG Design and Layout

Echo-enabled harmonic generation (EEHG) [9] operates
through a form of wave-mixing, where two energy modula-
tions are used instead of one for standard HGHG. The first
modulation is followed by a chicane which strongly over-
bunches the modulation, creating well-separated bands in
longitudinal phase space. Each band has a reduced energy
spread. The second modulation is also followed by a chicane
but in this case they are tuned so as to perform a standard
phase rotation of each band. The overall bunching factor
can be significant even at very high harmonics.

For the EEHG example, we consider two seed lasers both
with a wavelength of 260 nm. The first undulator section
is 3.2 m long, with a period of 0.1 m, identical to the first
undulator used for HGHG. The laser pulse going into this
undulator has a peak power of 47 MW, and generates an
energy modulation of 1.5 MeV. This is followed by a chicane
with R56 = 14.37 mm. The second undulator is also 3.2 m
long but with a period of 0.4 m. The laser pulse going into
this undulator has a peak power of 900 MW, and generates
an energy modulation of 2 MeV. Both lasers have a Rayleigh
length of 1 m. The pulse duration can be anywhere from 10s
to 100s of fs. This is followed by a chicane with R56 = 53
µm. Bunching is generated directly at 1 nm.

The reason for the difference in undulator periods is that
in the second undulator the phase space bands in the beam
are particularly sensitive to energy scattering. Increasing
the period lowers the magnetic field and reduces incoherent
synchrotron radiation (ISR). For the same reason, the large
dispersion required for the first chicane is obtained by in-
creasing the length of the magnets rather than increasing the
magnetic field. Thus, the first chicane is 9 m long with 2 m
dipole magnets, while the second chicane is only 2 m long.
Even without magnetic fields, there is intra-beam scattering
(IBS) which pushes the design towards being as short as
possible. The combined effect of both ISR and IBS reduces
the bunching factor at 1 nm from an ideal value of 5.2%
to roughly 1.4%. Without taking into effect the impact of
scattering, the optimal bunching parameter would be given
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by the magnitude of

b̂ =
∑
m,p |

kX=k2p−k1m

ei(pψ2−mψ1) (−1)p (1)

× Jp (C2ηm2)Jm (C1ηm1)e−iC1η̄e−C
2
1σ

2
η/2 ,

where C1 = kX R2 − k1mR1, C2 = kX R2, ψ1,2 are the laser
phases, k1,2 are the laser wavenumbers, and kX is the target
output wavenumber. The relative energy spreadση = σE/E,
the relative height of the two energymodulations are ηm1 and
ηm2, and η̄ is the local relative energy offset. Usually only
one term in the summation contributes significantly to the
bunching, and this term is generally selected to correspond
to m = 1. Note that normally |C1 | � |C2 |, which results in
reduced sensitivity to both energy spread and energy chirps.
After the bunching is generated, the electron beam goes

directly into undulator sections with a 39 mm undulator
period. Radiation is produced at 1 nm and amplified to
saturation.

SIMULATION RESULTS
We show results for producing radiation at 1 nm. Shorter

wavelengths and higher harmonics are in general more chal-
lenging. Performance improves dramatically for longer
wavelengths, but 1 nm (1.2 keV) has been selected because
it is the upper end of the tuning range for soft x-rays at
LCLS-II.

For two-stage HGHG, we present results when going from
a 260 nm external laser to a 13 nm intermediate wavelength
to 1 nm. The final x-ray properties are shown in Fig. 4 for
both 100 pC and 300 pC bunches. The output pulse energy
at 1 nm is 7 µJ for the 100 pC bunch and 4 µJ for the 300 pC
bunch. There are several major differences in the parameter
settings for these examples. The 100 pC bunch offers a very
short interval in which to perform each stage of harmonic
generation, thus the fresh-bunch delay is set to only 25 fs.
Even with a short pulse duration, the external laser tends to
blow up the energy spread in the second half of the bunch.
Therefore, a super-Gaussian distribution is used with power
∝ exp(−t4/t40) having a fwhm duration of 20 fs. For the 300
pC bunch, the fresh bunch delay can be increased to 100 fs,
and the external laser is a regular Gaussian with 40 fs fwhm.
Because the 300 pC bunch has larger transverse emittances
and suffers from more longitudinal variations than the 100
pC bunch, the peak power must be increased to 900 MW to
compensate.
In both examples, short pulses are generated, although

the 300 pC case shows significant SASE background occur-
ring in those regions where the energy spread has not been
increased. If the beamline were made longer, the total pulse
energy would increase but the contrast becomes significantly
worse. Figure 5 shows step-by-step profiles of the radiation
at different wavelengths in the various stages of the FEL.
The importance of slippage and the motivation for using
a super-Gaussian external laser can be clearly seen in this
example.
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Figure 4: Power and spectral profiles of the final x-ray pulses
for HGHG.
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Figure 5: Power profile of the radiation at various stages in
the HGHG beamline, for a 100 pC electron bunch.

The spectrum is quite broad in both cases, many times
more than the transform limit. This is partially due to SASE
background. More importantly, the large harmonic jump
makes the beamline highly sensitive to any longitudinal
variations in the electron beam. The performance improves
greatly at wavelengths 2 nm or longer.
For EEHG going from a 260 nm external laser directly

to 1 nm, the final x-ray properties are shown in Fig. 6 for
both 100 pC and 300 pC bunches. Here, the configuration
was not changed at all except for the external lasers, which
have a 100 fs fwhm duration for the 100 pC bunch and a
200 fs fwhm duration for the 300 pC bunch, in order to take
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advantage of the longer bunch length. For the 100 pC bunch
the output pulse energy at 1 nm is 18 µJ with a 22 fs fwhm
duration. The fwhm bandwidth is 0.13 eV, which is about 1.5
times the bandwidth limit. For the 300 pC bunch the output
pulse energy at 1 nm is 25 µJ with a 45 fs fwhm duration.
The fwhm bandwidth is 0.07 eV, which is also less than a
factor of 2 from the transform limit. In both cases, the ratio
of the duration of the output pulse to that of the second seed
laser is roughly 1.4(λ2/λX )1/3.
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Figure 6: Power and spectral profiles of the final x-ray pulses
for EEHG.

CONCLUSION
The main limitation of the HGHG scheme is that the

current bunch profile barely has enough length to support a
fresh-bunch delay. However, pulses with several fs duration
can be produced even for the 100 pC bunch. Longer bunches
should allow for longer pulses. Further study is needed to
determine what minimum bandwidth can be achieved; at 1
nm it may be only a modest reduction compared to SASE.
The EEHG seeding scheme should produce long pulses

with good coherence, assuming that the second seed laser
can be tightly controlled. The parameter settings, especially
the chicane strengths, must be carefully set but are not de-
pend much on the electron bunch properties. Not only small
variations in beam quality but even large changes, such as in
the bunch charge, should be able to be accomodated without
re-adjustment. However, commissioning may be challeng-
ing, especially to reach 1 nm.

In both the two-stage HGHG and single-stage EEHG
schemes, the energy spread is increased to above 2 MeV.
The minimum energy spread generated in the seeded portion
of the beam grows as the target wavelength is reduced. At
the same time, the FEL bandwidth decreases. This increases
the required undulator length to reach saturation, and re-
duces the final peak power. Competition with SASE from
unseeded portions of the bunch also becomes a concern.
For the EEHG scheme, 1 nm seems to be approaching

the limit for using EEHG. The two-stage HGHG scheme
with a fresh bunch delay more sensitive to pre-existing en-
ergy chirps and energy modulations than the EEHG scheme.
Therefore, for HGHG 1 nm may be at or even past the limit
for producing pulses with stable temporal structure shot-to-
shot. If stable or narrow spectral structure is required as
well, that limit may be closer to 2 nm.
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Abstract 
In this work we report recent measurements done at 

FERMI showing the dependence of the FEL bandwidth 
with respect to the seed laser harmonic at which the FEL 
is operated. Comparison of FEL spectra for different 
Fourier-limit seed and chirp pulses is also reported. 

THE HGHG FEL AT FERMI 
FERMI is the seeded FEL system in operation at 

Trieste and running for user’s experiment that can use 
high power pulses in the VUV – soft X-ray spectral range 
characterized by a high degree of coherence [1,2] and also 
variable polarization [3]. The two FELs, in operation at 
FERMI, in order to cover the spectral range that goes 
from 100 nm down to 4 nm are based on the high gain 
harmonic generation scheme [4]; this uses an external 
laser in the UV to initiate the coherent emission at his 
harmonics that is then amplified by the FEL process. 
Since the external coherent seed imposes an exact phase 
relation between various electrons participating to the 
FEL emission, the seeding is crucial for improving the 
longitudinal coherence. However, it has been pointed out 
that the method is affected, like other frequency 
multiplication processes, by the phase noise amplification 
[5]. As a consequence of the harmonic conversion, a small 
residual phase noise in the seeding signal could 
significantly deteriorate the phase of FEL radiation up to 
the point to destroy the longitudinal coherence.  

Recently a series of numerical simulation have been 
done for a simplified HGHG FEL showing that as a 
consequence of the nonlinear process of the bunching 
creation the time-bandwidth product deterioration due to 
residual chirp in the seed laser is partially mitigated [6].  

By measuring the dependency of the FEL bandwidth as 
a function of the FEL harmonic and of the seed laser 
residual chirp, we experimentally investigate the phase 
noise amplification process in a seeded FEL. 

The Seed Laser 
Since the FEL process is initiated by the seed laser and 

the properties of the FEL depend on the quality of the 
laser a lot of effort has been dedicated at FERMI to 
guarantee a high performance of the seed laser system,  a 
detailed description can be found in [7]. Depending on the 

need of the FERMI user to have complete tunability of 
the FEL or not the seed pulses can be obtained either by 
using the third harmonic of a Ti:Sapphire laser (THG), or  
by the use of an Infrared Optical Parametric Amplifier 
(OPA) with consequent frequency up-conversion to UV. 
Main parameters for the two possible configurations are 
reported in Table 1 and Table 2.  

 
Table 1: Seed Laser Parameters for the THG 

Parameter  

Pulse length (FWHM) 120 fs 

Bandwidth (FWHM) ~0.8 nm 

Central Wavelength  261 nm ±1 nm 

Energy per pulse 10-100 J 

 
It should be noted that in the case of THG seeding the 

available UV pulse energy allows to use a grating 
compressor and compensate the linear chirp introduced by 
the rather complex beam-transport. However, in the case 
of OPA seeding at present the seed pulses cannot be 
compressed and contain a residual positive chirp.  

 
Table 2: Seed Laser Parameters for the OPA in the Most 
Frequently Used 230-262 nm Seed Wavelength Range 

Parameter  

Pulse length (FWHM) 120-150 fs 

Bandwidth (FWHM) 1-1.1 nm 

Central Wavelength  230-262 nm  

Energy per pulse 7-50 J 

The Electron Beam  
Because electrons are the medium used in the FEL 

amplification, it is clear that the quality of the electron 
beam is another crucial parameter. In particular it has 
been shown how possible modulation in the longitudinal 
phase space can deteriorate the FEL bandwidth. For this 
reason the typical electron beam used for normal 
operations at FERMI has a moderate compression and a 
lot of effort is done in order to linearize the longitudinal 
phase space [8] and suppress the microbunching [9].  

 ____________________________________________ 
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The electron beam parameters used during these 
measurements are reported in Table 3.  

Table 3: Electron Beam Parameters 

Parameter  

Peak current (A) ~500 

Charge (pC) 500 

Energy (GeV) 1.2 

Energy spread (keV) 150 
Emittance (mm mrad) 1 
Beam size (mm) 0.15 

MEASUREMENTS 
For this experiment the FEL has been characterized 

looking at the spectra that can be acquired with the 
available diagnostic at FERMI [10]. FEL spectra are 
measured acquiring the images of the energy dispersed 
FEL radiation on a YAG. The acquisition done through the 
FERMI control system allows one to acquire either the 
full CCD image or only the signal projected along the 
wavelength axis. In this work, we mainly acquired the 
simple projections but in few cases the full images have 
been acquired, like the case showed in Fig. 1.  

 

 

 
Figure 1: a) direct image of the acquired FEL spectra at 
43 nm; b) a numerical correction is applied in order to 
remove the small residual tilt due to the CCD. c) The 
projection of the image along the horizontal axis is used 
to obtain the FEL spectrum to be compared to the seed 
laser spectrum.  

 
For each studied configuration we acquired long 

sequences of spectra that has been statistically analysed 
and whose typical distribution for the FEL bandwidth is 

reported in Fig. 2 showing the case of 43 nm obtained 
with the THG seed laser.  

 
Figure 2: Distribution of the FEL bandwidth at 43 nm. 
 
The data present an asymmetric distribution with a 

peak toward narrow bandwidth and a long tail to large 
bandwidths. Such a distribution can be explained taking 
into account that the timing jitter between the electron 
beam and the seed laser can occasionally place the seed 
laser far from the good region where the phase space 
distortions of the electron beam deteriorate the FEL 
spectra. This fact is confirmed by looking at the 
correlation between the FEL spectra and the compression 
signal that is know to be related to the electron beam 
arrival time (Figure 3).  

 
Figure 3: Correlation curve between the FEL spectrum 
and the electron beam compression signal.  

 
Given that the tail in the distribution is coming from the 

electron beam properties, in order to characterize the 
impact of the seed on the FEL spectra and his dependence 
with the harmonic number we discard those shots 
characterized by a too large bandwidth.  

Using the same seed laser and the same electron beam a 
scan of the FEL wavelength from 23 to 62 has been done 
changing the FEL harmonic from the 4th to the 11th. For 
every FEL wavelength in addition to change the undulator 
resonance, the seeding power and the strength of the 
dispersive section where slightly optimized.  

In figure 4 the evolution of the FEL bandwidth as a 
function of the FEL harmonic is shown both in absolute 
and relative scale (Fig. 4-a, b). In order to take into 
account the small contribution to the bandwidth coming 
from the CCD tilt, when possible the bandwidth has been 
measured from the rotated images as in Fig. 1b. When 
this was not possible we apply a similar correction to the 
bandwidth obtained from the non-corrected images.   

a) b) 

c) 
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Figure 4: Measured FEL bandwidth for different 
harmonics in nm (a) and normalized to the FEL 
wavelength (b).  

 

The FEL Pulse Shortening 
Because the measured spectra are well fitted by a 

Gaussian curve we can estimate the FEL pulse length 
from the spectrum with the equation: 

 �tFWHM  0.44
��FWHM

.  (1) 

This easy calculation for the FEL pulse length makes 
the strong assumption that FEL pulses are fully coherent 
and no chirp or phase noise is present. Given the already 
mentioned phase noise amplification, such a hypothesis is 
expected to be less valid as we go toward shorter 
wavelength (higher harmonics). But in any case this 
approximation allow to calculate the lower limit for the 
pulse lengths at various harmonics, indeed shorter pulses 
would necessarily imply a bandwidth larger than the one 
measured.  

Using the data for the FEL bandwidth reported in 
Figure 4 with Eq. (1) we obtain the expected evolution of 
the pulse length as a function of the wavelength and 
harmonic (Figure 5).  

Figure 5: Calculated pulse length from the measured 
spectral bandwidth (blue dots) and estimated pulse length 
assuming the scaling law with the harmonic described by 
Eq. (2) [6]. 

 
The calculated pulse length can be compared with the 

one that can be calculated according to the theory 
presented in [6] that predict scaling law for the FEL pulse 
with respect to the harmonic that can be described by: 

�tFEL  �t
seed

NH3
.   (2) 

where, tseed, is the pulse length of the seed laser, and NH 
is the harmonic at which the FEL is operated. 

Equation (2) is used with the nominal seed laser pulse 
length (120 fs) for the magenta curve in Figure 5, in 
addition a curve for a seed laser of 160 fs has been also 
plotted.  

Because our measurements set the lower limit for the 
real FEL pulse length we see that the data can not be 
fitted with the pulse shortening scaling law predicted in 
[6] if one consider the seed laser pulse length that has 
been measured in the laser table (taking into account the 
effects for all the optics driving the laser into the FEL). 
Experimental measurements and theoretical prediction 
would better fit if one considers a seed laser 160 fs long 
(red curve in Figure 5). In this case there is a good 
agreement for the longer wavelengths (lower harmonics) 
where we expect the bandwidth degradation due to the 
phase noise multiplication to be limited. A virtual 
shortening (due to a bandwidth enlargement) of the points 
at shorter wavelengths could be the results of a reduced 
longitudinal coherence and an increase of the phase noise 
for this high harmonic cases.  

 FEL Bandwidth Degradation due to Seed Pulse 
Residual Phase Curvature 

A second experiment has been done by changing the 
seeding properties while keeping other parameters (FEL 
wavelength, harmonic, electron beam) constant. We note 
that when OPA is used for seeding, the pulses arriving in 
the undulator have a non-negligible residual phase 
curvature (both linear and higher order terms). The non-
flat phase comes from the OPA scheme (which involves 
chirped white light continuum for the OPA seeding), the 
frequency up-conversion to UV where GVM effects are 

a) 

b) 
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non-negligible, and from the beam transport optics 
containing a number of reflections on broadband UV 
multilayer mirrors as well as propagation in about 12 mm 
of fused silica. In the case of THG seeding, the linear 
chirp (i.e. second order phase) caused by the beam 
transport can be pre-compensated by the use of a 
dedicated UV grating compressor.  

To understand the influence of this difference on the 
generated FEL light quality we compare the FEL spectra 
at 23 nm (11th harmonic) generated first with seeding in 
THG mode and then in OPA mode where both were set at 
about the same wavelength (262 nm) and had bandwidths 
of 0.8 and 1 nm, respectively. As it can be seen from the 
cross-correlation traces shown on Fig. 6, the OPA pulse is 
longer and has nearly two times higher time-bandwidth 
product due to an estimated uncompensated GDD of 
about 2.5x103 fs2.  

 
Figure 6: Cross correlation curves of the seed laser n the 
THG and OPA configurations. 

 
The effect of the seed laser chirp has been measured 

looking at relatively short wavelengths (high harmonics) 
where the effect is expected to be stronger. 

Figure 7 shows a comparison between what is 
measured using the THG seed laser and the OPA at 262 
nm.  

 

 

 
Figure 7: FEL spectrum and his distribution for the FEL 
at 23 nm using the THG (a,b) and the OPA (c,d) as a seed. 

Our results show that when operating at relatively high 
harmonics (NH = 11) a small change in the seed laser 
coherence properties has a strong impact in the FEL pulse 
length and bandwidth as expected from the phase noise 
frequency multiplications.  

CONCLUSION 
In the reported measurements we have shown the 

bandwidth properties of the FEL in seeded HGHG 
configuration both as a function of the FEL harmonic and 
of the seed laser quality. The influence of the seed laser 
pulse phase distortions on the FEL spectrum quality is 
significant at high harmonic and may spoil the seeding 
benefits at very short wavelength. It is therefore planned 
to dedicate an additional effort (e.g. by implementing an 
adaptive seed pulse shaping) for providing a better control 
on the UV pulse quality in both THG and OPA mode. 
Moreover further FEL studies combining spectral 
properties to FEL pulse length would give more 
information about the effective pulse shortening and 
bandwidth degradation occurring in the harmonic 
generation.  
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MEASUREMENTS OF FEL POLARIZATION AT FERMI
Enrico Allaria, Elettra-Sincrotrone Trieste S.C.p.A., Basovizza, Italy

Abstract
We report detailed quantitative characterization of 

different polarization states of a single-pass, externally-
seeded FEL operating with variable polarization 
undulators in the VUV spectral range. The experiment has 
been performed at FERMI FEL-1 operated in the 52–26 
nm wavelength range. Three different, independent 
polarimeter setups, installed at the end of experimental 
beamlines, have been used to characterize the four “pure” 
polarization states: horizontal, vertical, right-circular and 
left-circular. The impact of downstream transport optics 
upon the radiation polarization has been assessed; at 
longer wavelengths, dichroism effects lead to a non-
negligible ellipticity for an originally circularly polarized 
state. The results from the different polarimeter setups 
validate each other and allow a cross-calibration of the 
instruments.

INTRODUCTION
FERMI user facility relies on two different seeded 

FELs to cover the spectral range from 100 nm down to 4 
nm using a common linear accelerator. The first FEL,
namely FEL-1, has been designed for the long wavelength 
spectral range (100 – 20 nm) and is in operation since late 
2010 [1]. The second FEL, FEL-2, is based on a double 
high gain harmonic generation scheme to cover the 
spectral range from 20 down to 4 nm [2] and user 
dedicated experiments will start in 2015 [3]. In order to 
allow the FERMI users to control the radiation 
polarization, FERMI uses APPLE-II type undulators [4]
for the FELs. Because FERMI is the first FEL user 
facility in the soft-x ray spectral range allowing 
polarization control through the use of variable 
polarization undulators it is important the characterization 
of the degree of polarization produced. 

In order to allow a detailed characterization of the 
degree of polarization, a collaboration has been setup 
between the FERMI team and other laboratories to 
perform dedicated experiments. In the framework of this 
collaboration three different polarimeters have been 
installed at FERMI and used during one week of 
dedicated beamtime. The “FERMI polarization 
measurements” collaboration involved in addition to the 
FERMI commissioning team; a team from LOA and 
collaborators responsible for the VUV optical polarimeter
[5]; a team from DESY-XFEL and collaborators
responsible for the e-TOF polarimeter [6]. In addition to 
the to aforementioned polarimeters a third polarimeter 
based on polarized fluorescence has been setup by the 
LDM team at FERMI and collaborators [7]. 

In this work we briefly report about the measurement 
setup. For a discussion about the results of the 
polarization measurements we refer to the dedicated paper 
recently published [8].

THE LOA POLARIMETER
The LOA polarimeter is an all-optical device based on 

the principle described by Schäfers et al. in [9]. The 
system uses a polarizer followed by an analyser. The
polarizer relies on the fact that, at each reflection onto 
optics, the s and p components of the electric field are
characterised by a different delay and a different 
reflectivity. Both the polarizer and the analyser can be 
rotated independently around the propagation axis of the 
input light. A polarization measurement is done by 
scanning one of the two angles and measuring the 
detected signal on the analyser.

THE E-TOF POLARIMETER
The e-TOF polarimeter uses angle resolved electron 

spectroscopy in order to measure the degree of linear 
polarization of the FEL radiation. It is based on 16
independent electron time-of-flight (e-TOF) 
spectrometers mounted in a plane perpendicular to the 
FEL beam. This configuration allows one to accurately 
determine the angular distribution of the photoelectrons 
emitted by the ionizing radiation.

THE FLUERESCENCE POLARIMETER
Polarization measurements with the fluorescence 

polarimeter have been carried out taking advantage of the 
intrinsic polarization properties of fluorescence light from 
resonantly excited atoms. This scheme uses the 
conversion of polarized VUV radiation into longer 
wavelength radiation that has the same polarization 
parameters. The scheme has the advantage to allow a 
polarization measurement in the visible where suitable 
optics are easily available and has been previously used in 
an experiment on synchrotron radiation [10].

CONCLUSION
A dedicated experiment has been organized at FERMI 

for the detailed characterization of the produced radiation. 
The experiment involved different groups from LOA, 
DESY, XFEL and SLAC. Results, recently published [8] 
have shown the FERMI capability of producing high 
degree and variable polarization.
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GENERATION OF MULTIPLE COHERENT PULSES IN A 
SUPERRADIANT FREE-ELECTRON LASER 
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L. Giannessi, Elettra-Sincrotrone, Trieste, S.C.p.A., Basovizza, and ENEA C.R. Frascati, Italy 

Abstract 
We analyze the structure of the tail of a superradiant 

pulse, which is constituted by a train of trailing-pulses 
with decaying amplitudes. We show how a trailing pulse, 
with phase advance from the leading pulse, is generated at 
the falling edge of the leading pulse, where the 
corresponding phase space is deeply saturated and the 
electrons become de-trapped by the reduced 
ponderomotive potential. Once the trailing pulse gains 
enough energy, it generates a second trailing pulse, and 
the process takes place again. By performing detailed 
simulations of the resulting electron phase space 
distribution and the FEL pulse spectral and temporal 
structure with PERSEO, we confirm that the deformation 
and re-bunching of the longitudinal phase space create a 
sequence of pulses. 

INTRODUCTION 
The free-electron laser (FEL) is a tunable source of 

coherent radiation, ranging from terahertz (THz) waves to 
hard X-rays, with the capability for femtosecond time 
resolution.  Progress was made recently in single-pass 
FELs in moving toward the X-ray region of the spectrum, 
such as the self-amplified spontaneous emission (SASE) 
FEL that successfully lased from soft X-rays down to 
1.5Å [1,2], and the high-gain harmonic generation 
(HGHG) FEL [3] pioneered at Brookhaven [4] and now 
implemented in a facility at Elettra-Sincrotrone Trieste, 
where FERMI [5,6] provides radiation for user 
experiments in the VUV and soft X-ray wavelength range. 
One of the main advantages of the HGHG and laser-
seeded FEL over the SASE FEL is that they produce not 
only transversely, but also temporally coherent pulses. In 
contrast, SASE radiation starts from the initial shot-noise 
of the electron beam, so that the resulting radiation 
exhibits excellent spatial- , but a rather poor temporal-
coherence.  

In this report, we present numerical evidence for a 
slippage-dominant superradiance FEL interaction regime, 
wherein the emitted main FEL pulse is followed by 
multiple trailing pulses, which we dubbed a “trailing-
pulse regime”. This dynamic behavior is guaranteed in the 
circumstance of an ultra-short seed pulse with the power 
beyond saturation [7,8]; it may be important for the 
existing and next-generation short-wavelength-seeded 
FELs, such as the FERMI, and the LCLS-II [9]. A deep 
understanding and controlling of these regimes are 
essential for optimizing the power as well as the quality of 
FEL sources, features demanded by the user communities. 
Using the Perseo simulation [10], we investigated the 

behaviors of the seeded FEL, and obtained new insights 
on the trailing pulse generation that we interpreted in 
terms of the fragmentation of the most significantly 
bunched electrons by the main radiation pulse in the 
longitudinal phase (LPS) into new buckets, which are 
responsible for the trailing pulses.  Here, the term 
“bucket” denotes the electric field of a radiation pulse that 
assures longitudinal focusing, thereby constraining the 
electron’s motion to a stable region in LPS.   

The mechanism of FEL amplification commonly is 
analyzed in three steps: energy modulation, exponential 
growth, and saturation. In the first step, energy is 
exchanged between the electrons and the radiation, 
leading to an energy modulation, and further, to a density 
modulation (microbunching) of the electrons at the 
resonant wavelength λr= λw(1+K2/2) ⁄ (2γr

2), determined 
by the electron beam’s energy Er=mc2γr. K = eBw/mckw is 
the dimensionless undulator parameter, and λw, kw, and Bw 
are, respectively, the undulator’s wavelength, wave 
number, and magnetic field  [11].  Initiating the FEL 
process with a coherent seed allows to lock in the phase of 
the microbunches and to achieve an improved temporal 
coherence. Afterwards, the FEL enters the second 
evolutionary step: radiation power increases exponentially 
to the detriment of the electron beam’s kinetic energy. 
The strong energy losses, corresponding to a redshift of 
λr, thereafter disable the electron-radiation field’s 
interaction. In the so called steady state regime, the FEL 
power reaches a maximum and saturates. However, where 
pulse propagation effects are considered, the radiation 
pulse is simultaneously dominated by saturation and 
slippage [12], and its evolution is characterized by the 
propagation of a solitary wave with the peak power 
growing quadratically with time and the pulse length 
decreasing [12,13,14]. In this regime the main pulse 
propagates at the velocity of light over the electron 
current leaving highly bunched electrons after its passage. 
These electrons in the trailing edge coherently radiate into 
a new trailing pulse. Here, the trailing-pulse regime can 
be extended over the entire slippage distance along the 
electron bunch (Fig. 1). Numerical studies reveal that LPS 
fragmentation and the formation of new buckets are core 
ingredients of the trailing-pulse dynamics. In these 
circumstances, an ultra-short seed-pulse induces 
microbunching when it slips over the electrons at vg ~ c 
[14,15]. Microbunching induces coherent emission of the 
electrons, forming the main radiation pulse and leaving 
behind those highly bunched electrons with large energy 
spread. Due to the energy transfer from electrons to the 
main radiation pulse, the low-energy part (p < 0) carries 
the larger part of charge (≥70%, obtained by counting the 
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number of macro-particles in the low-energy part vs. the 
total number of particles distributed within (-π, π)), and 
accordingly, a larger bunching coefficient than the high-
energy part. It therefore, emits coherent light with a 
redshift λr to become a new trailing pulse. Here, p = (E-
E0) / ρ·E0 is the energy variation with respect to the 
reference particle E0, and ρ is the FEL Pierce parameter 
[16] characterizing the gain of the FEL. This process 
occurs again in the trailing edge of this second pulse, but 
with a smaller fraction of trapped charge, due to the 
increasing energy spread caused by the interaction with 
the previous pulses (a fraction 50%, similarly obtained 
by counting the particles). Additional trailing pulses are 
generated.  

In this paper we numerically explore the generation and 
suppression of multiple trailing superradiance pulses in a 
single-pass FEL amplifiers. We analyze FEL evolution 
from the viewpoint of electron longitudinal phase-space, 
showing the relation between the synchrotron oscillation 
and the structure of the radiation pulse. We support our 
analysis via simulations obtained with the well-known 
and established simulation code Perseo [10], employing it 
to resolve the one-dimensional (1D) FEL model, 
including the high-order harmonics described by the one-
dimension Colson model [11]: 
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Each particle j, j=1…Ne wherein  Ne , the total number of 
electrons in the optical field A, is followed in the phase 
space using φj, the particle’s relative phase, and pj, the 
particle’s relative energy, both normalized to the 
reference particle. The variables φj, pj, and A are functions 
of the longitudinal coordinates τ along the electron bunch, 
and z  along the undulator. τ is defined within 0 < τ < Le, 
with Le the electron bunch’s length, and z  is defined 
within 0 < z < Lw, with Lw the undulator length. All 
dimensions are in cooperation length [12,17] units: lc = 
λ/4πρ. χ is the macroscopic electronic-density normalized 
to 1, and b( z , τ) is the bunching coefficient: b( z , τ) = 
(1/N) Σe-iφj. Eq 1(a) and 1(b) describe the particle’s 
dynamics, while Eq. 1(c) includes the pulse’s 
propagation. 

SIMULATION 
The initial condition for the slippage-dominant 

superradiance regime is defined more precisely in scaled 
units using Sseed (=4πρNw/Lseed), the ratio of the slippage 
length to the duration of the seed pulse, Se (=4πρNw/Le), 
the ratio of the slippage length to the electron-bunch’s 
length [18], and Fseed (=ΔfFWHM/f0·ρ), the ratio of the 
seed’s spectral bandwidth and the FEL-gain’s bandwidth. 
Within the limit of the short-seed pulse,   (Se<<1) is 

chosen to have a nearly constant electron current in the 
simulation window, while (Sseed>>1) and (Fseed>>1) 
satisfy the slippage-dominant superradiance condition, 
where the bandwidth of the seed laser is much larger than 
that of the FEL gain. Therefore when the seed pulse slips 
over the electron bunch at vg ~ c, it only microbunches the 
electrons [13]. 

 
Figure 1: Schematic of the seeded-FEL’s initial 
parameters. z  is the longitudinal coordinate along the 
undulator. Le and δ = (E-Er) / ρ·Er are, respectively, the 
electron bunch’s length and energy detuning. Here, Er = 
E0. ΔfFWHM is bandwidth of the seed laser. 

Eq. 1 is used to simulate the evolution of the FEL in the 
regime of a long electron bunch and slippage-dominant 
superradiance, i.e., Se<<1, Sseed>>1, and Fseed>>1. 
Figure 2 illustrates the dynamics of the FEL pulse via 2D 
diagrams with the longitudinal coordinate along the 
electron bunch, τ, is plotted in the horizontal axis and the 
coordinate along the undulator z  in the vertical axis.  

Figure 2(a) depicts the evolution of the FEL into the 
superradiance regime [15,19,20]. The seed pulse provides 
microbunching to the electrons when it slips over them at 
vg ~ c, and maintains its pulse shape in the undulator. 
Microbunching emits coherent light that grows 
exponentially to become the main pulse. At the end of 
exponential growth and in the beginning of superradiance 
( z  ≈ 2.6 in the undulator), the main pulse slips as in the 
exponential regime ahead of the electron bunch at vg ~ c 
instead of at ~ 3c/(1+2βZ

-1) [21], whilst the length of the 
pulse decreases and the amplitude increases quadratically 
with the distance in the undulator. Simultaneously, it 
induces strong microbunching of the electrons. At a given 
delay in time, the 1st trailing pulse appears weaker in 
amplitude compared to the main pulse, similar to the case 
for the 2nd trailing pulse.  

To investigate the origin of multiple trailing pulses, we 
studied the evolution of the particle’s relative longitudinal 
position (phase). A new trailing pulse appears at the π 
phase shift with respect to the radiation pulse ahead of it. 
For FELs, the gain medium consists of relativistic 
electrons, whilst how well the phase of the microbunches 
is locked and sheared along the undulator determines the 
optical field’s temporal profile.  The phase shift is caused 
by the energy modulation and FEL’s intrinsic dispersion. 
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The original reference particle, corresponding to the 
original bucket center, and also being the reference for the 
simulation, is fixed in LPS due to the zero energy offset δ0 
(= (E0-Er) / ρ·Er )=0. Here, the bucket center refers to the 
stable fixed point in the LPS [22]. However, this is not the 
case for the new reference particle, corresponding to the 
new bucket center. Rather, it is fixed inside the new 
bucket but not in the LPS because it has a negative 
energy-offset (δ<0) with respect to the original reference 
particle. It drifts toward the direction of the main pulse’s 
tail. Whenever it varies the phase Δφ across an integer of 
π, a new trailing pulse appears. Δφn ≈ n·π, n = 1, 2, .., 
corresponds, respectively, to the 1st, 2nd, .., trailing pulse.  
As confirmation, Figure 2(b) presents the LPS of the 
electrons at the newly formed buckets corresponding to 
the 1st and 2nd trailing pulses at the undulator distance, z
= 12.8; their phase-changes relative to reference particle 
are equivalent to ~π and 2π, as indicated by the black 
dashed lines; this confirms that the π-phase relationship is 
coincident with the formation of a new trailing pulse. The 
dephasing of the bunched electrons with the field of the 
main pulse, causes first the drop of the field amplitude at 
the trailing edge of the pulse, and then a change of sign of 
the field which grows with the new phase, shifted of π. 
The time separation, Δtn, between the nth trailing pulse 
and the main pulse is estimated using Eq. 2, derived 
straightforwardly from Eq. 1(a). 

(2)                              2  c
nt

n
r

n 
 


 

As an example (Fig. 2(c)), the FEL Pierce parameter ρ 
= 0.004 and λr = 800nm, for n = 1, δ1 ≈ 5.0 (Fig. 2(b)), the 
Δt1 calculated using Eq. 2 is ~65fs, which is consistent 
with the result ~66fs obtained from the simulation. 

Further understanding of the physical mechanism 
behind the trailing-pulse regime also is gained by 
analyzing the electron’s LPS at different positions along 
the radiation pulse. At the undulator position z  = 12.8, 
we obtained  the LPS of the electron beam (top), and the 
overlapping radiation pulse (bottom), as shown in 
Fig. 2(c). At position A, we show the LPS of the electrons 
that the seed pulse reaches and they only have the energy 
modulation. At position B, the effect of the interaction 
with the optical pulse is evident, such that a strong 
modulation in energy and density has occurred. On 
average, the electrons lose energy that is absorbed by the 
main radiation pulse. At position C, corresponding to the 
peak of the main pulse, the electrons have reached the 
bottom of the bucket in phase space, and begin to gain 
energy from the laser field of the main pulse. Therefore, 
the power of the laser starts to drop and reaches a 
minimum at position D, where the corresponding phase 
space appears deeply saturated and the electrons start to 
become detrapped by the reduced ponderomotive 
potential. The strong optical field of the main pulse 
maximizes microbunching, and also causes a ~5% (ρ = 
0.004) spread in the beam’s energy. At position E, the 
electrons are detrapped from the bottom energy after the 

passage of the main pulse, and are free to start a new 
process of FEL amplification. Those electrons close to the 
energy bottom form a new bucket in the series (black 
dashed circle) that is responsible for generating the new 
pulse. In addition to the drift in phase brought about by 
the energy spread and intrinsic dispersion, the majority of 
the electrons in new buckets arriving at the energy bottom 
after losing energy to the new pulse generate the peak of 
the new pulse (see position F). Similar to the main pulse, 
the electrons already at the bottom of the bucket start to 
gain energy from the optical field of the new pulse. The 
energy of the new pulse starts to fall, and reaches a 
minimum at position G.  

 

 
Figure 2: (a) Normalized longitudinal profile of the 
radiation power along the electron’s coordinate, τ, as it 
evolves along the undulator with coordinate z . Seed 
parameters: Sseed = 21 (with Gaussian shape, σseed = 0.26), 
and Fseed = 25 (ΔfFWHM/f0=0.1, ρ = 0.004). Maximum seed 
field amplitude at z = 0: A0 = 20. Initially: θj uniformly 
distributed within [-π, π] and pj following a normal 
distribution center around zero with standard deviation 
0.01%-RMS. Le = 88, corresponding to Se = 0.06. (b) At 
z = 12.8 in the undulator, the LPS of the electrons at the 
positions where the peaks of the 1st (left) and 2nd (right) 
trailing pulses are. Δφ1 ≈ π, and Δφ2 ≈ 2π. (c) At z = 12.8 
in the undulator, the LPS of the electron bunch (top), and 
the temporal profile of the radiation field along the 
electron coordinate (bottom). Separation between the 
main and 1st trailing pulses is ~65fs, and between 1st and 
2nd pulses it is ~70fs. The dashed oval signifies the 
buckets responsible for generating the 1st trailing pulse. In 
(b) and (c), energy deviation is calculated using the 
formula (E-E0)/E0, and the horizontal axis is the 
longitudinal position S in units of μm. 

(b) (a) 

(c)
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Overmodulation is the signature of local saturation; the 
bunch slices initially under the peak of the main pulse, 
modulated via the highest optical field, reach saturation in 
the undulator, and afterwards are detrapped due to the 
decrease in intensity at the main pulse’s tail edge.  
Electrons, detrapped from original bucket, shearing in z, 
and retrapped to new bucket, are responsible for 
generating the new pulse. Since the electrons carry on 
their rotation in LPS within the optical pulse’s electric 
field, the process is repeated: Additional pulses still are 
generated. The radiation power of the trailing pulses 
continuously degrades to weaker levels, Pn ≈ a·Pn-1 (a ≤ 
0.25), only a fraction of the low-energy portion of the 
electrons (≤50%) participates in the generation of the new 
pulse, as shown in Figs. 2(a) - (c). The output power is 
proportional to the square of the beam’s current (P~I2) in 
the superradiance regime. Here, Pn is the FEL power 
integrated over the nth pulse, and I is the electron-beam’s 
current that contributes to the FEL output. 

 
Figure 3: (a) (left) (color online) Evolution of the 
intensity of the FEL pulse along the undulator calculated 
using Eq. 1. Intensity integrated over the main pulse 
(blue), 1st trailing pulse (magenta), and 2nd trailing pulse 
(red). (b) (right) (color online) Evolution of the FEL pulse 
intensity normalized by the main pulse along the 
undulator. 1st trailing pulse (magenta) and 2nd trailing 
pulse (red). 
 

Figure 3(a) illustrates the evolution of the FEL power 
(integrated over the radiation pulse) along the undulator 
for three individual pulses, the main pulse (blue), the 1st 
trailing pulse (magenta), and the 2nd trailing pulse (red). It 
confirms that for each radiation pulse, the FEL power first 
increases exponentially and does not saturate: Its 
amplification proceeds, power increases as 2z

[12,14,19,20]. The slippage propels the main pulse 
forward into the “fresh” electron region that maintains the 
feeding of the pulse. However, a similar slippage only 
pushes a trailing pulse forward into the region where the 
electrons already have lost energy to the radiation pulses 
ahead of it. Therefore, the output power of each trailing 
pulse is weaker than that of the pulse ahead of it. 
Figure 3(b) shows the evolution of the FEL power along 
the undulator for the 1st and 2nd trailing pulses, normalized 
by the main pulse. A strong optical field enhances 
microbunching; therefore, as the intensity of the main 
pulse rises, that of the 1st pulse increases faster. The 
undulator z  position where the FEL process being 
terminated can be used as a control parameter to choose 
between moderately higher radiation output (larger z  

(>5.12) is better) or suppression of the trailing pulses after 
the main pulse ( z  ≤ 5.12).   

In conclusion, depending on the initial conditions (the 
parameters of the electron beam, the undulator, and the 
seed laser), a short-pulse-seeded FEL can be driven into 
various regimes with different temporal- and intensity-
behaviors. We addressed a new regime for the deeply 
saturated slippage-dominant FELs, wherein the multiple 
trailing superradiance pulses following the main pulse can 
be either enhanced or suppressed. We showed that trailing 
pulse generation results from the fragmentation of the 
LPS into new buckets.  Furthermore, we numerically and 
analytically demonstrated that the formation of a new 
pulse is closely related to the π phase-change (Δφn ≈ n·π, 
n = 1, 2, ..) between the original bucket center and the 
newly developed bucket center. Therefore, the separation 
Δt between two adjacent pulses can be controlled via the 
Pierce parameter and (or) the parameters of the seed laser 
since they both can alter the energy spread of the electron 
beam. While trailing pulses enhance FEL power by a 
small amount (<10%), such a phenomenon might spoil 
the temporal profile of the radiation. We can avoid 
trailing pulses by modifying the parameters of the 
electron beam and undulator.  We will compare these 
results with 3D simulations using the FEL code GENESIS 
1.3 in the future. 
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PERSPECTIVES FOR IMAGING SINGLE PROTEIN MOLECULES WITH
THE PRESENT DESIGN OF THE EUROPEAN XFEL
Svitozar Serkez, Vitali Kocharyan, Evgeni Saldin, Igor Zagorodnov
Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany

Gianluca Geloni
European XFEL GmbH, Hamburg, Germany

Oleksandr Yefanov
Center for Free-Electron Laser Science, Hamburg, Germany

Abstract
European XFEL aims to support imaging and structure

determination of biological specimens between less than 0.1
microns and 1 micron size with working photon energies
between 3 keV and 16 keV. This wide operation range is a
cause for challenges to the focusing optics. A long propa-
gation distance of about 900 m between x-ray source and
sample leads to a large lateral photon beam size at the optics.
Due to the large divergence of nominal X-ray pulses with
durations shorter than 10 fs, one suffers diffraction from
mirror apertures, leading to a 100-fold decrease in fluence at
photon energies around 4 keV, which seem ideal for imaging
of single biomolecules. Moreover, the nominal SASE1 is
very far from the level required for single particle imaging.
Here we show how it may be possible to optimize the SPB
instrument for single biomolecule imaging with minimal
additional costs and time, achieving diffraction without de-
struction at near-atomic resolution with 1013 photons in a
4 fs pulse at 4 keV photon energy and in a 100 nm focus,
corresponding to a fluence of 1023 ph/cm2. This result is
exemplified using the RNA Pol II molecule as a case study.

INTRODUCTION AND REQUIREMENTS
Imaging of single molecules at near-atomic resolution is

expected to result in a significant advance in structural biol-
ogy. One could obtain structural information of large macro-
molecular assemblies that cannot crystallize, like membrane
proteins. In this contribution we study possibilities and op-
portunities in this field of science, which will be enabled
by applying advanced FEL techniques to the SPB (Single
Particle and Biomolecule) instrument to be installed in the
European XFEL baseline1 [1, 2]. In order to perform sin-
gle molecule imaging, a straightforward “diffraction before
destruction” method has been proposed [3]- [6]. A great
number of single molecules with the same structure are in-
jected into vacuum and interact with ultrashort X-ray pulses,
before being completely destroyed. A sufficient number of
diffraction patterns is recorded, with unknown orientation.
Next, the relative orientations of the different images is de-
termined, so that a 3D diffraction pattern can be assembled
in the reciprocal space [7]- [11]. The 3D electron density of
the molecule is obtained from the 3D diffraction pattern with

1 A much more fleshed-out report can be found in [12], where the reader is
also addressed to for a more complete list of references.
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Figure 1: Sketch of the European XFEL, SASE1.

the help of a phase retrieval method. An important param-
eter of the problem is the number of scattered photons per
effective Shannon pixel. For biological material, the photon
count per shot per pixel of solid angle Ωp , averaged over
shells of wavenumber q is proportional to the wavelength
λ2 [13]. Lower photon energies result in a stronger diffrac-
tion signal, but a limit is dictated by the resolution that one
needs to achieve, a balance being in the range between 3 keV
and 5 keV. The FWHM focal spot size should be roughly
between 5 and 10 times larger than the sample size to grant
good photon beam quality within the interaction area. For
example, a spot size of 100 nm is good for sample sizes
of 10 - 20 nm [14]. We find therefore that a biomolecule
of around 15 nm diameter, with Natom ∼ 30000, requires a
pulse fluence of about 1013ph/(100 nm)2, for an average of
〈Np〉 ∼ 1.5 photons per Shannon pixel at a photon energy
of 4 keV. This signal level is higher than what is required by
usual methods of pattern orientation determination. Photons
have to be delivered in extremely short X-ray pulses to limit
radiation-induced changes during the exposure. Estimations
indicate that an X-ray pulse duration shorter than about 4 fs
is needed [15]- [19]. The key metric for optimizing a photon
source for single biomolecule imaging is then the peak power.
Ideally, the peak power in our case of interest should be more
than 1 TW. For example, we note that 1013 photons at 4 keV
correspond to an energy of about 6 mJ which yields, in 4 fs,
a peak power of about 1.5 TW. It is worthwhile to mention
that 1 TW at 4 keV gives the same signal per Shannon pixel
as 27 TW at 12 keV (assuming a fixed pulse duration).

TW SOURCE FOR THE SPB LINE
The SPB instrument at the European XFEL will be lo-

cated at the SASE1 undulator line [1, 2]. Figure 1 shows
this line from the injector up to the SASE1 undulator. Our
scheme for an X-ray source suitable for the SPB instrument
is heavily based on the use of a slotted spoiler foil in the
last bunch compressor chicane, a method devised and ex-
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Figure 2: Scheme for a 1 TW-level source for the SPB beam-
line. It combines emittance spoiler, self-seeding and post-
saturation tapering techniques.

perimentally proved at the LCLS [20]- [22]. The last linac
section before the third bunch compressor BC2 is set at an
off-crest accelerating rf phase, so that a y − t bunch tilt is
present at the center of BC2. A thin foil with a narrow slot at
its center is placed in the beam path. Coulomb scattering of
the electrons passing through the foil increases the emittance
of most of the beam, but leaves a thin unspoiled slice, where
the beam passes through the slit, thus allowing for an x-ray
FEL pulse much shorter than the FWHM electron bunch
duration. The minimum duration of the unspoiled slice of
the electron bunch measured at the LCLS is about 3 fs. A
design of a self-seeding setup based on the undulator system
for the European XFEL is sketched in Fig. 2. We exploit
a combination of a self-seeding scheme [23]- [42] with an
undulator tapering technique [43]- [51] consisting in a slow
reduction of the field strength of the undulator in order to
preserve the resonance wavelength, while the kinetic energy
of the electrons decreases due to the FEL process. Highly
monochromatic pulses generated with the self-seeding tech-
nique make the tapering more efficient than in the SASE
case. Here we study a scheme for generating 1 TW-level
X-ray pulses in the SASE1 tapered undulator. We optimize
our setup based on start-to end simulations for 14GeV elec-
tron beam with 1 nC charge compressed up to 10 kA peak
current. In this way, the output power of the SASE1 undu-
lator could be increased from the value of 100 GW in the
SASE regime to about 1.5 TW at the photon energy range
around 4 keV. For self-seeding we consider a single-crystal
scheme, with a crystal identical to that installed at the LCLS,
allowing for exploitation of different reflections. In Fig. 3
we show scattering geometry, amplitude and phase of the
transmittance for the C(111) asymmetric Bragg reflection at
4.1 keV [38], [42]. The monochromatic seed signal is expo-
nentially amplified passing through the first 7 uniform cells
of the output undulator and reaches saturation with about
100 GW power. In a second part of the output undulator the
monochromatic FEL signal is enhanced up to 1.5 TW by
taking advantage of the undulator magnetic field taper over
the last 22 cells.

OPTICS LAYOUT FOR THE SPB LINE
The SPB optical layout [1, 2] is sketched in Fig. 4. The

first upstream optical element is a Horizontal Offset Mirror
(HOM) pair with a clear aperture along the mirror surface of
800 mm [52]. For the maximal incident angle θ = 3.6 mrad,
one achieves an overall high-reflectivity close to 100% over
the photon energy range between 3 keV and 5 keV. It can be

Figure 3: Modulus and phase of the transmittance for the
C(111) asymmetric Laue reflection at 4.1 keV.

Figure 4: Sketch of optical components for the SPB line
[1, 2].

shown that in our case of interest the HOMs are expected to
preserve the radiation wavefront. Once the radiation pulse
enters the experiment area, it is focused by a KB mirror
system to about 100 nm size [2]. A baseline layout for KB
system is shown in Fig. 4. Two elliptical mirrors with a
950 mm clear aperture along the mirror surface and a fixed
incidence angle of 3.5 mrad are assumed in the vertical and
horizontal direction in order to achieve high efficiency at
high photon energies. Considering a 950 mm clear aperture
and a 3.5 mrad reflection angle, one obtains a lateral aper-
ture of 3.3 mm. However, the about 900 m-long propagation
distance from source to sample leads to a large lateral beam
size at the focusing optics. In fact, accepting 4σ of the beam,
for a photon energy of 4 keV the desired lateral aperture for
the ultra-short pulse case is about 8 mm. As a result, due
to the large divergence of a nominal X-ray pulse shorter
than 10 fs, one suffers major diffraction effects from the KB
mirror aperture, leading to about a hundred-fold decrease in
fluence at photon energies around 4 keV. However, it is pos-
sible to obtain an X-ray source capable of producing X-ray
pulses with smaller angular divergence of about 2 µrad and,
simultaneously, a few fs duration, by taking advantage of a
minimal modification in the accelerator complex, amounting
to the introduction of a slotted foil in the last electron bunch
compressor.

RADIATION FROM SASE1
We consider current profile, normalized emittance, energy

spread profile, electron beam energy spread and wakefields
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Figure 5: Power distribution and spectrum of the output
radiation pulse for the case of short (4 fs) pulse mode of
operation.

from start-to-end simulations for the European XFEL at
14 GeV [53]. The electron beam charge is 1 nC, and the
peak current is 10 kA. Detailed computer simulations with
2 · 105 macroparticles have been carried out to evaluate the
performance of the slotted spoiler using the tracking code
ELEGANT [54]. They include multiple Coulomb scattering
in a 2 µm thin aluminum foil for two case studies referring to
pulse length of 12 fs and 4 fs. A slit full-width of 0.7 mm se-
lects a small fraction of electrons, about 20%, and produces
an unspoiled electron bunch slice after BC2. Self-seeding
and post-saturation tapering simulations were performed
with the help of the FEL code Genesis [55] . The output
power and spectrum of the entire setup, that is after the sec-
ond part of the output undulator for the 4 fs case, are shown
in Fig. 5.

NANO-SCALE FOCAL SPOT
We carried out wavefront propagation simulations to in-

vestigate the evolution of the radiation beam profile through
the SPB optics. Our wave optics analysis takes into account
aberrations and errors from each optical element. In our
case of interest, a reflection from the mirror becomes simi-
lar to the propagation through a transparency at the mirror
position, which just changes the phase of the reflected beam
without changing its amplitude. Applying the Marechal
criterion, i.e. requiring a Strehl ratio larger than 0.8, and
treating the errors from the different optics independently,
we conclude that an height error hrms < 1.5 nm should be
sufficiently small for diffraction-limited propagation through
the SBP beamline at a photon energy of 4 keV. In fact, the
SPB instrument designers are planning to use mirrors ca-
pable to preserve the geometrical focus properties at much
shorter wavelength range. The effects of the horizontal offset
mirrors in the X-ray beam transport are modeled using the
code SRW [56] as a combination of two apertures with sizes
determined by the mirror length (800 mm in our case) and
two phase shifters describing the mirror surface errors. The
SRW code has further the capability of modeling the KB
optics by elliptical mirrors (with length 950 mm in our case)
and to account for all aberrations. The KB mirror surface
errors are simulated by two phase shifters, similar to the
case of offset mirrors. The plot in Fig. 6 shows the intensity
profile at the focus, integrated over the radiation pulse. This
is thus a simulation of the energy profile per unit surface

Figure 6: Distribution of the radiation pulse energy per unit
surface in the plane placed in the focus, integrated over the
radiation pulse.

that can be measured by a detector that integrates over a
single radiation pulse, placed in the plane of interest. The
maximal fluence in the focus may now be obtained from
F = Np/S, where Np is the number of photons into the
radiation pulse and S is the effective focal spot squared. We
found that 1/S ∼ 1.5 · 109 cm−2. For 1013 photons per pulse,
which can be achieved as discussed previously, this amounts
to a fluence of about 1.5 · 1022 photons/cm2. This result can
be achieved without additional cost for the baseline optical
layout of the SPB beamline, and with very moderate costs for
the installation of the slotted foil setup into the beam forma-
tion system. The X-ray optical layout of the SPB instrument
provides an option of operation with an intermediate source
point in the horizontal plane allowing for a fluence of about
0.5 · 1023photons/cm2. In order to achieve additional tight-
ening of the focusing, pending feasibility study, one might
also additionally install two vertical refocusing mirrors. In
this way, with a moderate additional cost, a higher fluence
of about 1023photons/cm2 is within reach.

NOISY X-RAY DIFFRACTION PATTERNS
The calculations in this article were carried out for a

photon energy of 4.1 keV, corresponding to a wavelength
λ = 0.3nm. For reference, note that in order to reach the
resolution d = 2π/(0.4 nm) with a 200 mm by 200 mm
detector, the sample to detector distance needs to be as short
as 10 cm. For this resolution, and for a molecule size of
w = 10 nm, we estimate the requirement for the number of
Shannon pixels as Ns = 4w/d = 100. The Adaptive Inte-
grating Detector (AGIPD) [57], which will be installed at the
SPB instrument features a pixel size of 0.2 mm and frame
of 1 megapixel, amounting to a total lateral size D = 200
mm. In this case, the average size of a Shannon pixel can
be estimated as D/Ns = 2 mm. However, our calculations
assume that the detector can be placed at the necessary prop-
agation distance (10 cm) to realize the desirable resolution.
The numerical simulations carried out here are based on
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Figure 7: Radial average of the photon counts per pixel vs.
position along the detector in mm, starting from the center
of the detector.

some simplifying assumptions. In particular, noise is only
considered in terms of photon noise, i.e. we assume Poisson
shot noise. No additional sources of noise such as detec-
tor readout noise are considered. A quantum efficiency of
about 85% is assumed for the AGIPD detector, for standard
window and at the photon energy of 4 keV. Concerning is-
sues related with detector electronics it can be shown that
the expected number of false hits per detector pixel (0.2
mm by 0.2 mm) can be neglected. We simulated 30000
randomly oriented diffraction patterns for the RNA Pol II
structure. The plot in Fig. 7 shows the radial average of
the photon count. The simulated array size was 200 by 200
pixels, with sampling ratio per dimension of s = 2, and
binning b = 5. Note that larger molecules do not necessary
give larger signals; there are a fixed number of photons per
pulse and larger molecules require a proportionally larger
focal spot size, hence giving a lower fluence. The plot in
Fig. 7 demonstrates that a signal of the order of 0.1 photons
per pixel, corresponding to 0.4 photons per Shannon angle
can be achieved. A typical diffraction pattern from a single
FEL pulse as seen by AGIPD detector is shown in Fig. 8.
A difficulty to be considered is that the 6 mm gap width
between two detector modules corresponds, in our case of
single biomolecule imaging, to the size of three Shannon
pixels.

DISCUSSIONS AND CONCLUSIONS
The imaging method “diffraction before destruction”

promises to be a revolutionary technique for protein deter-
mination, capable of resolving the structure of molecules
that cannot crystallize. Here we propose a cost-effective
proof-of-principle experiment, aiming to demonstrate the
actual feasibility of a single molecule diffraction experiment
using the baseline European XFEL accelerator complex and
the SPB beamline hardware, with minimal modifications
only. More specifically, we want to determine the structure
of a relatively small (about 30000 non-hydrogen atoms),
well-known protein molecule and compare it with results in
the protein data bank. We developed a complete package
of computational tools for start-to-end simulations predict-
ing the performance of this experiment. Its composition is

Figure 8: Simulated diffraction pattern from the RNA pol
II test object as seed by AGIPD detector at a fluence of
1023photons/cm2.

Figure 9: Organization of start-to-end simulation program.
See [54]- [56], [58]- [64] and refer to [12] for a more detailed
description.

sketched in Fig. 9. In this paper we reported about detailed
simulations from the photocathode of the European XFEL
injector up to the collection of noisy 2D diffraction data set.
Several issues are discussed. As a follow-up of this work, we
will perform image reconstruction up to the determination
of the electron density distribution, after image orientation
and assembly of the 3D diffraction data set.
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Abstract 
The Free-electron laser in Hamburg (FLASH) is the 

first FEL user facility to have produced extreme 
ultraviolet (XUV) and soft X-ray photons. In order to 
increase the beam time delivered to users, a major 
upgrade of FLASH named FLASH II is in progress. The 
electron beamline of FLASH2 consists of diagnostic and 
matching sections, a seeding undulator section and a 
SASE undulator section. In this paper, results from a 
start-to-end simulation for a FLASH2 High-Gain 
Harmonic Generation (HGHG) option are presented. For 
the beam dynamics simulation, space charge, coherent 
synchrotron radiation (CSR) and longitudinal cavity wake 
field effects are taken into account. In order to get 
electron beam bunches with small correlated and 
uncorrelated energy spread, RF parameters of the 
accelerating modules have been optimized as well as the 
parameters of the bunch compressors. Radiation 
simulations for the modulator and the radiator have been 
done with code Genesis 1.3 by using the particle 
distribution generated from the beam dynamics 
simulation. The results show that for a single stage 
HGHG, 33.6 nm wavelength FEL radiation can be seeded 
at FLASH2 with a 235 nm seeding laser.  

INTRODUCTION  

FLASH has been an FEL user facility since 2005 which 
can produce XUV and soft X-ray radiation in the 
wavelength range from 4.1nm to 45nm [1, 2]. In order to 
increase the beam time, a major upgrade, FLASH II is in 
progress which will provide seeded FEL radiation as well 
as SASE FEL radiation [3]. At the exit of the existing 
linear accelerator, as the extension of FLASH, FLASH2 
was built in a separate tunnel. With fast kickers and a DC 
Lambertson septum, parts of the electron bunch trains 
generated from the main linac can be extracted into the 
FLASH2 arc and then pass through the undulator 
sections. The undulator sections will consist of the 
seeding undulator section and the SASE undulator 
section. The layout of the seeding undulator section which 
will be installed between the extraction arc and the SASE 
undulator section allows for different seeding schemes, 
like HHG, HGHG and several combinations of those [4]. 
The SASE undulator can also be used as the final radiator 
for the cascaded HGHG scheme and as the amplifier for a 
direct seeding with HHG. For independent operation of 
FLASH1 and FLASH2, all FLASH2 undulators will have 
variable gap to relax the dependency of the radiation 
wavelength on the electron beam energy.  

In this paper, some results of a start-to-end simulation 
for FLASH2 single stage HGHG option are presented. 
The injector, the accelerator, the bunch compressors and 
the extraction arc are studied with help of the codes 
ASTRA [5] and CSRTrack [6]. Space charge, CSR and 
longitudinal cavity wake field effects have been taken 
into account in the beam dynamics simulation. FEL 
simulations in the modulator and the radiator have been 
done with Genesis 1.3 [7] by using the particle 
distribution generated from the beam dynamics 
simulation. In order to consider the space charge and CSR 
impacts in the seeding section, the dispersive chicane and 
the straight beamline between the modulator and the 
radiator have been simulated with CSRTrack and ASTRA 
respectively.  

LAYOUT OF FLASH 

The injector of FLASH consists of a RF gun, an L-band 
accelerating section and a third-harmonic accelerating 
section. Electron bunches are generated from a photo 
cathode by the laser beam and accelerated to 5 MeV by a 
normal conducting 1.3 GHz RF gun. After the gun, the 
electron bunches are accelerated in a single TESLA type 
module named ACC1 [8]. Downstream of ACC1 section 
a third-harmonic (3.9 GHz) RF system named ACC39 can 
linearize the RF curvature distortion and minimize the 
beam tails in the next chicanes [9]. In the L-band 
superconducting linear accelerator, there are two 
accelerating sections named L1 and L2 with 1.3 GHz. 
These two sections are separated by a bunch compressor. 
L1 has 2 modules (ACC2-3) and L2 has 4 (ACC4-7). 
There are two bunch compressor chicanes in horizontal 
plane along the main linac. The first bunch compressor 
BC2 is located downstream of ACC39. The second bunch 
compressor BC3 is placed after ACC3 which has an S-
type structure (Figure 1).  

Behind the main linac of FLASH, three fast vertical 
kickers and a DC Lambertson-Septum distribute the beam 
either to the dogleg section of FLASH1 or to the new 
extraction arc of FLASH2. There are four horizontal 
bending magnets in the extraction arc of FLASH2 and the 
arc section is achromatic in horizontal plane. The vertical 
dispersion caused by the kickers is closed with two 
vertical bending magnets at the end of the extraction arc. 
The first order compaction factor (R56) becomes zero at 
the end of last dipole magnet by using a reverse bending 
magnet and the proper distribution of dispersion function 
in the extraction arc section [10]. The undulator

 ___________________________________________  
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Figure 1: Schematic layout of FLASH facility.  

system of FLASH2 will include a seeding undulator 
section and a SASE undulator section.  

BEAM DYNAMICS SIMULATION  
The optimization and simulation for a single stage 

HGHG for FLASH2 have been done. The single stage 
HGHG section consists of two undulator sections and a 
dispersive chicane. In the first undulator section, the 
modulator, a seed laser modulates the electron energy 
distribution. In the dispersive chicane, the energy 
modulation is transformed into a density modulation: 
microbunching. Because the microbunching can have a 
significant harmonic content, the second undulator section, 
the radiator, can be tuned to a higher harmonic of the seed 
wavelength. When the bunched electron beam enters the 
radiator, it can emit coherent, intense FEL radiation.  

The seed laser which will be used for HGHG is a 
Ti:Sapphire laser at a repetition rate of 100 kHz. After 
frequency up conversion, the seeding wavelength ranges 
from 200 nm to 270 nm [11]. In this simulation the 
electron beam energy is 1 GeV and the seeding laser has 
wavelength of 235 nm, pulse duration of 30 fs and peak 
power of 125 MW. In order to avoid particle loss in terms 
of FEL bandwidth, the energy modulation in the 
modulator is limited to less than 3 MeV (peak-to-peak). 
Figure 2 gives the estimation of the bunching factor as a 
function of harmonics of the seed wavelength for 
different initial uncorrelated energy spread. One can see 
at the 7th harmonic, the bunching factor can reach 0.2 in 
100 keV slice energy spread case.  

For FLASH, it is possible to obtain an electron beam 
bunch with an uncorrelated energy spread in the range of 
100 to 150 keV, when the peak current is about 1.5 kA. 
Therefore, the peak current of the electron beam is limited 
to about 1.5 kA and the radiator is tuned to the 7th 
harmonic of the seed wavelength. 

An example of the electron beam bunch from start-to-
end simulations, with 0.5 nC charge, is shown below. The 
beam energy is 1.0 GeV and the peak current is about 1.5 
kA. The technical constraints on the RF voltage for the 
accelerating modules have been considered for the RF 
parameter settings [12]. 

For the 0.5 nC case, the initial peak current at the gun is 
about 26 A and a global compression factor [13], C, of 58 
is used. Referring to [1], BC2 is typically operated with a 
bending angle of 18°. So the curvature radius of the 
reference trajectory (r1) in BC2 has been set to 1.618 m. 

In order to reduce the space charge effects between the 
BC2 and BC3, a not strong compression (C1=4.7) in BC2 
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Figure 2: Bunching factor for HGHG with different initial 
slice energy spreads. 

has been used in the simulation. Parameter settings for the 
bunch compressors are shown in Table 1. During 
parameter selection, the restriction of curvature radius 
( 1.4	m  ଵݎ  1.93	m, 5.3	m  ଶݎ  16.8	m ) [13] has 
been taken into account.  

Since the RF parameters of ACC1 and ACC39 are 
sensitive to the global compression and the current 
density distribution, we don’t want to adjust them once 
they have been optimized for a linear longitudinal phase 
space. In order to get HGHG radiation with high 
monochromaticity, electron beam bunches with small 
energy chirp are needed. For this purpose, smaller phase 
shift of L1 has been used to reduce the voltage 
requirement on L2. Additionally, L2 phase adjustment is 
helpful to obtain bunches with small energy chirp at the 
end of the linac. 

In reality the RF parameters solution obtained from the 
relation among the RF parameters, the beam energy and 
the global compression functions cannot produce the 
required compression because of the collective effects 
[13]. In order to take these effects into account a fast 
tracking code written in the MATLAB language has been 
used. The RF parameter settings for the accelerating 
modules are shown in Table 2.  

Beam dynamics simulation from the gun to the entrance 
of the modulator has been done for the 0.5 nC case. For 
all of the arc sections, like BC2, BC3 and the extraction 
arc, CSRTrack code is used. The beam tracking in the 
straight sections (including RF accelerating modules) 
with space charge effects is simulated with ASTRA code. 
For the ASTRA simulation, the 3D calculation has been 
used in order to get results with higher credibility. The 
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Table 1: Parameter Settings for the Bunch Compressors 

Charge 
Q, nC 

Curvature radius in 
BC2, r1 [m] 

R56,BC2 

[mm]
Compr. 
In BC2 

Curvature radius in 
BC3, r2 [m] 

R56,BC3 

[mm] 

Total compr. C

0.5 1.618 180.7 4.7 6.18 72.8 58 

Table 2: RF Parameter Settings for the Accelerating Modules 

Vacc1 
[MV] 

φacc1 
[deg] 

Vacc39 
[MV] 

φacc39 
[deg] 

Vacc2,3 

[MV] 
Φacc2,3 
[deg] 

Vacc4,5,67 

[MV] 
Φacc4,5,6,7 

[deg] 
159.5 2.4 19.8 162.6 323.3 19.0 623.0 -28.0 

longitudinal cavity wake field effects [14, 15] have been 
taken into account at the exit of each accelerating section 
by using matlab scripts. A million particles are used in the 
simulation. The model of the RF gun which generates the 
Gaussian distribution current profile is from [16].  

Beam bunch properties (longitudinal phase space, 
current profile, slice emittances and slice energy spread) 
at the entrance of the modulator section are shown in 
Figure 3. The maximum slice energy spread is about 100 
keV. The projected emittance is 1.18 μm in horizontal 
plane and 1.16 μm in vertical plane.  

 
(a)                                  (b) 

Figure 3: Beam bunch properties before the modulator 
section for 0.5 nC case. (a) Longitudinal phase space. (b) 
Current profile, slice emittances and slice energy spread. 

RADIATION SIMULATION FOR HGHG 

Figure 4 gives a schematic layout of the seeding 
undulator section. The period length of the modulator is 
6.7 cm and the total number of periods is 30. In the 
dispersive chicane, there are four dipole magnets. The 
length of the magnet is 0.1 m, with the same length as 
FLASH correctors. The distance between the first two 
dipole magnets is 0.5 m. The radiator has the period 
length of 3.14 cm and the number of periods is 152. It is 
separated into 2 parts by using one quadrupole magnet. 
The particle distribution can be up converted to the 7th 
harmonic of the seeding wavelength in the radiator. There 
are spaces reserved for installation of a fresh bunch 
chicane, a second modulator and a second dispersive 
chicane for a cascaded HGHG option.  

 
Figure 4: Schematic layout of the seeding undulator section.  

An alternating gradient quadrupole lattice provides the 
electron beam focusing. According to the design optics 
for FLASH2 SASE option [17], beam optics matching has 
been done before the SASE undulator section (the second 
radiator) by using the quadrupole magnets in the seeding  

undulator section. Betatron functions are shown in Figure 
5. One can see the average beta function in the undulator 
section is approximately 10 meters.  
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Figure 5: Betatron function in the seeding undulator section.  

Particle distribution generated from the above beam 
dynamics simulation is used for the radiation simulation. 
Simulation in the modulator and the radiator has been 
done with Genesis 1.3. In order to take into account the 
space charge and CSR impacts, we use ASTRA and 
CSRTrack codes to do the beam dynamics simulation for 
the beamline between the modulator and the radiator. To 
obtain the input particle files, particle distribution 
conversion between ASTRA and Genesis 1.3 has been 
done by using matlab scripts.     

At the exit of the modulator, the longitudinal phase 
space is shown in Figure 6 from which one can see the 
energy modulation. An adjustment has been done to shift 
the seeding laser with respect to the electron bunch.     

   
Figure 6: Longitudinal phase space after the modulator. 

From the above pictures one can see there is an 
amplitude distribution of the energy modulation. In order 
to get FEL radiation with high energy, the R56 parameter 
in the chicane has been scanned. Figure 7 gives the 
radiation energy at the exit of the radiator for different R56 

parameters. The energy can reach maximum value when 
the R56 parameter is 41.6 μm. Therefore the following 
simulation results are given for this case. The bunching 
factor (the 7th harmonic of seeding wavelength) at the 
entrance of the radiator and the bunching distribution 
along the radiator are shown in Figure 8. One can see the 
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over compression in the middle of the bunch. At the exit 
of the radiator, the radiation with peak power about 3.3 
GW has high monochromaticity (Figure 9). Figure 10 
gives the radiation energy along the radiator. The energy 
is about 118 μJ after the radiator.  
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Figure 7: Radiation energy at the exit of the radiator as a 
function of R56 in the chicane. 
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Figure 8: Bunching factor at the entrance of the radiator 
(left),   Bunching vs. z in the radiator (right). 

Due to the density modulation, the space charge impact 
after the dispersive chicane is important because it can 
cause distortion of the bunch distribution. In this 
simulation strong space charge impact can not be seen at 
the entrance of the radiator because of the short distance 
between the chicane and the radiator. The simulations 
above are aimed at the cascaded option. If one intends for 
the HGHG option to operate in a stand-alone fashion, in 
order to obtain FEL beam with optimal performance 
delivered to users, maybe it is necessary to let the 
microbunched beam drift over a significant distance to 
reach the last radiator section prior to the user beamline. 
Some issues like LSC, CSR, R53 and R54 impacts should 
be considered for that option [18]. 
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Figure 9: Radiation power at the exit of the radiator (left) 
and the spectrum (right). 

CONCLUSION 
FLASH2 will be used as a seeded FEL source. One 

feasible scheme for single stage HGHG option is given in 
this paper. In order to get HGHG radiation with several 

GW power and with high monochromaticity, parameter 
settings for the accelerating modules and the bunch 
compressors have been optimized. Space charge, CSR 
and longitudinal cavity wake field impacts are taken into 
account in the start-to-end simulation. The results show 
that 33.6 nm wavelength FEL radiation can be seeded at 
FLASH2 with a 235 nm seeding laser.  
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Figure 10: Radiation energy along the radiator. 
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ENHANCING COHERENT HARMONIC GENERATION USING TILTED
LASERWAVEFRONTS∗

S. Khan†, Center for Synchrotron Radiation (DELTA),
TU Dortmund University, 44227 Dortmund, Germany

Abstract

Coherent Harmonic Generation (CHG) to produce ultra-

short pulses of synchrotron radiation is based on the inter-

action of relativistic electrons in a storage ring with fem-

tosecond laser pulses in an undulator. The resulting periodic

energy modulation is converted into a density modulation

by a dispersive chicane, giving rise to coherent emission at

harmonics of the laser wavelength in a second undulator. If

the first undulator is in a section with non-zero dispersion,

the density modulation can be enhanced using tilted laser

wavefronts, thus delaying the phase-space distributions of

electrons with different energy with respect to each other.

The most simple way to produce a wavefront tilt would be a

small crossing angle between the electron and laser beam.

Details are discussed for the case of the CHG short-pulse

facility at DELTA, a 1.5-GeV synchrotron light source at the

TU Dortmund University, but HGHG and EEHG seeding of

free-electron lasers could also be enhanced this way.

INTRODUCTION

Synchrotron radiation with short wavelength is the stan-

dard tool to study the structure of matter on the atomic level.

However, synchrotron radiation pulses with a duration of

30 to 100 ps (FWHM) are insufficient to study dynamic

processes such as chemical reactions, phase transitions, fast

magnetic changes, lattice vibrations etc. which take place on

the sub-picosecond scale. The femtosecond regime, on the

other hand, has been made available by mode-locked lasers

at wavelengths (e.g. 800 nm in the case of titanium-doped

sapphire lasers) which are unsuitable to probe inner atomic

shells or to provide spatial resolution on the atomic scale.

The need for radiation with short wavelength and short
pulse duration has prompted new developments in laser

physics, such as high-harmonic generation (HHG), as well

as in accelerator physics, notably free-electron lasers (FELs)

providing extremely brilliant short-wavelength radiation

with femtosecond pulse duration. To date, only four linac-

based FEL facilities at short wavelengths are in user op-

eration (in chronological order: FLASH, LCLS, SACLA,

and FERMI) while more than 50 synchrotron light sources

worldwide [1] provide up to 40 beamlines simultaneously

with brilliant and tunable radiation. It is therefore worth-

while to study methods which allow to generate conventional

synchrotron radiation with shorter pulse duration.

∗ Work supported by BMBF (contract 05K13PE3)
† shaukat.khan@tu-dortmund.de
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Figure 1: Setup for seeding schemes: a) HGHG or CHG

and b) EEHG with respective electron distributions in phase

space, i.e. longitudinal coordinate z, here normalized to the
laser wavelength λ, versus relative energy deviation ΔE/E.

SHORT-PULSE GENERATION
Some methods to generate sub-ps radiation pulses at stor-

age rings are borrowed from FEL seeding schemes using a

femtosecond laser pulse to modulate the energy of electrons

at the center of a long electron bunch. FEL seeding aims at

assisting a positive feedback loop of exponentially growing

microbunching and coherent radiation. In a storage ring,

on the other hand, the laser pulse is used to define a short

"slice" within the electron bunch. A short radiation pulse is

emitted by the energy-modulated electrons together with a

long pulse from the rest of the bunch. Off-energy electrons

can be transversely displaced by dispersion in order to sepa-

rate the short and long components of incoherent undulator

radiation spatially – this scheme is known as "femtoslic-

ing" [2]. Alternatively, a magnetic chicane may convert the

energy modulation into a density modulation giving rise to

a short pulse of coherent radiation at harmonics of the laser

wavelength, which is brighter than the long incoherent pulse.

As long as the signal-to-background ratio

Pshort
Plong

=
n2
short

b2
h

nlong
= f 2 nlong b2h with f ≡ nshort

nlong
(1)

is tolerable, no geometric separation is required. Here, f ≈
10−3 is the ratio between the number of electrons in the slice
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and in the bunch, and bh is the bunching factor given by the
Fourier transform of the longitudinal charge distribution at

the hth harmonic of the laser wavelength. With nlong = 1010,
to give an example, bh = 0.1 would yield an excellent signal-
to background ratio of 102.

The standard scheme of short-pulse generation by laser-

induced energy modulation in an undulator (the "modula-

tor"), microbunching in a magnetic chicane, and coherent

emission in a second undulator (the "radiatior") is known as

coherent harmonic generation (CHG, top part of Fig. 1) [3]

and bears a close similarity to an FEL seeding scheme

called high-gain harmonic generation (HGHG) [4]. Here,

the bunching factor decreases with increasing harmonics as

bh ∼ exp(−h2). In the same way, echo-enabled harmonic
generation (EEHG, bottom part of Fig. 1) [5] involving a

two-fold energy modulation in order to reach higher harmon-

ics with bh ∼ h−1/3 can be used for FEL seeding as well as
for short-pulse generation in a storage ring.

TILTED LASERWAVEFRONTS
A primary goal in using CHG or EEHG is to reach high

harmonics, i.e. short wavelengths, to extend the range of

scientific applications of the short-pulse source. One of the

limitations is the finite length of the microbunches given by

the sinusoidal nature of the energy modulation and by the

electron energy spread σE . It may be possible to linearize

the energy modulation in a sawtooth-like fashion by seeding

with several laser harmonics simultaneously [6, 7], but a

given laser pulse energy is usually better invested in obtain-

ing a high modulation amplitude ΔEmax/σE rather than in

additional harmonic generation. The effect of the energy

spread can be reduced if there is a correlation between the

energy offset ΔE of each electron and another parameter.

The obvious candidate for such a parameter is the trans-

verse coordinate x in the presence of dispersion D(s). In
a storage ring, dispersion is introduced in the horizontal

plane by the dipole magnets and its value at a particular

position, e.g. at the CHG or EEHG modulator, depends on

the quadrupole settings. The ΔE-x correlation is to good
approximation linear, i.e. x = D · ΔE/E, but is smeared out
by the emittance-dependence of the horizontal beam size

σx (s) =
√
εx βx (s) + D2(s)σ2E/E

2, (2)

where εx is the horizontal beam emittance and βx (s) is the
beta function. Reference [8] suggests to use an undulator

with transverse gradient as modulator in which the phase

advance with respect to the laser field depends on the trans-

verse position. Another and even more simple possibility

to make use of the ΔE-x correlation is to seed with tilted
laser wavefronts as recently proposed by [9] for FEL seed-

ing. This way, a phase shift of the energy modulation is

introduced which depends on x and thus also on ΔE.
An example is shown in Fig. 2 with D = 0.5 m, σE/E =

8 · 10−4, εx = 15 nm rad, and βx = 2 m. In this case, the
optimum wavefront tilt is 0.1 mrad and the bunching factor

is roughly doubled.

Figure 2: Energy and density modulation without (left) and

with (right) wavefront tilt. The top figures show the phase

space distribution, the bottom figures the longitudinal elec-

tron density. Electrons with an original energy deviation of

ΔE > σE (and ΔE < −σE ) are shown in red (and blue).

Table 1: Parameters of the Storage Ring DELTA

beam energy 1.5 GeV

circumference 115.2 m

beam current (multibunch) 130 mA

beam current (single bunch) 20 mA

horizontal emittance 15 nm rad

min. horizontal beta function @CHG 2 m

min. vertical beta function @CHG 20 m

horizontal dispersion @CHG −0.1 m
relative energy spread 0.0008

bunch length (rms) 13 mm

CHG AT DELTA
The 1.5-GeV electron storage ring DELTA with parame-

ters as shown in Table 1 is operated as a synchrotron light

source by the TU Dortmund University. In 2011, a short-

pulse facility based on CHG was constructed in order to

provide ultrashort coherent synchrotron radiation pulses in

the VUV and THz regimes for users [10, 11], and an ex-

tension based on EEHG including a femtoslicing source is

planned [12]. The bunch length corresponds to a pulse du-

ration of 100 ps (FWHM) while the CHG pulse length is

below 100 fs. For a typical single-bunch current of 10 mA,

the number of electrons is Nlong = 2.4 · 1010 and the ratio f
(cf. Eq. 1) is below 10−3. Seeding is presently performed us-
ing Ti:sapphire laser pulses at 800 nm or frequency-doubled

pulses thereof, and a signal-to-background exceeding 102 is

routinely observed for low harmonics [10]. The beam size is

σx ≈ 170 μm according to the first term of Eq. 2 while the

second term with D = −0.1m in the CHG section amounts

only to 80 μm.
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Figure 3: Bunching factors calculated for CHG at the 5th

harmonic with the beam parameters of DELTA and different

values of dispersion D at the modulator. The laser field is

assumed to consist of plane waves arriving under a tilt angle

α with respect to the electron beam.

The example shown in Fig. 2 was based on the DELTA

parameters except for an increased dispersion value of |D | =
0.5 m, which can in principle be achieved by modifying the
quadrupole settings of the storage ring, and work to this end

is in progress in order to perform an experimental investi-

gation of the tilted-wavefront effect. Calculated bunching

factors for different dispersion values are shown in Fig. 3 as

function of the tilt angle. As expected, the improvement with

|D | = 0.1 m is marginal while an experiment with |D | = 0.3
m might already yield an observable effect.

A wavefront tilt can be obtained by simply introducing a

small crossing angle between the electron and laser beam

axes. A tilt produced by other means, e.g. by passing through

a prism, will result in a wavefront rotation at the laser waist

[13] which is not desired here. A crossing angle of the order

of 0.1 mrad is well controllable by the motorized mirrors

upstream of the modulator (an electromagnetic undulator

with 7 periods of 25 cm length) and would result in an offset

of 90 μm at either end of the modulator, which is small

compared to the laser beam size. A variation of the incident

laser beam angle presently exhibits a broad maximum of

the CHG yield. With larger dispersion, the tilted-wavefront

effect is expected to result in a more pronounced optimum

angle.

In CHG operation, coherent THz radiation is generated

over several turns due to the fact that the energy-modulated

electrons leave a gap in the longitudinal charge distribution

[14]. This gap gives rise to coherent radiation at wavelengths

above ∼ 50 μm and should be insensitive to the sub-μm

effects of titled wavefronts. Since the absolute crossing angle

is not easily determined, an offset between the optimum

laser angle for CHG and for THz may be the most obvious

signature for the tilted-wavefront effect for a fixed dispersion

value. If D can be tuned on the fly, an improvement of the

CHG signal with increasing dispersion should be observed.
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Figure 4: Phase shift of energy modulation for a transverse

displacement of Δx = 0.1 mm and a wavefront tilt angle

of α = 0.1 mrad as function of longitudinal coordinate z,
normalized to the Rayleigh length zR , for the case of a plane
wave (blue) and a Gaussian laser waist at z = 0 (red).

MORE REALISTIC WAVEFRONTS
Distortions of the laser wavefronts have not been studied

so far but are likely to occur due to the passage of the laser

pulses through air and glass (lenses and vacuum windows).

Furthermore, even idealized wavefronts of a Gaussian laser

beam are curved. Up to now, plane waves were tacitly as-

sumed leading to a constant phase shift of the energy modu-

lation given by

Δϕ =
2π α

λ
Δx (3)

for a transverse displacement Δx, a tilt angle α, and a laser
wavelength λ. For a Gaussian beam, the wavefront is flat
at the center of the laser waist, such that Eq. 3 holds, but

nearly spherical in the far field, where Δϕ reduces to zero.
In between, the radius of curvature at a distance z from the

waist is

R(z) = z +
z2R
z

with zR ≡
πw2

0

λ
(4)

in paraxial approximation [15], where zR is the Rayleigh

length and w0 is the 1/e2 waist radius. As shown in Fig. 4,
the resulting phase shift decreases with increasing distance

z. At z = ±zR , for example, it is only half of the maximum
value. Thus, making use of the tilted-wavefront effect may

require to increase the Rayleigh length which corresponds to

reducing the electric field acting on the electrons. According

to theory [16], the Rayleigh length for maximum energy

modulation on the beam axis is about 1/4 of the modulator

length, but this condition will usually be relaxed due to

the finite electron beam size. For the case of DELTA, an

optimized value of zR is 1/2 of the modulator length or even
larger [12].

The reduced phase shift due to curved laser wavefronts

can be compensated by an increased crossing angle. Since

the phase shift is now a function of the position z along the
modulator, the improvement of the bunching factor depends

on several parameters, such as the undulator length, the
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Rayleigh length, the tilt angle etc., and its prediction requires

an integration of the laser-electron energy exchange over z.
Furthermore, the electric field of the laser pulse and thus the

amount of energy modulation is a function of all coordinates.

If the chicane is set for optimum bunching at the center of the

laser pulse, electrons at any other longitudinal or transverse

position will contribute less to the coherent emission of

radiation.

SUMMARY
A crossing angle between laser and electron beam can

improve the bunching factor for FEL seeding or for the gen-

eration of ultrashort pulses in a storage ring via CHG or

EEHG, provided the modulator is placed in a section with

significant dispersion. The smaller the beam emittance, the

larger is the effect of tilted wavefronts for a given dispersion

value. It may therefore be advantageous to introduce vertical

dispersion. In the case of DELTA, however, vertical dis-

persion would require additional magnets while horizontal

dispersion can be created by changing the quadrupole set-

ting. For this and other reasons (larger vertical beta function,

larger horizontal aperture), first experimental investigations

of the titled-wavefront effect will be under horizontal cross-

ing angles only. General statements on the result can only

be given in the crude approximation of plane waves and an

infinite laser beam size. More realistic predictions require a

thorough simulation and are only valid for a particular set

of parameters.
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Abstract 
In this paper we present a broadly tunable high-power 

THz FEL amplifier driven by a photoinjector with a seed 
source tunable between 0.7-2.0 THz. A fully synchronized 
THz seed pulse is provided by an optical parametric 
amplifier pumped by the very driver laser of the electron 
injector. The FEL amplification gain is almost 3000 at 2 
THz for nominal input beam parameters. 

INTRODUCTION 
In the THz region, high power radiation sources are 

scarce. A free electron laser is known to be high-power 
and tunable over a wide spectral range. In the past, FEL 
oscillators were often built generate high-repetition-rate 
[1,2] or quasi-CW [3] THz radiation. With rapid 
advancement on high-brightness photoinjectors, single-
pass FELs are playing a crucial role in generating high-
peak-power laser radiation through self-amplified 
spontaneous emission (SASE) [4]. Unfortunately a low-
energy beam is susceptible to the space charge effects and 
makes a SASE THz FEL more difficult to realize. In 
addition, it is well known that the noisy spectral and 
temporal output of a SASE FEL is suitable for 
applications requiring high spectral and temporal purity. 
Recently, kW-level tunable THz radiation sources are 
becoming available from optical technologies. A possible 
path to realizing a MW-level tunable narrow-line THz 
source is to seed an FEL amplifier with a fully tunable 
optical THz source. This idea was studied in the past with 
a limited wavelength-tunability from a CO2-laser pumped 
THz different frequency generator (DFG) using GaAs as 
its gain material [5].   In this paper, we present a design 
for a high-power tunable THz FEL seeded by an all-solid-
state THz parametric amplifier (TPA) broadly tunable 
between 0.7 and 2 THz. 

SYSTEM LAYOUT 
Figure 1 shows the design concept of the proposed FEL 

amplifier to generate fully tunable, narrow-line, high-
power THz radiation. The proposed THz FEL system 
comprises two major components, the FEL amplifier and 
the THz seed. The FEL beamline consists of a high-

brightness photoinjector and an undulator. The THz seed 
is a tunable TPA using a lithium niobate (LiNbO3, LN) 
crystal as its gain material. One unique design that greatly 
simplifies the operation of the system is to use the driver 
laser of the photoinjector to pump the TPA and generate a 
fully synchronized seed THz pulse for the FEL. First, a 
Nd:YVO4 mode-locked laser at 1064 nm is sent into a 
Nd:YAG regenerative amplifier to gain tens of mJ pulse 
energy. The laser pulse is then divided into two parts; the 
first part is frequency-quadrupled to ultraviolet to drive 
the photoinjector and the other is sent to pump the TPA to 
generate a THz seed pulse to the undulator. As will be 
shown below, this TPA is capable of generating a kW 
THz pulse with tunability between 0.7 and 2.0 THz.    

Figure 2 shows the hardware arrangement of the 
proposed single-pass THz FEL amplifier, including a 
photoinjector, a solenoid, and an undulator. The total 
length of the setup is about 3.5 m. The accelerator is a 
2.856-GHz BNL/SLAC/UCLA type photoinjector [6], 
generating a 3-5 MeV electron beam with 0.5-nC charge. 
A solenoid magnet following the gun compensates the 
emittance growth of electron bunch and focuses the 
electron beam to the undulator. Installed between the 
solenoid and the undulator is an input mirror for the THz 
seed. To keep the whole system compact, the mirror has 
an aperture to transmit the electrons.  

Figure 1: The design concept of the proposed high-power 
tunable THz FEL amplifier. 
 

Figure 2: The hardware arrangement of the proposed 
THz FEL amplifier (planar undulator). 
 

 ___________________________________________  
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THZ PARAMETRIC AMPLIFIER 
Among various optical THz technologies, nonlinear 

frequency mixing is known to offer an effective means to 
gemerate coherent THz-wave radiations at room 
temperature. One notable example is the THz optical 
parametric generation from LN. This nonlinear optical 
material is relatively stable, low-cost, and high-gain. In 
the nonlinear wavelength conversion process, 
birefringence phase matching in LN requires the THz 
wave to propagate away from the nearly co-directional 
optical pump and signal beams at about a 65  angle. In 
the past we have demonstrated efficient, narrow-line 
THz-wave generation from optical parametric oscillations 
in LN waveguides [7, 8]. Recently, using the same 
material, Minamide et. al further demonstrated kW THz 
radiation from a sub-ns TPA [9]. The proposed THz FEL 
amplifier, driven by a ps electron bunch, is to radiate a ps 
THz pulse. We therefore propose a TPA pumped by the 
ps driver laser of the photoinjector to seed the FEL 
amplifier with a fully synchronized THz pulse. Figure 3 
depicts the schematic of our kW TPA seed source, 
wherein a pulse laser at 1064 nm pumps an LN crystal to 
amplify a weak signal tunable around 1070 nm and 
generate a tunable THz idler wave through difference 
frequency generation. The driver laser of the injector is an 
amplified mode-locked Nd:YVO4 laser producing 10-mJ, 
12-ps pulses at 1064 nm with a 10-Hz repetition rate. 
Approximately 1-mJ pulse energy is split from the gun 
driver laser to pump the TPA. The pumping intensity in 
an LN crystal can reach a few GW/cm2 with a millimetre 
pump laser radius. Figure 4 shows the calculated 
parametric gain of LN over a frequency range between 
0.5 and 2.5 THz based on a pump intensity of 1 GW/cm2 
[10]. For a parametric gain coefficient of 12 cm-1, it is 
sufficient to generate 1 kW THz radiation from a 1-W 
seeded TPA with a LN crystal length of 1 cm.  The 1-W 
signal seed to the TPA can be obtained by amplifying an 
external-cavity tunable diode laser (ECDL) at ~1070 nm 
in a Yb fiber laser amplifier.  An ECDL laser usually has 
a MHz line width. Pumped by a transform-limited Nd 
laser at 1064 nm and seeded by a MHz line-width signal, 
the TPA is expected to generate a transform-limited THz 
seed pulse for the FEL amplifier.  

 
Figure 4: Calculated gain coefficient for the proposed 
TPA with 1 GW/cm2 pumping intensity at 1064 nm. Such 
gain is sufficient to generate 1 kW power at THz from 1-
cm long LN TPA with 1-W seed power at about 1070 nm. 

THZ FEL AMPLIFIER 
We simulated the acceleration and propagation of the 

electrons by using the simulation code ASTRA. By 
varying the peak acceleration gradient of the 
photoinjector from 72 to 120 MV/m, the electron output 
energy varies from  = 6.41 to 10.76, respectively. 
Assuming an undulator period of 18 mm and undulator 
parameter of 0.98, the radiation frequency is in the range 
of 0.7 to 2 THz. The solenoid after the gun provides a 
peak magnetic field adjustable between 1.4-2.1 kG to 
compensate emittance growth at different beam energies. 
From our stimulation study, the optimized beam 
parameters at the undulator entrance are: electron bunch 
length = 10 ps, transverse beam width = 0.5 mm, 
normalized emittance = 3.5  mm-mrad.  

The electrons form microbunches when interacting with 
the seed THz field in the undulator. Therefore bunching 
factor in the undulator is an important indication for the 
FEL amplification gain. Figure 5 shows the bunching 
factors of the electrons obtained from time-dependent 
GENESIS simulations with 1 kW seed power at 0.7, 1.4, 
and 2.0 THz in the 2-m long undulator. The 
corresponding beam energies are  = 6.41, 9.06 and 10.76 
for the 0.7, 1.4, and 2.0 THz radiations, respectively. 
Since a higher energy beam suffers less from the space 
charge effects, the bunching factor of the 2-THz case is 
evidently higher than the others. As will be seen below, 
this higher bunching factor helps the FEL power to build 
up at 2 THz. 

Figure 5: Variation of the bunching factors in the 
undulator with 1 kW seed power at 0.7, 1.4, and 2.0 
THz. (Results obtained from simulation in GENESIS). 
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Figure 3: Configuration of a proposed TPA to seed the 
FEL undulator. The pump laser, derived from the gun 
driver laser, is focused into an LN gain crystal to 
amplify a laser signal tunable around 1070 nm and 
generate a tunable THz radiation.  
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Figure 6 shows the FEL power versus undulator length, 
obtained from our GENESIS simulation. The FEL output 
power varies between 0.013 – 2.74 MW for the frequency 
range between 0.7 - 2.0 THz. The amplification gain at 
2.0 THz is almost 3000.  

Figure 7: Build-up of FEL powers at (a) 0.7, (b) 1.4, 
and (c) 2.0 THz with different seeding powers to the 
undulator.  A higher seeding power helps to quickly 
build up the FEL output. 

 

 

 

In Fig. 7, we compare the radiation powers of the FEL 
amplifiers at (a) 0.7, (b) 1.4, and (c) 2.0 THz with 
different seed powers. The 0-W case is equivalent to a 
SASE FEL, which is known to give a noisy output. It is 
seen from the figures that a high seed power helps to 
quickly build up the FEL power, in addition to ensuring 
the spatial and temporal coherence of the output. 

CONCLUSION 
We have presented a compact, high-power FEL 

amplifier broadly tunable between 0.7 and 2.0 THz. The 
FEL amplifier consists of a 3-5 MeV photoinjector, an 
enmittance compensating coil, a 2-m long undulator, and 
a kW tunable seed source at THz frequencies. A unique 
feature of this FEL amplifier is to convert part of the gun 
driver laser pulse to a fully synchronized THz pulse to 
seed the FEL amplifier, permitting generating of 
amplified coherent tunable radiation at the output with a 
power range between 13 kW and 3 MW.  
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Figure 6: Radiation power vs. undulator length at 0.7, 
1.4, and 2.0 THz with 1 kW seeding power. 
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Center for Synchrotron Radiation (DELTA), TU Dortmund University, Dortmund, Germany

Abstract
The synchrotron light source DELTA comprises a short-

pulse facility based on coherent harmonic generation (CHG)

to generate coherent radiation with wavelengths in the VUV

regime. Even shorter wavelengths can be produced using

the echo-enabled harmonic generation (EEHG) technique.

An upgrade of the storage ring is planned to install an EEHG

as well as a femtoslicing short-pulse source.

INTRODUCTION
The 1.5-GeV synchrotron light source DELTA, operated

by the TU Dortmund University, is shown schematically in

Fig. 1. Besides dipole magnets as radiation sources, DELTA

comprises two undulators (U55, U250) and a superconduct-

ing asymmetric wiggler (SAW). The pulse duration of the

synchrotron radiation is about 100 ps (FWHM) given by the

bunch length. Shorter radiation pulses with durations in

the sub-100-fs range can be generated with commercially

available laser systems, but with wavelengths in the near-

visible range. In the following, three techniques to combine

the advantages of both radiation source types in order to

produce radiation with short wavelengths as well as short

pulse duration are described.

Coherent Harmonic Generation (CHG)
The CHG technique [1] is based on an interaction between

a short laser pulse and an electron bunch. The setup consists

of two undulators and a dispersive magnetic chicane between

them. A detailed description of the CHG setup at DELTA

can be found in [2]. The interaction occurs in the first un-

dulator, the so-called modulator, and leads to a sinusoidal

modulation of the electron energy with the periodicity of the

Figure 1: Sketch of the DELTA synchrotron radiation facility.

The yellow frame marks the CHG facility in the northern

part of the storage ring.

∗ Work supported by DFG, BMBF, FZ Jülich, and by the Federal State
NRW.
† svenja.hilbrich@tu-dortmund.de
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Figure 2: Top: Sketch of the magnetic setup for EEHG. Cen-

ter: The longitudinal phase space before the first magnetic

chicane, before and after the second modulator, and after the

second chicane. Bottom: The longitudinal electron density

after the second chicane.

laser wavelength within a short "slice" at the center of the

bunch. The magnetic chicane converts the energy modula-

tion into a density modulation known as microbunching. In

the second undulator, the radiator, the microbunches radiate

coherently at the laser wavelength and harmonics thereof

with a much higher intensity than the incoherent undulator

radiation.

The power of the CHG radiation at the nth harmonic of the
laser wavelength is [3]

Pn ∝ N2b2n (1)

with N being the number of modulated electrons and the
so-called bunching factor

bn ∝ e−n
2

(2)

decreasing exponentially with the harmonic number n.

Echo-enabled Harmonic Generation (EEHG)
The FEL seeding scheme EEHG [4] has been successfully

tested at SLAC in Menlo Park (USA) [5] and SINAP in

Shanghai (China) [6] and can also be applied at storage rings

to generate ultrashort coherent pulses. Compared to CHG, it

uses an additional undulator and chicane. As in the case of

CHG, the electron energy is sinusoidally modulated in the

first modulator, but the first chicane has a larger R56 value,
such that the electron distribution in the longitudinal phase

space is strongly sheared while the density distribution is flat.

In the second modulator, the electron energy is modulated

by a second laser pulse. In a following magnetic chicane

with a moderate R56 value, a density modulation with a
high content of harmonics is generated (see Fig. 2). The

optimized bunching factor for EEHG, i.e., with optimum

settings for each harmonic, scales as [7]

bn (λ) ∝ n−
1
3 (3)
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Modulator Radiator
Chicane

U 250

U 250
Modulator 1 Modulator 2

Chicane 1
Radiator

Chicane 2

1010

2020

2020

2.95 m
7.60 m 6.40 m

21.24 m
3.73 m

7
3 3

7

8.30 m2.44 m FemtoslicingUndulator

Figure 3: Top: Present magnetic setup in the northern part of DELTA. Bottom: Planned magnetic setup for the im-

plementation of EEHG and femtoslicing in which two 3- and 7-degree dipole magnets are replaced by two 10-degree

dipoles.

thus allowing the generation of higher harmonics with rea-

sonable intensity compared to CHG.

Femtoslicing
In contrast to CHG and EEHG, femtoslicing [8] utilizes a

geometrical separation of incoherent radiation from modu-

lated and unmodulated electrons. Downstream of the modu-

lator, a dispersive magnetic element, like a dipole magnet,

creates the spatial separation of the electrons. In a follow-

ing radiator, the off-energy electrons radiate incoherently at

wavelengths to which the radiator is tuned. Femtoslicing is

routinely performed at the ALS [9], at BESSY [10] and at

the SLS [11].

DESIGN CONSIDERATIONS
In order to implement EEHG at DELTA, the CHG facil-

ity in the northern part of the storage ring will be replaced

by a new magnetic setup. The most challenging task for

a successful operation of EEHG is to retain the resulting

microbunches until they reach the radiator. Since dipolemag-

nets would smear out the phase space structure, all EEHG

components will be placed in one straight section. For that

purpose, the 3- and 7-degree dipole magnets will be ex-

changed by a 10-degree dipole magnet resulting in a long

Figure 4: Horizontal and vertical beta function and horizon-

tal dispersion versus longitudinal position s (EEHG lattice).

Table 1: Lattice Properties of the Present and EEHG

Configuration. Parameters labeled by an asterix (*) refer

to the CHG/EEHG section

Parameter Present EEHG
circumference 115.20m 115.21m

straight sections* 1 x 6.40m 2 x 8.30m

horizontal displacement* 0.00m 0.24m

max. horizontal beta function 41m 20m

max. vertical beta function 101m 25m

max. horizontal dispersion 1.05m 1.05m

min. horizontal beta function* 0.5m 0.5m

min. vertical beta function* 2m 3m

min. horizontal dispersion* −0.09m −0.01m

horizontal tune 9.20 9.14

vertical tune 3.37 3.64

straight section with enough space for three undulators and

two chicanes as shown in Fig. 3. In addition, there will be

enough space for a femtoslicing undulator downstream of

the 10-degree dipole magnet following the radiator.

Optical Functions
The new arrangement of the magnetic dipoles and

quadrupoles leads to the optical functions shown in Fig. 4.

Simulations were performed using a modified version of

the code elegant [12]. The optical functions of the storage
ring outside the range shown in Fig. 4 are identical to the

present ones. Table 1 shows the properties of the lattices of

the present and EEHG configuration. Another issue taken

into consideration is to minimize the change of the circumfer-

ence. For DELTA, a change of 1 cm is tolerable resulting in

a horizontal displacement of the U250 axis by 24 cm towards

the ring center (see Table 1).

Second-Order Effects
Considering an rms angular deviation of σ′ =

√
ε x/β0,

where ε x is the beam emittance and β0 the beta function at
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Figure 5: Schematic view of the lengths L1 to L4 between

the components used for the EEHG setup.

Figure 6: Bunching factor for n = 40 versus the variation of
the distances L1 to L4 shown in Fig. 5.

the beam waist, the resulting variation of path-lengths is [13]

ΔL =
1

2
ε x

L
β0

(4)

in a drift space of length L. This effect can destroy the mi-
crobunching due to the various angular deviations of the

electrons. For the planned EEHG setup at DELTA, the in-

fluence of a variation of the distances L1 to L4 (see Fig. 5)

between the undulators and chicanes on the bunching fac-

tor was simulated using a self-written code. Each of the

distances was varied from 0 to 13m while the other ones re-

mained zero. The calculation was performed for a horizontal

beta function at the beam waist of 5m and an emittance of

15 nm rad. As shown in Fig. 6, only the distance between the

second undulator and the radiator (L3 + L4) has an influence

on the transport of the microbunches as predicted by [14].

To reduce this effect, the second modulator and chicane will

be placed as close as possible to the radiator.

NEW COMPONENTS
To implement EEHG at DELTA, two additional undula-

tors and chicanes are required if the present U250 is used as

radiator.

Undulators
Two new undulators (Fig. 7) were designed based on those

used at FLASH for the ORS experiment [15]. The undulators

are ordered and will be delivered this year. The design

parameters of the new undulators and the U250 are listed in

Table 2.

Figure 7: Sketch of the new undulators used in the

EEHG setup (courtesy Scanditronix Magnet AB, Vislanda,

Sweden).

Table 2: Parameters of the Undulators used in the Future

EEHG Setup at DELTA

Parameter Modulators U250
pole gap 40mm 50mm

total length 1.85m 4.85m

period length 0.20m 0.25m

number of periods 7 17

magnetic peak field 0.62 T 0.76 T

Chicanes

The strength of the second chicane is similar to that of the

chicane in the present CHG setup while the first chicane has

a much larger R56 value of the order of 1mm. A sketch with
the dimensions of the first chicane is shown in Fig. 8. The

parameters for both chicanes are listed in Table 3, and Fig. 9

shows the dependence of the R56 value and the horizontal
excursion dx on the magnetic field B.

Table 3: Parameters of the Chicanes in the EEHG Setup

Parameter Chicane 1 Chicane 2
total length 1.5m 0.9m

length of single dipoles 0.30m 0.15m

distance between dipoles 0.15m 0.15m

max. R56 1.6mm 0.3mm

max. magnetic field 0.8 T 0.8 T

offset dx 21mm 7mm

Figure 8: Schematic view of the first chicane.
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Figure 9: Chicane strength R56 and horizontal excursion dx
versus the magnetic field for the first (red) and second (blue)

chicane in the new EEHG setup.

OPTIMUM LASERWAIST
In order to simulate the energymodulation of the electrons

in the modulators, the propagation of the laser light can be

described by a Gaussian beam determined by the wavelength

λ, the waist position z0, the Rayleigh length zr and the beam
quality factor M2 [16] which is 1 for the fundamental Gaus-

sian mode and larger in the presence of higher-order modes.

By varying the waist position and Rayleigh length the energy

modulation can be optimized.

Given an undulator of length L and a laser beam waist cen-
tered at the undulator, a Rayleigh length of zr ≈ L/4 would
maximize the energy modulation of an electron on the beam

axis [17]. In order to include the M2 factor and the finite

electron beam size, the average energy modulation of the

electrons was simulated with the code elegant [12], which
was modified to include an M2 factor larger than unity [18].

The simulation was performed assuming an infinitely long

laser pulse with the power corresponding to the peak power

of a realistic laser pulse. The waist of the laser beam was

located at the center of the undulator and the energy modula-

tion was determinded under variation of the 1/e2 laser waist
radius w0, which is related to the Rayleigh length zr by

zr = πw20/(λM2). (5)

For the planned EEHG setup at DELTA, this dependency is

shown in Fig. 10 for both modulators. The laser parameters

Figure 10: Energy modulation of the electrons versus laser

waist radius (blue: first modulator, red: second modulator).

chosen for the simulation were an M2 factor of 1.1, a laser

wavelength of 800 nm, a laser pulse energy of 4mJ and a

pulse length (FWHM) of 60 fs. For both undulators, the max-

imum energy modulation occurs for a waist radius of about

500 μm. Since the two modulators will be installed at loca-

tions with different optical functions (see Fig. 3 and Fig. 4),

the energy modulation in the second modulator is about 10%

higher. Given the optical functions, the simulation result

shows that the Rayleigh length should be zr ≈ L/1.6.

OUTLOOK
Since the positions of the undulators, chicanes and

quadrupoles are specified, the next step will be to deter-

mine the position of BPMs and steerer magnets. A new

vacuum chamber design is under development, which will

reuse as much as possible of the present chamber in order to

minimize the costs.
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HIGH REPETITION RATE ENERGYMODULATOR SYSTEM
UTILIZING A LASER ENHANCEMENT CAVITY ∗

Y. Honda†, KEK, Tsukuba, Ibaraki, Japan

Abstract
In order to realize a high repetition rate seeded coherent

radiation source, it is necessary to develop a seeding system

which works in a continuous mode. Utilizing the longitu-

dinal electric field in a higher transverse mode laser stored

in an optical cavity, it is possible to introduce an energy

modulation in an electron bunch. Through acceleration and

dispersion handling, the modulation at laser wavelength can

be converted into a finer density structure. It can be used

as a seed of coherent radiation. We are developing a laser

system to be used in the laser modulator system.

INTRODUCTION
Recent linear accelerators can realize an electron beam

of high brightness and small energy spread. Based on such

a high quality electron beam, SASE FEL has been realized

and it has been provided as an user machine at various lab-

oratories. At the next stage, temporal coherence and high

averaged power are expected as additional characteristics to

be developed. For temporal coherence, seeding scheme can

be used. And for high averaged power, multiple bunch opera-

tion and/or energy recovery scheme with a superconducting

cw accelerator can be used. But in order to realize the two

items at the same time, a seeding system which can work at

high repetition rate is necessary. Usually, seeding is done

with a high peak power laser system which can work only

at a low repetition rate. Here, we propose an optical cavity

systemwhich can realize a high enough electric field at ∼100
MHz repetition of continuous operation. This can be used

to directly modulate electron beam energy in the scale of

optical wavelength. Combining the laser modulation with

the bunch compression in the following stage, it can seed

shorter wavelength radiation.

ACCELERATION BY AN ELECTRIC
FIELD OF LASER

We would like to use an electric field of a laser for elec-

tron beam acceleration [1] [2]. Usually, it is not possible

because the electric field of a plane wave is in transverse

direction. Here we think a TM-wave laser beam which trans-

fers in z-direction. The electric field is mainly in x-direction,
and the magnetic field is zero in z-direction. Directly from
Maxwell’s equation, the following relation,

ikEz =
∂Ex

∂x
(1)

is obtained. Variation of transverse electric field results in

a longitudinal electric field. Transferring an electron beam

∗ Work supported by KAKENHI
† yosuke@post.kek.jp

along with the laser beam, the longitudinal component of

the field can accelerate or decelerate the electron beam. It

introduces energy modulation in the period of laser wave-

length.

A higher order transverse mode, TEM10-mode, is one of

such a laser beam. The field profile is shown in Fig. 1. Its

transverse field varies and zero-crosses at the center area

of the profile. It means there is a longitudinal field at the

center.

x

y

Figure 1: Profile of the higher transverse mode laser.

The x-component of the electric field can be written as,

Ex
10 = A · x exp(− x2

ω2
) exp(i(ωt − kz + 2φ(z))). (2)

where φ(z) is Gouy phase, φ(z) = tan−1( z
z0

), z0 is Rayleigh

length (z0 =
πw2

0

λ
)). Simplifying this, the transverse electric

field Ex is

Ex = xe−x
2

. (3)

And the longitudinal electric field Ez is

Ez =
(1 − 2x2)e−x2

k
. (4)

These are shown in Fig. 2.

It can be written using laser power P as,

Ez =
1

2z0

√
P

cε0
. (5)

Laser beam diverges and the phase shifts in the distance of

z0. So, the effective accelerating distance is 2z0. Energy
gain G is then,

G = Ez × 2z0 = e

√
P

cε0
. (6)
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Figure 2: Transverse and Longitudinal field distribution of

TEM10 mode.

This does not depend on z0 and laser spot size w0.
For example, at 1 MW of laser peak power, G is estimated

to be 20 keV. This seems to be strong enough to introduce

an energy modulation comparable with the original energy

spread for 100 MeV class electron beam.

Recently, a high averaged power laser beam of 100 kW

has been realized inside an optical enhancement cavity [3].

Such a development is done mainly for the photon target

of laser compton scattering sources (LCSS) [4]. Assuming

a mode-locked laser pulse of ∼10 ps duration to be stored
in a ∼100 MHz cavity at an average power of 100 kW, the
peak power exceeds 10 MW. Excitation of the higher order

transverse mode is also a proven technique. The finer spatial

structure of the TEM01 mode than that of the lowest gaussian

mode has been used for measuring a small beam size of a

low emittance storage ring [5].

Schematic setup of the laser modulator is shown in Fig.

3. An enhancement cavity is excited by a TEM10-like beam,

which is converted from a gaussian laser beam. The electron

beam goes along the laser pulse inside the cavity in the

same direction. It is then accelerated/decelerated by the

longitudinal electric field of the laser, results in an energy

modulation at the period of laser wavelength.

mode
converter

laser input

laser

TEM10-like beamTEM10 excitation

electron beam

Figure 3: Schematic setup of the laser energy modulator.

REALIZATION OF A DENSITY
MODULATION

A test accelerator for an energy recovery linac has been

constructed and commissioned at KEK. It can be upgraded

to be a 200 MeV class two-loop system in a future. Here, we

assume the laser energy modulator system with the future

plan. Our target is to realize ∼30 nm scale of micro-structure

which can work as a seed of coherent radiation at an undula-

tor.

Figure 4 shows the layout. The laser modulator cavity

is installed in the inner loop. At the first turn of the inner

loop, the laser field introduces an energy modulation at laser

wavelength in the electron bunch. The distribution of longi-

tudinal phase space can be controlled in the following beam

line. First, at the return arc of the inner loop, by controlling

the dispersion R(1)
56
, the phase space is stretched as shown

in Fig. 5. This is for realizing density modulation after the

following bunch compression. The second turn at the accel-

erator section is at an off-crest phase to introduce an energy

chirp in the whole bunch. Then, the bunch is compressed

using the dispersion at the arc of the outer loop R(2)
56
. By

controlling the two dispersion parameters, R(1)
56
and R(2)

56
, the

imprinted energy modulation by the laser can be realized as

a compressed density modulation at the final point.

undulator

10MeV

130MeV

250MeV

3ps

100fs

VUV radiation

10MeVacc cavity
120 MeV/path

Laser modulator
λ=1μm
w0=100μm

10MW (peak)

bunch
compression

30nm micro-bunch

1μm micro-bunch

chicane

micro-bunching
tuning

Figure 4: Layout at 2-loop ERL scheme.

Figure 5 shows an example one dimensional calculation.

The laser wavelength is 1 μm and introduced energy mod-
ulation is Δγ/γ = 1 × 10−4. The accelerator RF frequency
is 1.3 GHz, the energy gain is 130 MeV/path. The off-crest

acceleration phase at the 2nd path is at 30 degree. It is shown

that the modulated phase space distribution is stretched at

first, then is recovered as a compressed density modulation.

In this case, a factor 5 smaller structure than the initial laser

wavelength is obtained.

Trying to have a finer structure, Fig. 6 shows the case

of a factor 9 compression. Due to the non-linearlity of the

accelerator RF curve, it shows that a roundness remains

in the final distribution, and it limits realization of a clear

density modulation. One possible idea for realizing a finer

structure is the EEHG scheme, which uses 2 stages of laser

modulator as shown in Fig. 7. It can produce 20 nm scale

structures in the bunch (Fig. 8).

DEVELOPMENT OF A LASER
MODULATOR

We have been developing the laser modulator system. It

stores a ∼10 MW peak power in a ∼100 MHz repetition
enhancement cavity. We used to develop a system with a

Nd based laser of 10 ps duration. Recently, we started a

test with a Yb based laser of wider band width which is

possible to have a shorter pulse and have an advantage to
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Figure 5: Longitudinal phase space (compression 1/5).

Figure 6: Longitudinal phase space (compression1/9).

save the average power while keeping the peak power. As

a first step, we made a low power test bench to test basic

characteristics of the Yb based system. Figure 9 shows the

Yb fiber laser oscillator used in this test. It is based on the

non-linear polarization rotation mode-lock system. It also

include a saturable absorption semiconductor mirror as a

self-starter, and an EO modulator for fast controlling cavity

resonance condition. The repetition rate is 38 MHz, and the

RMS pulse duration is 120 fs.

It is known that one important problem to store a wide

band laser in an enhancement cavity is carrier envelope

undulator

10MeV

130MeV

234MeV

3ps

1ps

VUV radiation

10MeVacc cavity
120 MeV/path

Laser modulator
λ=1μm

bunch
compression

chicane

Laser modulator
λ=1μm

dispersion
control

Figure 7: Layout of 2-stage system

Figure 8: Longitudinal phase space of 2 stage system.

phase offset (CEO). It is the optical phase difference between

pulses. When stacking many pulses in an optical cavity, they

can not be stacked constructively if there is a finite CEO. It

limits the enhancement gain. The effect can be seen when

measuring resonance peaks of the cavity while scanning the

cavity length as schematically shown in Fig. 10. In the case

of zero CEO, the resonance peaks appears symmetrically

LD

QWP
HWP

PBSgrating

grating

collimator

WDM

pump

Yb fiber

signal

output

QWP

HWP

SESAM f=50

EO

QWP

collimator

Figure 9: Schematics of the Yb fiber mode-lock oscillator.
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and there is the maximum peak which can resonate in a

good efficiency. But if there is a finite CEO, the structure

becomes asymmetric and the efficiency drops from the ideal

case. The efficiency drops considerably in the case of high

enhancement gain.

cavity fundamental frequency

resonance
peaks

frep

cavity fundamental frequency

resonance
peaks

CEO

(a) zero CEO

(b) finite CEO

Figure 10: Effect of CEO in the structure of cavity reso-

nances.

Oneway to control the CEO is to shift the laser wavelength

with an Acousto-Optic modulator. The setup is shown in Fig.

11. AOM is used in a double-path layout. By controlling

the driving RF frequency, it changes the laser wavelength

keeping the repetition rate. It corresponds to giving an opti-

cal phase shift in the frequency domain. An experimental

result with a test cavity setup of Fig. 12 is shown in Fig.

13. The Yb mode-locked laser pulse first goes through the

AOM system, and then injected to the 4-mirror optical cavity

of 78 MHz. The transmission signal of one of the mirrors

is measured with a photo-diode while sweeping the cavity

length. By adjusting the driving frequency of the AOM, the

structure of resonance peaks can be controlled. This test

shows that there is a simple way to control CEO when we

try to use Yb based laser in a high enhancement gain cavity.

Our next test item is to dynamically keep the CEO in a long

period with a much higher enhancement gain.

AOM

PBS

HWP QWP

0th
stop

0th
stop

Figure 11: Setup of AOM.

SUMMARY
We propose to use a longitudinal field of a higher trans-

verse mode laser to introduce an energy modulation for

PD

R=0.999
flat

R=0.999
ρ=500

R=0.999
ρ=500

R=0.99
flat

PZT

77.6MHz
cavity

micrometer

Figure 12: Setup of the enhancement cavity used in this test.

Figure 13: Experimental result of CEO control.

seeded coherent radiation. Combining with a bunch com-

pression scheme, it can realize a finer density structure than

the initial wavelength. Applying the optical cavity technique,

it is possible to develop a system which works at continuous

or multiple bunch operation.

We have started a basic experimental test on the laser

system of the enhancement cavity.
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Abstract

Self-seeding is a promising approach to significantly

narrow the Self-Amplified Spontaneous Emission (SASE)

bandwidth of XFELs to produce nearly transform-limited

pulses. We study radiation propagation through the grating

monochromator installed at Linac Coherent Light Source

(LCLS). The monochromator design is based on a toroidal

Variable Line Spacing (VLS) grating working at a fixed in-

cidence angle mounting without an entrance slit. It covers

the spectral range from 500 eV to 1000 eV. The optical sys-

tem was studied using wave optics method to evaluate the

performance of the self-seeding scheme. Our wave optics

analysis takes into account the finite size of the coherent

source, third-order aberrations and height error of the opti-

cal elements. Wave optics is the only method available, in

combination with FEL simulations, to simulate performance

of the monochromator without exit slit. Two approaches for

time-dependent simulations are presented, compared and

discussed.

INTRODUCTION

Self-seeding is a promising approach to significantly nar-

row the SASE bandwidth and to produce a nearly transform-

limited pulses [1]- [10]. Recently a soft X-ray Self-seeding

setup was installed in LCLS [11]- [15] and is currently under

commissioning [16].

In general, a self-seeding setup consists of two undula-

tors separated by a photon monochromator and an electron

bypass, normally a four-dipole chicane (see Fig. 1). Both

undulators are resonant at the same radiation wavelength.

The SASE radiation generated by the first undulator (SASE

undulator) passes through the narrow-band monochroma-

tor. A monochromatic pulse is created, which is used as a

coherent seed in the second undulator (seeded undulator).

Chromatic dispersion effect in the bypass chicane smears

out the microbunching in the electron bunch produced by

the SASE lasing in the SASE undulator. The electrons and

the monochromatized photon beam are recombined at the

entrance of the seeded undulator, and the radiation is ampli-

fied by the electron bunch until saturation is reached. The

required seed power at the beginning of the seeded undulator

must dominate over the shot noise power within the gain

bandpass, which is order of a kW in the soft X-ray range.

Figure 1: The compact soft x-ray self-seeding system to be

located in U9. The grating is a toroidal VLS grating, M1 is

a rotating plane mirror, M2 a tangential cylindrical mirror,

and M3 a plane mirror used to steer the beam. Adapted

from [13].

LCLS SOFT X-RAY SELF-SEEDING
SETUP LAYOUT

The overall self-seeding setup consists of three parts: the

SASE undulator, the self-seeding grating monochromator

and the output seeded undulator in which the monochro-

matic seed signal is being amplified. The seeded undulator

consists of two sections. The first section is composed by

an uniform undulator, and the second section - by a tapered

undulator. The transform-limited seed pulse is exponentially

amplified passing through the first uniform part of the seeded

undulator. Finally, in the second part of the seeded undulator

the monochromatic FEL output is enhanced after saturation.

The Soft X-ray Self-Seeding (SXRSS) monochromator

for LCLS was introduced in [13] and is based on a toroidal

variable-line-spacing (VLS) grating, a steering plane mirror,

a slit, a spherical mirror and another plane mirror (Fig. 1).

The toroidal VLS grating is illuminated by a SASE FEL

radiation produced by the SASE undulator with the source

in undulator sections 7 or 8 (depends on set-up). Transverse

coherence of a SASE FEL allows one to avoid installation

of an entrance slit. The plane mirror M1 is used to steer

the certain wavelength of an angularly dispersed radiation

to the slit. The spherical mirror M2 re-images the radiation

from the slit position to the re-imaging point at the entrance

to the seeded undulator. The plane mirror M3 reflects the

radiation to the seeded undulator, allowing two additional
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degrees of freedom for an overlap of the electron beam and

the monochromatic radiation.

OPTICS MODELING
In order to simulate transformation of the radiation after

passing the entire optical system of the monochromator, we

model an effect of a different optical components. Propaga-

tion is carried out through an every component sequentially,

as the radiation approaches them. Drift spaces are simu-

lated in between. Simulation is based on a single frequency

beam propagation method. Fresnel propagator is used to

simulate drift spaces (e.g. [17]) and phase shifter method -

to simulate optical elements. [18]. A phase-shifter model

is used to simulate a focusing effect of the toroidal grating,

M2 mirror and contribution of height errors of an optical

element surfaces. This model implies an introduction of a

shift to a phase of radiationΔΦ(x, y). This shift is dependent
on a transverse position at radiation distribution and only

changes the phase of the reflected beam without changing its

amplitude. It allows one to change the wavefront curvature,

therefore field behavior after propagation. In practice, ΔΦ

represents the deformation of the wavefront in propagation

direction divided by the wavelength.

Free Space Propagation
Let’s consider electric field in a space-time domain

�E(t, x, y) expressed in Cartesian coordinate system. In this
domain radiation is exported from the FEL simulation code

GENESIS [19]. Applying temporal and frequency Fourier

transforms one obtains the electric field in inverse space-

frequency domain - �̂E(ω, kx , ky ).
Radiation distribution with frequency ω = k0c at a dis-

tance z after free space propagation one can calculate with a
spatial-frequency response function in paraxial approxima-

tion [17]:

H (ω, kx , ky , z) � exp[ik0z] exp
[
− iz
2k0

(k2x + k2y )
]
,

�̂E(ω, kx , ky , z) = �̂E(ω, kx , ky ,0)· H (ω, kx , ky , z) . (1)

Grating Modeling
We model the toroidal VLS grating as a sum of indepen-

dent contributions of a sagittal focusing element, a tangential

focusing element, C12 and C30 aberrations, a surface height

error and a wavelength-dependent tilt, responsible for angu-

lar dispersion. Also, asymmetry of incidence and diffraction

angles has to be accounted. Since angles of incidence and

diffraction from a grating are not equal, a radiation is re-

sized transversely in dispersive dimension by the grating

asymmetry parameter b = sin θi/ sin θd .
Radiation distribution at any optical component in our

simulation is modified by a phase-shifter in the following

way:

�̄E(ω, x, y) = �̄E0(ω, x, y) exp
[
iΔΦ(x, y, ...)

]
. (2)

Figure 2: Schematic diagram of a VLS grating element. The

VLS grating (left) is represented by a contribution of a planar

grating with fixed line spacing and a thin lens (right).

Here ΔΦ is a phase shift that depends on various parameters,

depending on effect we want to model.

Tangential and sagittal curvatures of the toroidal grating

act as an independent cylindrical lenses with the following

curvature-determined focal lengths:

f curvtang =
Rtang

1/θd + θi/θ
2
d

,

f curvsag =
Rsag

θi + θd
. (3)

Here Rtang and Rsag are tangential and sagittal radii of

curvature, θi and θd are incidence and diffraction angles
respectively. Eq. 3 shows that focal lengths are wavelength-

dependent, since θd = arccos(cos θi − λD0), accordingly to
the grating equation.

Beside a toroidal curvature, the grating has a variable line

spacing with the following line density: D = D0 + D1l +
D2l2 [lines/mm], where l is a length along the grating.
The VLS focusing contribution may be modeled via intro-

duction of another focusing element in a tangential plane [20]

with the following focal length [21]:

f vl stang =
sin2 θd

D1λ
. (4)

Toroidal reflecting surfaces introduce aberrations. Two

most important contributions are determined by twofold

astigmatism and coma aberrations with C12 and C ′
30
coeffi-

cients correspondingly [22], [21]:

C12 = − 1
2

(
− sin θi cos θiRsag z1

+
cos θi
z2
1

+
sin θd cos θd

Rsag z2
− cos θd

z2
2

)
,

C ′30 =
λnD2

3
+

(
sin2 θi
z1
− sin θi

Rtang

)
cos θi
2z1

−
(
sin2 θd

z2
− sin θd

Rtang

)
cos θd
2z2
. (5)

Here z1 and z2 are distances from an optical element [grat-

ing] to an object and an image correspondingly and n is

a diffraction order which our case is equal to unity. The

quadratic VLS coefficient D2 introduces a phase shift, that

is proportional to x3, therefore it is used to compensate the
effect of C ′

30
aberration term.
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Figure 3: Thin-shifter-like effect of surface height errors

for a small mean square of surface displacement, concept

adapted from [23].

Aberrations are eliminated when C ′
30
= 0 and C12 = 0

criteria are fulfilled.

In order to simulate time-dependent phenomena of the

grating’s resolving power one needs to take into account

grating dispersion. We propose to induce a wavefront tilt,

according to an angular dispersion of the grating. Each

wavelength is reflected from the grating at a different an-

gle. Having an ensemble of wavelengths we can choose a

principle ray wavelength λ that will propagate downstream
with no wavefront tilt. Other wavelengths will propagate

from the grating at a certain angles from the principle ray,

determined by a grating angular dispersion, e.g. λ0 + Δλ
will be tilted by:

Δθ =
ΔλD0

θd
, (6)

where θd = arccos(cos θi − λD0).
In this case a linear phase tilt should be applied with

respect to the principal ray frequency ω0:

ΔΦ(x, y,ω0,Δω) = −2πxΔθ
λ0

=
2πxΔωD0

ω0θd
. (7)

Finally, cumulative effect of the grating modeling may be

written as

�̄E(ω, x, y) = �̄E0(ω, x, y) exp [iΔΦ] ,

ΔΦ = k
(
− ftang x

2− fsag y
2

2
+

C′
30
x3

θ
3
d

+
C12xy

2

θd
+

2πxΔωD0

kωθd

)
. (8)

Focusing with Mirrors
In SXRSS setup another optical element, where tangential

curvature is present is M2 mirror. In this case simulation is

similar to the grating, but D0, D1 and D2 VLS coefficients

are equal to zero, θi = θd , and no field resizing should be
applied.

Mirror Surface Height Errors Simulation
A very important issue is to keep track of the radiation

quality degradation caused by reflections from optical el-

ements with imperfect surfaces. Phase-shifter model was

used to simulate this effect, [23] (see Fig. 3). The height error

δh on an optical surface will perturb the radiation wavefront
with a phase shift ΔΦ in the following way:

ΔΦ =
4πδh
λ

sin θ , (9)

where θ is the radiation’s angle of incidence with respect to
the surface. In the case of a grating, the phase shift can be

expressed in terms of incidence and diffraction angles:

ΔΦ = 2π(sin θi + sin θd )
δh
λ
. (10)

SIMULATION DETAILS AND
APPROACHES

SASE FEL distribution at the end of the last section of

SASE undulator is obtained with the GENESIS software. It

is dumped in a space-time domain. We apply a temporal

Fourier transform, and once obtained the radiation distribu-

tion in a space-frequency domain, transverse distributions

for an every calculated discrete frequency are treated sepa-

rately. We apply a Fresnel propagator from Eq. (1) with z
equal to a distance between the end of the undulator and the

hit point at the grating. The phase shifter, described in Eq.

(8) is used to simulate focusing of the beam by the toroidal

VLS grating. Tilt is introduced accordingly to a difference

Δω between the frequency being currently propagated and
the frequency that is chosen to be a principle ray of dispersed

radiation (Eq. 7). After the grating, beam is propagated to

M1 position, then to M2 mirror with multiplication by it’s

focusing phase shifter, then to M3 following with the final

propagation to the entrance of the seeded undulator. At the

every reflecting optical element a height error phase shifter

(Eq. 10) with a certain height error profile is applied. This

propagation is applied for an every frequency, therefore we

may obtain a space-time domain of the dispersed radiation

(Fig. 4) with an inverse temporal Fourier transform and

use it as a seed in a GENESIS simulations of the seeded

undulator. We call this approach the “direct” one.

On the other hand, one may characterize the monochroma-

tor performance by calculation of it’s instrumental function

(Fig. 5). It can be achieved by propagation of a certain

typical transverse distribution with a different tilts that corre-

spond to a different wavelengths (Eq. 7). At the entrance to

the seeded undulator these distributions will have a varying

transverse offset and after amplification simulation in linear

mode one will obtain an amplified power as a function of a

wavelength. If that power is normalized by the input coupling

factor at 1-to-1 imaging from the end of the SASE undulator

to the entrance to the seeded undulator it can be interpreted

as an instrumental function of the monochromator at a given

set-up (wavelength, FEL gain length, etc.) It allows one to

avoid propagation of every pulse by only multiplying radia-

tion distribution in space-frequency domain at the end of the

SASE undulator by the instrumental function of monochro-

mator. This way one obtains the radiation distribution at
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Figure 4: An example of dispersive projection of the radia-

tion distribution in a space-time domain for the FEL pulse

before the monochromator (left) and the dispersed radiation

distribution after the monochromator (right). Here “x” is

a dispersive dimension, and “z” is a dimension along the

pulse propagation direction.
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Figure 5: An example of monochromator instrumental func-

tions for a different photon energies. Physical slit is not

inserted. An inverse full width at half maximum can be

interpreted as an effective resolving power of the monochro-

mator.

the entrance to the seeded undulator. We call this approach

the “phenomenological” one. The phase of the instrumental

function is obtained with Kramers-Kronig relations (this ap-

proach was also used for Hard X-Ray Self Seeding (HXRSS)

setup simulation in e.g. [8], [9]). In this case the transverse

distribution of the radiation doesn’t change after passing

the undulator, which does not correspond to reality, but this

distribution is amplified in seeded undulator the same way

as one obtained with “direct” approach (Fig. 6) yielding the

same radiation properties after amplification (Fig. 7).

CONCLUSIONS
This article describes a way to numerically simulate a

propagation of the radiation through the optical system of

the Soft X-ray Self Seeding Monochromator. The propa-

gated field is used as a seed for a GENESIS simulations

downstream the monochromator allowing one to investi-

gate the FEL beamline performance after the monochro-

mator installation. The monochromator’s optical elements

are represented as a transverse phase shifters, allowing to

0 5 10 15 20 25 30
105
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109

z [m]

P
 [W

]

direct approach
phenomenological approach

Figure 6: Power of the radiation in the seeded undulator. The

radiation was propagated through the seeded undulator with

the direct (solid line) and the phenomenological (dashed

line) approaches. Pulse energy is 1000 eV.
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Figure 7: Spectra of the radiation at the seeded undulator

entrance (left figure) and exit (right figure). The radiation

was propagated through the seeded undulator with the di-

rect (solid line) and the phenomenological (dashed line)

approaches. Pulse energy is 1000 eV.

modify the radiation wavefront accordingly to curvatures,

positions and height errors of mirrors and aberrations intro-

duced by them. Propagation of the radiation between optical

elements is done with Fresnel propagator. The monochro-

mator radiation transport simulation allows one to study the

monochromator performance in the beamline, such as effec-

tive resolving power of the monochromator without the exit

slit, the input coupling factor, or effectiveness of a tapering.

Two approaches described above allow one to fill the gap

in numerical simulations of FEL performance with SXRSS

monochromator.

Based on simulations, we found that resolving power of

the LCLS SXRSS monochromator operating without the

exit slit varies from 5400 to 8500, that is close to resolving

power with 3μm exit slit inserted [13]. Resolving power

along with input coupling factor are affected by the choice

of source position in the SASE undulator. Surface height

errors of installed optics have shown no significant effect on

the monochromator performance. More detailed study is to

be published [24].
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X-RAY MONOCHROMATORS FOR SELF-SEEDING XFELs
IN THE PHOTON ENERGY RANGE STARTING FROM 1.5 keV

Yuri Shvyd’ko∗

Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA

Abstract
Self-seeding of FELs with photon energies below 1 keV

can be performed using grating monochromators [1]. For-
ward Bragg diffraction (FBD) monochromators [2] were
instrumental for achieving self-seeding in hard x-ray FELs
in the photon energy range from 5 to 10 keV [3]. Large
photo-absorption in the monochromator crystal at lower
photon energies makes extension into lower photon en-
ergy range difficult. Here an alternative scheme of x-ray
monochromatization is introduced which may enable self-
seeding in a yet inaccessible spectral range starting from
1.5 keV, and thus to bridge the gap between the soft and
hard x-ray self-seeding.

The new scheme uses grazing-incidence Bragg diffrac-
tion under specular reflection conditions [4]. Specular re-
flection mitigates the problem of photo-absorption, as in
this case the FBD radiation is reflected from a very thin
crystal surface layer. Application of quartz (SiO2) in-
stead of diamond crystals, makes feasible Bragg diffraction
and therefore monochromatization of x-rays starting from
1.457 keV.

INTRODUCTION
A new scheme of x-ray monochromatization is proposed

here, which may enable self-seeding in a yet inaccessible
spectral range starting from 1.5 keV, and thus to bridge the
existing gap between the soft and hard x-ray self-seeding.
The scheme uses grazing-incidence Bragg diffraction un-
der specular reflection conditions [4], as shown in Figure 1.

diffracting planes

K0,E0
Ks

H ,Es
H

kH ,DH

Ks
0,E

s
0

k0,D0

Φ

π
2 −θ

Φ′

Φ

H

Figure 1: Schematic of grazing incidence x-ray Bragg
diffraction in non-coplanar geometry under specular reflec-
tion conditions [4].

X-RAY DIFFRACTION UNDER
SPECULAR REFLECTION CONDITIONS

Diffracting atomic crystal planes are perpendicular to the
crystal surface. Incident x-rays with the wave-vector K

0

are at a very small glancing angle of incidence Φ to the
crystal surface, and at a Bragg angle θ to the diffracting

∗ shvydko@aps.anl.gov

atomic crystal planes (π/− θ angle with diffraction vector
H). Under theses conditions, the Bragg diffracted x-rays
propagate at a very small glancing angle of reflection to
the crystal surface Φ′. Ks

H
, Es

H
are the wave-vector and

the amplitude of the specularly reflected Bragg diffracted
beam. Another Bragg diffracted component propagates in-
side the crystal with the wave-vector kH , and amplitude
D

H
. Similarly, there are two components of x-rays associ-

ated with forward Bragg diffraction (FBD). First, there is
an in-crystal component with wave-vector k

0
D

0
. Second,

Ks
0
, Es

0
are the in-vacuum wave-vector and the amplitude

of the specularly reflected forward Bragg diffracted beam
(S-FBD), with the specular reflection angle Φ. Dinamical
theory of Bragg diffraction in such scattering geometry has
been developed by Afanasev-Melkonyan (1983). For the
x-ray monochromator application we will be interested in
the S-FBD beam Es

0
.

Specular reflection mitigates the problem of photo-
absorption, as in this case the FBD radiation is reflected
from a very thin crystal surface layer. Application of
quartz (SiO

2
) instead of diamond crystals, makes feasible

Bragg diffraction and therefore monochromatization of x-
rays starting from ~ω

H
= 1.457 keV, the photon energy for

backscattering from the atomic planes with diffraction vec-
tor H = (101̄0). The nominal energy ~ω0 of photons in-
volved in Bragg diffraction is defined as usually by Bragg’s
angle θ through Bragg’s law: ~ω

0
= ~ω

H
/ sin θ.

SELF-SEEDING SCHEME
The x-ray FEL self-seeding scheme is shown in Figure 2.

X-rays from the first half of the magnetic undulator system

e
-

seeding XFEL seeded XFEL

x-raysΦ

S-FBD x-ray monochromator:

SiO2 crystal & 3 flat mirrors

Figure 2: X-ray FEL self-seeding scheme with the S-FBD
x-ray monochromator.

(seeding XFEL) are used to seed the electron bunch in the
second half (seeded XFEL) via an x-ray monochromator
consisting of a SiO2 crystal and three flat grazing incidence
mirrors, used to correct the trajectory of photons. The
monochromator produces a delayed monochromatic seed
through grazing incidence forward Bragg diffraction under
specular reflection (S-FBD) conditions, with a small specu-
lar reflection angle Φ . 25 mrad, see Fig. 1 for details. The

Proceedings of FEL2014, Basel, Switzerland MOP092

Seeded FELs

ISBN 978-3-95450-133-5

269 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



0.0

0.002

0.004

0.006

0.008

0.01

0.012

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
0.0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
10

-3

2

5

10
-2

2

5

10
-1

2

5

1

2

0 5 10 15 20 25 30 35 40 45 50

(c)(b)(a)

h̄(ω − ω0) [eV]

|E
0
(h̄
ω
)|2

h̄(ω − ω0) [eV]

|E
0
(h̄
ω
)
−

E
0
(∞

)|2

t [fs]

|E
0
(t
)|2

Figure 3: Forward Bragg diffraction (FBD) of 1.46-keV x-rays from a 10-µm SiO2 crystal, the (101̄0) Bragg reflection: (a)
spectral dependence of x-ray transmissivity |E

0
(~ω)|2; (b) spectral dependence of forward Bragg diffraction |E

0
(~ω) −

E
0
(∞)|2; (c) time dependence |E

0
(t)|2 of FBD. FBD is more than an order of magnitude weaker than the S-FBD signal,

see Fig. 4(c), because of the strong photo-absorption in SiO
2
.

small specular reflection angle Φ and a small spatial off-set
of the mirrors H ' 0.2 mm ensures almost forward Bragg
scattering with a small additional delay τ = 2ΦH/c ' 30
fs, due to a slightly detoured flight-path via the SiO

2
crystal

and flat mirrors, assuming Φ = 22 mrad.

S-FBD MONOCHROMATOR
PERFORMANCE

Performance of the S-FBD monochromator is demon-
strated in Fig. 4 by spectral and time dependencies of for-
ward Bragg diffraction under specular reflection conditions
(S-FBD) in SiO2 for x-rays with photon energies ~ω in the
vicinity of ~ω0 = 1.46 keV, the nominal energy of the
(101̄0) Bragg diffraction at θ = 86.14◦.

Spectral dependencies of S-FBD reflectivity for different
glancing angles of incidence Φ, in the vicinity of photon
energy ~ω0 = 1.46 keV, are shown in Fig. 4(a). At large
deviations of photon energies from ~ω

0
the reflectivity is

flat, and corresponds to pure grazing incidence specular re-
flectivity with close to zero Bragg diffraction contribution.
They correlate with the data for the angular dependence of
the specular reflectivity of 1.46 keV photons from SiO2 at
grazing incidence angle Φ, shown in Fig. 4(d).

Spectral dependencies of the delayed part of S-FBD,
with a prompt pure specular reflection component sub-
tracted, are presented in Fig. 4(b). These dependencies rep-
resent time-averaged spectra of the monochromatic seed,
which can be generated through S-FBD. Typical spectral
widths are about 100-meV, suitable for seeding FEL pulses
with a duration of a few tenths of fs. The peak value of the
S-FBD intensity is at the critical angle of total reflection
Φ = 22 mrad, see also Fig. 4(d).

Time dependencies of S-FBD, representing the intensity
of the monochromatic seed at different delays, are pre-
sented in Fig. 4(c), for different glancing angles of inci-
dence Φ. At a 20-fs delay, typically used for self-seeding,
the intensity of S-FBD in SiO

2
(101̄0) is comparable to the

intensity of FBD in C(004) for 8.3 kev x-rays [3], maybe
a factor 4 lower. Still, it is two orders of magnitude higher
than what one could obtain from a 10-µm thick SiO2 crys-
tal in FBD mode at the same time delays, as can be seen
from in Fig. 3(c).
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Figure 4: Spectral (a)-(b) and time (c) dependencies of for-
ward Bragg diffraction under specular reflection conditions
(S-FBD) in SiO

2
for x-rays with photon energies ~ω in the

vicinity of ~ω0=1.46 keV, the nominal energy of the (101̄0)
Bragg diffraction at θ = 86.1◦.
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INDIRECT MEASUREMENTS OF NIR AND UV ULTRASHORT SEED 
LASER PULSES USING A TRANSVERSE DEFLECTING RF-STRUCTURE 

Nagitha Ekanayake, Sven Ackermann, DESY, Hamburg, Germany 
Kirsten Elaine Hacker, DELTA, Dortmund, Germany 

Christoph Lechner, Theophilos Maltezopoulos, Tim Plath, University of Hamburg, Germany 
 

Abstract 
Seeding of free-electron lasers (FELs) using external 

coherent optical pulses recently became an area of interest 
as users demand spectrally and temporally coherent FEL 
radiation which is not achievable in traditional self-
amplified spontaneous emission operation mode. Since 
temporal and spectral properties of the seed laser pulses 
are directly imprinted on the electron bunch, a proper 
characterization of these seed pulses is needed. However, 
the lack of any measurement technique capable of 
characterizing ultrashort seed laser pulses at the laser-
electron interaction region is a primary drawback. In this 
paper we report indirect measurements of seed laser 
pulses in an undulator section using a transverse 
deflecting RF-structure (TDS) at the free-electron laser 
FLASH at DESY. Temporally chirped and unchirped seed 
pulse length measurements will be compared with 
second-harmonic generation frequency-resolved optical 
gating measurements and theoretical simulations. Using 
this technique we will demonstrate that pulse artifacts 
such as pre- and post-pulses in the seed pulse in the 
femtosecond and picosecond timescales can be identified 
without any temporal ambiguity. 

INTRODUCTION 
External seeding techniques such as High Gain 

Harmonic Generation (HGHG) [1] and Echo-Enabled 
Harmonic Generation (EEHG) [2] have been 
demonstrated recently. Proper characterization of seed 
laser pulses in the interaction region, namely the 
undulator, is important for successful operation of such 
seeding schemes. However, to best of our knowledge, 
currently there is no technique available to directly 
measure the pulse duration of the seed laser pulses inside 
the undulator. In this study we provide indirect 
measurements of ultrashort laser pulses, using a technique 
which utilizes the energy modulation of an electron bunch 
due to seed laser beam, observed using a transverse 
deflecting RF-structure. 

EXPERIMENTAL SETUP 

Seed Laser System 
The seed laser system (Fig. 1) employed in the 

FLASH1 seeding project is a solid-state, commercial, Ti-
sapphire system based on chirped pulse amplification 
technique (CPA). The 108.3 MHz optical oscillator is 
synchronized to the master laser oscillator (MLO) via a 
RF-based link with a 50 fs rms jitter. A two-stage 
amplifier section is used to amplify the pulse energy up to 

50 mJ/pulse at 10 Hz repetition rate and 800 nm centre 
wavelength. Amplified pulses are then extracted from the 
cavity and compressed down to 50 fs full width at half 
maximum (FWHM) duration. Pulse duration is measured 
using a commercial GRENOUILLE setup [3]. After 
compression, the pulse energy is 35 mJ/pulse with ± 2% 
rms stability. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic of the seed laser system at FLASH1. 

 

Beam Delivery 
The fundamental 800 nm beam is then delivered to a 

frequency tripler unit in order to generate the third 
harmonic of the fundamental beam for seeding. The in-
coupling beam line consists of 3 m of air and 1 mm thick 
fused silica window prior to a high vacuum region of 10-6 
mbar and 9 m in length. To keep the B-integral below 
unity the beam diameter is expanded by a factor of 3, 
from 6 mm FWHM after the amplifier to 18 mm FWHM 
after the beam expander.  

Frequency Upconversion and Injection 
Frequency tripling is performed using two β-Barium 

borate (BBO) crystals. First BBO crystal converts the 
fundamental frequency to its second harmonic and 
subsequent ࢻ	‐BBO delay plate adds a temporal delay to 
the fundamental pulse as both pulses need to be 
temporally overlapped in the second β-BBO crystal for 
efficient third harmonic generation. Polarization state of 
the fundamental beam is adjusted using a quarts 
waveplate λ/2 @ 800 nm and λ @ 400 nm. The 
conversion efficiencies for the second and third 
harmonics are approximately 20 % and 9%, respectively 
(Fig. 2). Estimated pulse duration of the third harmonics 
is approximately 150 fs FWHM.  
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Figure 3: Arrangement of the FLASH1 seeding section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Measured third harmonic pulse energy (left axis, 
•) and conversion efficiency (right axis, ■) as a function 
of fundamental pulse energy. Due to generation of non-
linear effects the fundamental beam energy is kept below 
5 mJ/pulse. 
 

The frequency upconverted seed beam is delivered to 
the electron beam trajectory using three-wavelength (800, 
400, and 266 nm) mirrors. All three wavelengths are 
injected due to ease of obtaining the laser-electron 
overlap and the possibility of using the same setup for the 
SASE suppression experiment [4].  

Electron Beam 
A single bunch electron beam at 10 Hz repetition with a 

root mean square (rms) length of few picoseconds is used 
for at the initial stage to achieve proper overlap between 
the electron bunch and the seed laser pulse. Electron 
energy is 700 MeV with a peak current of 300 A. 

Spatial and Temporal Overlap 
Metal, Ce:YAG, and OTR screens are used for the 

transverse overlap. Course temporal overlap between 
laser and electron beam is first observed using a photo 
multiplier tube with a few hundred picoseconds accuracy 
and then using a streak camera with an accuracy of few 
tens of picoseconds. In order to achieve the overlap, the 
timing of the seed laser oscillator is shifted by means of a 
vector modulator. Final overlap is established using a 
transverse deflection structure (LOLA-TDS). 

 

LOLA-TDS at FLASH 
The LOLA transverse deflection structure at FLASH 

consists of a transverse RF deflector to project the 
longitudinal electron bunch into transverse coordinates 
and a magnetic dipole to resolve the energy, thus 
providing an image of energy deviation of the electron 
bunch as a function of longitudinal position inside the 
bunch [5, 6]. The location of the hardware is shown in 
Fig. 3. With proper calibration this image can be 
converted into energy deviation as a function of time. 
Once the longitudinal and transverse overlap between the 
two beams is established the seed laser provides an 
energy modulation to the electron bunch which can be 
observed in the LOLA image as a peak structure. As the 
width of this energy modulation depends on the seed laser 
pulse duration this image is used in our experiment to 
estimate the pulse duration of the seed laser inside the 
undulator section. 

EXPERIMENTAL OBSERVATIONS 
Fig. 4(a) indicates an energy modulated electron bunch 

due to overlap with the 800 nm seed pulse of 200 fs 
where Fig. 4(b) indicates an energy modulation due to 60 
fs FWHM pulse. Once the images are calibrated (Fig. 
4(c)) this indicates approximately 90 FWHM pulse 
duration inside the undulator. This pulse broadening is 
due to slippage and dispersive elements after the tripler 
such as vacuum window and mirrors. Also, pulse 
artefacts, such as pre- and post-pulses in the seed laser 
beam are clearly visible in these images which are not 
measurable without a temporal ambiguity using a 
standard ultrashort pulse measurement technique based on 
second order non-liner effects. Moreover, this technique 
could be utilized to simultaneously measure the pulse 
duration of seed laser pulses with different wavelengths. 

SUMMARY AND OUTLOOK 
In this paper we demonstrated that the LOLA-TDS at 

FLASH can be used to indirectly measure the ultrashort 
seed pulse duration inside the laser-electron interaction 
region. This is important for seeding experiments as there 
is no other measurement technique available to make such 
a measurement inside an undulator. This technique is 
being further investigated as a diagnostic for improving 
the efficiency of external seeding schemes. 
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Figure 4: Retrieved images of LOLA-TDS structure once the laser-electron overlap is established.
(a) Compressed electron bunch modulated by an 800 nm seed laser pulse of 200 fs FWHM measured after the tripler. (b) 
Modulation with 800 nm laser with 60 fs duration. Width of the large amplitude spike (3.5 MeV modulation) is related 
to the seed laser pulse duration. The calibrated image gives laser pulse duration of approximately 90 fs FWHM. Right 
side of the image indicates the front of the electron bunch. The smaller modulation of 100 keV is visible in the image 
and corresponds to a post laser pulse. (c) A calibrated LOLA image. 
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HGHG AND EEHG MICROBUNCHES WITH CSR AND LSC* 
Kirsten Hacker, TU Dortmund, Germany 

Abstract 
Longitudinal space charge (LSC) forces in a drift and 

coherent synchrotron radiation (CSR) in a chicane are 
relevant for high gain harmonic generation (HGHG) and 
echo enabled harmonic generation (EEHG) seeding 
designs. These factors determine whether or not the 
modulator can be located significantly upstream of the 
radiator. The benefits and dangers of having a drift in 
between the radiator and the modulator are investigated 
and a measurement of the LSC enabled reduction of the 
energy spread of a seeded beam is presented. 

INTRODUCTION 
The length of a seeded microbunch determines the 

harmonic content and the harmonic content together with 
the energy spread determines the shortest wavelength 
which the system can seed [1-3]. For a given initial 
uncorrelated energy spread, the length of a microbunch 
can be reduced by increasing the modulation amplitude, 
but when the modulation amplitude becomes too great, 
the energy spread of the microbunches will be too large to 
lase in the radiator [4].  In addition, microbunches with 
high peak currents will be subject to significant coherent 
synchrotron radiation (CSR) in the chicane and 
longitudinal space charge (LSC) forces in the drift [5,6]. 
For FLASH2 seeding, a decision about where an HGHG 
modulator should be placed is determined by how these 
factors influence the behavior of an HGHG microbunch 
in a drift. This material was first presented in [7,8]. It 
represents an initial investigation into this design issue for 
FLASH2. The full-bunch simulation methods from [9] 
would be used in a final design study. 

Two possible configurations of a FLASH2 seeding 
installation are drawn in Fig. 1. Option (a.) has the HGHG 
modulator in the middle of the radiator, minimizing the 
drift of the microbunched electrons and option (b.) has the 
modulator at the beginning of the radiator, necessitating a 
20 meter drift of an energy modulated electron bunch 
prior to beginning the radiation process. This drift is 
required due to the short length of undulator required to 
achieve saturation in a seeded FEL and due to the 
necessity of keeping the saturation point at a fixed point 
in the radiator for longer wavelengths. If the beam 
saturates too early in the radiator, then the 20-30 nm FEL 
light cannot be transported to the users. 

In order to determine which option is superior, 
longitudinal dispersion, longitudinal-transverse coupling, 
coherent synchrotron radiation (CSR), and longitudinal 
space charge (LSC) all need to be addressed. The 
conclusion from a study of these issues is that option (a.), 
with the modulator in the middle of the radiator, suffers  

radiator 
 

modulator 
                                                                      

 
Figure 1: Two possible locations for an HGHG modulator 
in a FLASH2 seeding installation. Option (a.) shows it in 
the middle of the radiator in a design which is only 
suitable for HGHG and option (b.) shows it prior to the 
radiator in a design which is suitable for a wider range of 
seeding schemes. The additional, upstream modulator is 
envisioned for EEHG. 

most from CSR, while option (b.), given more ample seed 
laser  intensity,  can  exploit  LSC  forces  in  a  beneficial 
manner, using them to reduce the net energy spread of the 
microbunches. Measurements and simulations of this LSC 
enabled increase of the microbunch energy spread 
concept are presented. Conversely, measurements of the 
LSC enabled enhancement of a microbunch energy spread 
are presented in [10] with a different application. Whether 
or not the LSC force enhances or reduces the microbunch 
energy spread depends on whether the microbunch is 
undercompressed or overcompressed at the entrance of a 
drift. 

DISPERSION 
The energy modulated beam is affected by dispersion 

from the chicanes, from the modulator, from mis-aligned 
magnets or beam trajectories, and from the velocity 
bunching in the drift itself. Higher order dispersion 
becomes relevant for large energy modulations in terms 
of its effect on coupling between longitudinal and 
horizontal dispersion for non-closed orbit bumps. It will 
be discussed in the section on 3-D effects. A table 
summarizing the first-order dispersion (R56=-2 s) 
contributions for a 20 meter drift is given below (Table 
1).  
Table 1: A summary of the contributions to the dispersion 
over a 20 meter drift for a beam energy of 700 MeV and a 
trajectory mis-alignment of 100 m and modulator with 
30 periods. 

velocity Ldrift / 2 15 m 
mis-alignment Ldrift 2 5 nm 
modulator 2Nperiods seed 16 m 
chicane (Lchicane-3Lbend) 2 0-200 m 

a. 

b. 20 meters 

 ___________________________________________  

* work supported by BMBF grant 05K10PE1 and DESY 
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For an overly large, 4 MeV energy modulation, the 
dispersion required to fully bunch the beam is about 20 

m, while for a more reasonable, 2 MeV energy 
modulation, the dispersion required for full compression 
is 50 m. Since the dispersion in the drift is sufficient to 
compress a beam with a larger energy modulation, for 
option (a.), the CSR of the chicane will be dominant, 
while for option (b.), the LSC of the drift dominates. 

CSR AND LSC 
Analytic equations [5,6] for CSR and LSC forces can 

be added to a quick 1-D tracking code by applying the 
forces to a few microbunches and tracking the particle 
motion over a drift. The CSR wakes are calculated for the 
last dipole in the chicane prior to the radiator and the LSC 
forces are calculated for a given distance, using an 
interval of 1 meter per re-calculation.  

To determine the fraction of the last dipole which is 
relevant for the CSR calculation, the point at which 
transverse smearing becomes small must be identified. 
The metric is that when the longitudinal-transverse 
smearing ( x,y) times R53 is larger than the length of the 
microbunch, then the peak current of the microbunch is 
low and the CSR can be ignored. Plotting the smearing 
and the R53 along the chicane shows that for =20 m, 
=1.5, and a 100 m (rms) beam radius, x,y·R53= 6 nm at 

the dipole entrance, implying that the entire length of the 
last dipole is relevant for a 10 nm long HGHG 
microbunch. Only the last half would be relevant for a 
shorter, EEHG microbunch (Fig. 2). 
 

  
Figure 2: Longitudinal-transverse smearing ( x,y) and R53 
along the chicane. This shows that for a 10 nm 
microbunch, only the last half of the last dipole is relevant 
for a CSR calculation. 

In option (a.), the bunching is accomplished primarily 
through the chicane directly after the modulator, making 
CSR the primary concern whereas, in option (b.), the 
compression is done mostly through dispersion in the drift  
making LSC a larger concern. For option (a.), CSR from 
an electron bunch with an energy modulation of 2 MeV in 
the last dipole of a 45 m chicane is studied after a drift 
of 4 meters with an average beam radius of 100 m (rms). 
This gives a picture of the microbunch after the exit of the 
first radiator segment.  For option (b.), the impact of LSC 
is studied over a drift of 20 meters with an average beam 
radii of 100 m (rms) and 200 m (rms). 2 MeV and 4 
MeV energy modulations are compared for a beam 
energy of 600 MeV and 1 kA initial peak current. 

In Fig. 3, the longitudinal phase space of the electrons 
in a microbunch for option (a.) is plotted along with the 
projection onto the longitudinal axis. The 2 sigma energy 
spread limits of the radiator are depicted by dashed lines. 
The background particles in blue show the conditions 
prior to the application of CSR and LSC. The foreground, 
red particles show the bunch after CSR and LSC and 4 
meters of drift. The green line shows the LSC force per 
meter.  
 

 
Figure 3: LSC and CSR on a microbunch after 4 meters of 
drift and an R56 of 45 m. Dashed lines represent the 
bandwidth of the radiator. The background particles in 
blue show the conditions prior to the application of CSR 
or LSC. The foreground, red particles show the bunch 
after CSR and LSC and 4 meters of drift. The green line 
gives the LSC potential per meter. This is done for a 700 
MeV beam energy, 1 kA initial peak current, 2 MeV (pp) 
energy modulation and a chicane R56 of 45 m.  The 
harmonic content of the microbunch was unaffected, but 
the energy spread was increased. 

In contrast to the case of option (a.) plotted above in 
Fig. 3, option (b.) would send the energy modulated beam 
through a drift of 20 meters prior to the bunching chicane. 
If the beam radius is 100 m in the drift, then the LSC 
wake will completely erase, or even reverse a 2 MeV 
initial energy modulation (Fig. 4) making seeding 
impossible with this amount of energy modulation and 
LSC potential. 
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Figure 4: For a 100 m (rms) radius, 1 kA electron bunch 
with a beam energy of 700 MeV and an initial energy 
modulation of 2 MeV (pp), the LSC potential completely 
removes the initial energy modulation after 20 meters of 
drift (blue ->red). LSC potential per meter is green. 

If, however, the initial energy modulation is increased 
to 4 MeV, then one observes an LSC plasma oscillation 
which bunches the beam in the drift alone (Fig. 5). 
 

 
Figure 5: Instead of compression through a chicane, the 
energy modulated beam develops microbunches as a 
result of the LSC potential along the drift. The average 
rms beam radius in the 20 meter drift was 100 m for a 1 
kA initial peak current. 

Such an LSC compressed microbunch would have a 
high enough peak current to radiate in an FEL were it not 
for the fact that the chirp is positive instead of negative, 
meaning that any amount of dispersion will blow the 
microbunch apart. This is not a workable scheme.  
 

 
Figure 6: By increasing the beam radius in the 20 meter 
drift to 200 m (rms) so that the time-of-flight 
compression dominates over the LSC force, a microbunch 
with a reduced peak-to-peak energy modulation is 
produced.  

If the average beam radius in the drift is increased to 
200 m from 100 m, so that the compression through the 
time-of-flight in the drift dominates over the effect of the 
LSC force, then an ideal condition appears to be realized. 
The beam is compressed without CSR and with an LSC 
enabled reduction of the peak-to-peak energy modulation 
(Fig. 6). This reduction of the seeded beam’s energy 
spread improves the performance in FEL radiator, 
reducing the gain length and increasing the maximum 
power radiated. 

An important tolerance for microbunch compression in 
a drift is the dispersion leakage in the drift. If the R53 and 
R54 are non-zero in the drift, as in a closed orbit bump, 
then the microbunches will be transversely smeared out in 
the drift and the effect of the LSC force will be 
dramatically attenuated. With this in mind, the strength of 
the LSC wake might be fine-tuned through closed orbit 
bumps instead of by tuning the beam size in the drift. 

3-D SIMULATIONS 
All of the previous results are merely 1-D simulations 

with an LSC force which is calculated from the 
longitudinal charge density. Simulations that calculate the 
forces between particles with a Green’s function 
algorithm in 3-D [11] show some additional smearing 
effects which are not present in the 1-D simulations from 
Fig.s 5 and 6. The effects shown in Fig. 5 and 6 are 
reproduced in 3-D but with a reduction in the peak current 
of the microbunch compared to the 1-D results (Fig. 7). 
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Figure 7: 3-D simulation of conditions from Fig.s 5 and 6. 
The same mechanism is observed, but, due to 3-D 
smearing effects in the simulation, less impressive peak 
current is seen. (a.) has a beam radius of 100 m in the 
drift and (b.) has a beam radius of 200 m in the drift 

The harmonic content of the microbunch in Fig. 7, 
representative of option (b.) is sufficient for seeding up to 
the 12th harmonic of 266 nm, while the harmonic content 
of the microbunch from Fig. 3, representative of option 
(a.) has comparable harmonic content.  Each result is 
consistent with the observation of seeding up to the 12th 
harmonic of 266 nm at ELETTRA with an initial slice 
energy spread of 150 keV [12]. This allows us to draw a 
conclusion for HGHG that given ample seed intensity, 
option (a.) is inferior to option (b.) since the energy 
spread of the microbunches is larger. However, given 
limited seed intensity, option (a.) is superior for HGHG. 
EEHG requires different considerations. 

EEHG 
A comparison of option (a.) and option (b.) should also 

be done with respect to their compatibility with EEHG. 
Based on Fig. 8, an EEHG folded and energy modulated 
beam with 1 kA of initial peak current and a 100 m 
average radius cannot tolerate the 20 meters of drift 
required by option (b.). Blue represents a slice of the 
seeded electron beam prior to the drift and red is after the 
drift. 

 
Figure 8: An EEHG folded and energy modulated 1 kA 
beam cannot be transported over 20 meters of drift in 
option (b.). The average transverse beam radius for this 
simulation was 100 m. Blue represents a slice of the 
seeded electron beam prior to the drift and red is after the 
drift. 

To avoid the problem with option (b.) shown in Fig. 8, 
the EEHG microbunches could be compressed directly 
after modulation, keeping the distance between the 
chicane exit and the radiator entrance as small as possible. 
Then, a split radiator scheme would be used in order to 
transport the FEL radiation to the users. Alternatively, the 
microbunches might be transported in a closed orbit bump 
which uses the R53 and R54 to keep the charge density 
transversely smeared out so that the LSC wake cannot 
have the effect shown in Fig. 8.  

In option (a.), the folded beam would be transported 
over the 20 meter drift without the second stage energy 
modulation shown in blue in Fig. 8. In this case, due to 
inhomogeneities in the longitudinal charge density which 
are present after the initial EEHG folding (Fig. 9), effects 
akin to the LSC-EEHG described in [13] could occur and 
ruin the effectiveness of the EEHG seeding process. 

 
Figure 9: Folded beam distribution in longitudinal phase 
space. For option (a.), the small variations in the peak 
current after the first EEHG modulation and folding 
would introduce distortions due to the LSC force in a long 
drift. 

For option (a.) or (b.), the average beam radius, R53 and 
R54 in the drift could be increased to avoid the damaging 
LSC effects for EEHG. However, only option (b.) offers 

z [um) 
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the possibility to avoid the LSC problem through a split 
radiator concept. Only option (b.) is consistent with a 
fresh-bunch cascade technique. 

MEASUREMENT 
Measurements of the LSC enabled reduction of the 

energy spread of a microbunched portion of the beam 
were performed at FLASH during shifts for a study of 
SASE lasing suppression [10,14]. The shift conditions 
used 300 A instead of the 1 kA from simulations shown 
above and simulations and measurements of longitudinal 
phase space of the un-bunched, under-bunched, and 
bunched conditions of the seeded beam are shown in Fig. 
10.  

The longitudinal phase space measurement was 
conducted with an RF deflecting structure which streaks 
out the longitudinal structure of the electron bunch in the 
vertical direction. A dipole magnet streaks out the energy 
of the bunch in the horizontal direction. The data analysis 
tool prepared by [15] was used to interpret the images. 

The R56 of the chicane directly after the modulator was 
scanned from zero up to 100 m. For R56s below 50 m, 
the energy modulation was a constant 2 MeV (pp) (Fig. 
10a), but at 50 m a transition occurred. The energy 
modulation disappeared at R56=50 m (Fig. 10b). This is 
due to the LSC potential acting to reduce the energy 
spread of the microbunches as described in the simulation 
shown in Fig. 4. As the R56 was increased above 50 m, 
the energy modulation returned, but in a new form (Fig. 
10c). Three regions of streaked charge are observed, 
while in Fig. 10a, only one region is present. This is due 
to the fact that the peak current of the microbunches 
varies more along the seeded portion of 10c, leading to 
different amounts of LSC potential and modification of 
the microbunch energy spread along the drift. 

CONCLUSION 
The issues of LSC in a drift and CSR in a chicane are 

relevant for HGHG and EEHG seeding designs. Based on 
a comparison of two designs: one with the HGHG 
modulator in the middle of the radiator and one with it 
prior to the radiator, the favored design puts the 
modulator prior to the radiator due to increased flexibility 
in operation techniques including a split radiator concept, 
a fresh bunch cascade concept. The primary benefit may 
be the possibility of an LSC assisted energy spread 
reduction concept for HGHG. 

 (a.) 20 m               (b.) 50 m       (c.) 100 m 

 
 

 
 

 
 

   
Figure 10: The longitudinal phase space for 3 different 
chicane R56s measured with RF deflecting structure. The 
beam energy was 700 MeV and the peak current was 300 
A. In (a), the microbunch is only slightly compressed, in 
(b), the microbunch is almost fully compressed, and in 
(c), the microbunch is over-compressed in the center of 
the seed. Simulations of the seeded microbunches are 
shown below. The seed pulse length has been shortened 
by a factor of 6 in the simulation, so that the individual 
bunches are visible. Red dots are after the drift, blue dots 
are before the drift. 
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ENHANCING THE HARMONIC CONTENT OF AN HGHG MICROBUNCH  

Kirsten Hacker, TU, Dortmund, Germany 

Abstract 
High Gain Harmonic Generation (HGHG) seeding has 

been demonstrated in the visible and ultraviolet, but it is 
limited in performance at high harmonics of the seed by 
the initial uncorrelated energy spread of the electron 
beam. A recent proposal from SINAP using a chirped 
electron beam and a canted pole undulator has suggested a 
new mechanism for reducing the length of the seeded 
microbunches in order to improve the performance of 
HGHG seeding at high harmonics. This note reviews the 
mechanism, the limitation of the concept and extrapolates 
to some new concepts using analogous mechanisms 
derived from transverse gradients of the laser properties. 
The impact of CSR wakes on the vanishingly short 
microbunches produced by the methods are also 
investigated. 

INTRODUCTION 
Seeded electron beams benefit from a small 

uncorrelated energy spread of the electron beam because 
it reduces the length of the seeded microbunches. For 
High Gain Harmonic Generation (HGHG) seeding, the 
bunching factor as a function of harmonic number n is 
given in terms of the uncorrelated energy spread, δ, by [1] 
 

)(2/)( 2

   nDJeb n
nD

n                 (1) 

 
where Δγ is the energy modulation, n is  the harmonic 
number, D=2πR56/λsγ0 where R56 is the dispersion of the 
chicane and Jn is a Bessel function of order n. When the 
bunching factor is plotted for a range of slice energy 
spreads, it is apparent that the seeding method could be 
extended to shorter wavelengths if a technique could 
reduce or cool the slice energy spread, δ, prior to or 
during seeding (Fig. 1). 
 

 

Figure 1: Bunching factor as a function of harmonics for a 
range of initial uncorrelated energy spreads for a 270 nm 
HGHG seeded beam. 

Several ideas have been proposed to cool the slice 
energy spread of an electron beam prior to seeding. The 
least invasive strategy involves reducing the compression 
and charge of the electron bunch so that it is easier to 
transport without suffering from the nonlinearities 
introduced by various wakefields which scale with the 
peak current. In simulations, this alone is enough to 
achieve a 100 keV slice energy spread at FLASH2 [2]. In 
practice, this is less certain. This strategy also reduces the 
FEL peak power, since the peak power scales with the 
peak current. 

The next strategy employs a laser heater in the first 
bunch compressor of the accelerator in order to increase 
(heat) the uncorrelated energy spread early in the machine 
and smear out random fine structures in the electron 
bunch which get amplified as they propagate over large 
distances [3,4]. The combination of low-charge, weak 
compression, and laser heating  has been shown to reduce 
the slice energy spread of the Elettra at FERMI beam to 
~150 keV for a 500 nC bunch with 500 A of peak current 
prior to the seeding section [4].  

An untried strategy from SINAP uses a canted pole 
undulator with a transversely chirped electron bunch in 
order to reduce the effective length of HGHG 
microbunches [1]. In this note, simulation predictions 
from seeding with SINAP’s canted pole undulator are 
duplicated and extrapolated to alternatives utilizing novel 
laser conditions like a transverse intensity gradient, a 
wavefront rotation, and a transverse chirp as an alternative 
to the canted undulator pole. The benefits and problems 
associated with these alternatives are described. 

CANTED POLE SEEDING  
The SINAP HGHG proposal is to send a transversely 

chirped electron bunch through an undulator with 
transversely canted poles (Fig. 2). 
 

 

Figure 2: SINAP HGHG proposal sends a transversely 
chirped electron bunch through an undulator with 
transversely canted poles. 
 

The mechanism was described by SINAP in the 
language of off-resonance seed laser modulation for 
cooling the beam energy spread. This note investigates the 
mechanism in the language of path length changes and 
energy transfer from the laser to the electron beam. It then 
extrapolates to scenarios with transverse variations of 

 ___________________________________________  

*work supported by BMBF grant 05K10PE1 and DESY. 
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laser properties in place of a transverse undulator 
gradient. 

The longitudinal displacement of an electron traveling 
through an undulator magnet is given by [4] 
 

 )2sin(
8

)(
2

2

t
cK

tvtz u
u

z 


 ,   (2) 

where 

 









2
1

2

1
1

2

2

K
vz 

 .   (3) 

 
Substitute in the time-of-flight through the modulator, 
Δt=Nλu/c and the angular frequency ωu=2π/λu to get 
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Now, substituting in the x dependent portion of vz and 
writing z(x) for the canted poles and transversely chirped 
electron beam gives 
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Separating out the x dependent terms and writing the 
longitudinal coordinate for the left and right sides of the 
beam gives 
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Let us call the constant on the right, C, so that the 
difference in the longitudinal position across the 
transversely chirped electron bunch in the canted 
undulator pole is written 
 











 2

2

2

2

right

right

left

left KK
Cz


    (4) 

 
If Δz goes to zero, the microbunch still has a length 
determined by the uncorrelated energy spread. This 
microbunch length can be written in terms of the transfer 
matrix element for dispersion as 
 

E

E
Rz
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where the R56 of an undulator is [5,6] 
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Equating Eq. 3 and 4 gives the condition for a 

minimum microbunch length.  
The entire energy modulated waveform on the right side 

of the electron bunch starts out earlier and arrives later 
than the entire waveform on the left and this happens for a 
special combination of γ and K which is given in terms of 
the resonance condition by Eq. 6 of SINAP’s paper [7] 
and, equivalently, in terms of path lengths, by Eq. 3 and 4, 
above. 

Using the SINAP conditions as an example, Eq. 3 and 4 
can be used to reproduce the phenomenon in simulation. 
The beam energy was 0.84 GeV with 84 keV (rms) slice 
energy spread (0.01%), 600 A peak current, modulator 
period length of 80 mm, and period number of 12, The 
induced energy modulation was 500 keV with a 265 nm 
seed. These conditions can be replicated in a simulation 
with a beam made up of two stripes of different energies 
which differ from the reference energy by 0.01%. In Fig. 
3, the beam is given an energy modulation and is bunched 
through the R56 term alone.  

 

Figure 3: Stripes of charge with different energies in 
longitudinal phase space modulated with a sinusoidal 
pattern and then bunched in a chicane. 
 

By varying K by +0.07% in Eq. 3, the SINAP results 
are reproduced as shown in Fig. 4. 

 

Figure 4: Eq. 4 reproduces the SINAP result with the 
canted pole undulator and transversely chirped electron 
bunch. 
 

The same effect can be generated by shifting one curve 
longitudinally by 10 nm according to R51*Δx=10 nm. 
While the R56 does vary transversely across the 
transversely chirped bunch, the effect is negligible 
compared to the non-energy-dependent path length 
changes from the R51. 
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The magnetic field tolerances of the method depend on 
the energy spread and dispersion of the electron bunch. 
For the SINAP example, where the K needs to vary by 
+0.07%,  a gap, g=10 mm, would need to vary by 13 μm 
over 2σ of the electron beam according to Eq. 63 of  [7], 
 

)/(coth 1
u

u g
K

K
x

dx

dg 

 

 . 

 
Another important tolerance evolves around coherent 

synchrotron radiation (CSR) and longitudinal space 
charge (LSC). The compression in the above simulations 
was done in 1-D through R56 alone and does not take into 
account the impact of CSR and LSC. The high peak 
currents of vanishingly short microbunches can 
dramatically increase the energy spread and influence the 
charge distribution after a chicane and a drift [8] and 
increasing the peak current by shortening the length of the 
microbunch with this canted pole method could, therefore, 
be counterproductive. Compression through a drift alone 
would avoid the CSR and might provide a preferable 
mode of compression [8]. The drawback of producing a 
spatially chirped FEL beam should also be considered. 

LASER COOLED SEEDING  
An alternative to the canted pole technique exploits an 

analogous mechanism with laser techniques. Tolerances 
for these techniques are described. 

In the case of a tilted laser wavefront produced by 
giving the trajectory of the laser pulse through the 
modulator an angle, the condition plotted in Fig. 4 could 
theoretically be reproduced using the laser wavefront 
rotation in lieu of the canted undulator pole. The 
wavefront rotation method would offer superior tunability 
compared to the canted pole undulator method at a cost of 
increased sensitivity to a coupled, unstable, and difficult 
to measure laser parameter (Fig. 5).  
 
 
 
 
 
 
 
 

Figure 5: Wavefront rotation due to diagonal trajectory 
through the modulator. The dashed line is the trajectory of 
the electrons while the solid lines represent the laser waist 
and wavefronts. If the waist of the seed is too small, 
curvature of the wavefronts can complicate the technique 
along with coupling between modulation amplitude and 
trajectory. 

The wavefront angle required by such a technique is 
determined by the energy spread which requires 
correction. If the 84 keV slice energy spread from the 
SINAP example is used, the laser wavefront would need 
to arrive 10 nm earlier on the left compared to the right. 

For an electron beam which is dispersed by 1 mm at the 
entrance to the modulator, this corresponds to an angle of 
10 μrad of the laser wavefront with respect to the electron 
beam trajectory. Pointing jitter of an injected beam after 
20 meters of transport would be on this level, but fast 
steering correction systems are technically possible. With 
more electron beam dispersion or slice energy spread, the 
tolerances on the laser pointing jitter are relaxed. For 
example, at DELTA, the electron beam could be streaked 
by 1 cm and require 100 μrad of wavefront rotation to 
demonstrate the effect [9]. 

Since the transverse overlap in the modulator is coupled 
to the seed trajectory, this technique can be complicated 
by coupling between energy modulation amplitude and 
wavefront tilt. Especially for longer, 2 meter modulators, 
it could be difficult to distinguish which change in the 
harmonic content is due to the wavefront rotation change 
and which is due to the modulation amplitude. However, 
when the seed spot diameter is a few times larger than that 
of the electron beam, this coupling effect is tiny. 

An alternative way to apply tilted wavefronts is to place 
the modulator off-center with respect to the laser waist 
and then misalign the seed pulse compressor so that a 
wavefront rotation is produced in the modulator (Fig. 6). 
Compressor misalignments would change the steering 
into the modulator unless a steering feedback is used to 
correct the orbit, but there are commercial systems which 
can do this. Away from the waist, the wavefront rotation 
disappears and becomes a pulse-front tilt (variation in the 
arrival time of the intensity fronts), but on-average, the 
wavefront would be rotated in a single direction and it 
could be tuned without impacting the overlap. The pulse 
length, however would be sensitive to large changes in 
compressor alignment. If the compressor alignment 
changes are small, then the impact of pulse length 
changes on the energy modulation should be small. 
 
 
 
 
 
 
 
 
 

Figure 6: Wavefront rotation produced through 
compressor misalignment. The pulse has wavefront 
rotation at the waist and pulse front tilt away from the 
waist. It has spatial chirp throughout. The dashed line is 
the trajectory of the electrons while the solid lines 
represent the laser waist and wavefront rotation. 

The impact of the spatial chirp which accompanies the 
compressor misalignment could be significant (Fig. 6). To 
remove the effect of an 85 keV electron bunch slice 
energy spread with a spatially chirped laser pulse, the 
laser would need to be chirped from 395 nm on one side 
to 405 nm on the other. This is possible with the 
bandwidth of the current sFLASH laser system and the 

        modulator 
modulator 
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sFLASH modulators, however, to correct for a larger, 400 
keV energy spread, a 40 nm bandwidth of a 270 nm seed 
would be required.  This verges on the impossible with 
known techniques. A spatially chirped laser pulse would 
necessarily have a significant pulse front tilt and the waist 
would need to be placed away from the modulator in 
order to avoid the influence of wavefront rotation which 
occurs near the waist. The pulse front tilt would also 
complicate longitudinal overlap with the electron bunch 
since the electron bunch would need to be chirped in the 
same plane as the pulse front tilt (Fig. 7). 

                                       seed 
                                                          electrons 
               spatial 
                        chirp 
            direction 
           
                                            longitudinal direction 

Figure 7: Longitudinal and spatial overlap of chirped 
electron and chirped seed. Since the seed must be larger 
than the electron bunch to ensure a flat intensity profile, 
this method presents challenging overlap and bandwidth 
considerations. 
 

With an offset from the center of the laser spot, the 
electron beam will see a slightly tilted wavefront and an 
intensity gradient (Fig. 8). For large laser spots, the 
intensity gradient would be the dominant effect and could 
be used to cool the energy spread. 
 
 
 
 
 
 

Figure 8: Transverse intensity gradient and wavefront 
rotation due to offset relative to center of laser spot.  
 

Compared to the wavefront rotation, the intensity 
gradient is the dominant effect whenever the electron 
beam is off center from the laser spot and when the 
compressor is not misaligned.  The effect of this intensity 
gradient on the longitudinal phase space is shown below 
in Fig. 9. The two particle trajectories come closer 
together for negative energies but grow further apart for 
positive energies. The area between the two curves 
remains constant, per Liouville’s theorem. 

 
Figure 9: The effect of a transverse laser intensity gradient 
which transversely varies the energy transferred from the 
seed to the transversely chirped electron bunch. 

The tolerances of such a technique would require a 
precise laser intensity gradient to be matched to a precise 
electron beam energy chirp. While tuning the slope of the 
laser gradient by increasing and decreasing the laser pulse 
energy could be simple, the energy modulation would also 
increase and decrease, complicating the method.  

A beneficial operation point is found when the 
transverse gradient technique is combined with a CSR 
wake from the last dipole of the bunching chicane. While 
a symmetrically compressed bunch would become 
chirped by the CSR wake, so that low energy particles get 
bunched more than the high energy particles, if this is 
combined with the transverse laser gradient technique and 
a slightly over compressed bunch, a more dramatic spike 
in the peak current could be achieved.  
 

 
Figure 10: Impact of LSC and CSR on a microbunch after 
4 meters of drift and an R56 of 45 μm. Dashed lines 
represent the bandwidth of the radiator. The background 
particles in blue show the conditions prior to the 
application of CSR or LSC. The foreground, red particles 
show the bunch after CSR and LSC and 4 meters of drift. 
The green line gives the LSC potential per meter. This is 
done for a 700 MeV beam energy, 1 kA initial peak 
current, and 2 MeV (pp) energy modulation. The 
harmonic content of the microbunch was unaffected, but 
the energy spread was increased. 

CONCLUSION 
The canted pole undulator technique has tight tolerances 

on the gap and tunability. Alternatives which combine a 
dispersed electron bunch with different laser properties in 
the modulator could be used to produce a similar effect 
with more tunability, however, each alternative introduces 
undesirable byproducts in terms of coupled parameters 
and sensitivity to unstable laser parameters. The most 
promising technique appears to be to use a transverse 
laser intensity gradient with a transversely chirped 
electron bunch. It has reasonable tolerances and provides 
a mechanism for increasing the microbunch peak current 
by making use of a CSR wake. For the other methods, 
CSR destroys the quality of the microbunch, but for the 
transverse intensity gradient, it enhances it. 

modulator 
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A CONCEPT FOR SEEDING 4-40 nm FEL RADIATION AT FLASH2 
Kirsten Hacker#, TU, Dortmund, Germany 

Abstract 
This note describes a scheme to seed the FLASH2 FEL 

over a range of 4-40 nm without impacting SASE 
capabilities. This scheme combines multiple seeding 
techniques, builds on current infrastructure and offers a 
maximized range of performance with higher pulse 
energies than what are available at lower-peak current 
facilities. The concept relies on Echo Enabled Harmonic 
Generation (EEHG), cascaded seeding, and Second 
Harmonic Afterburners (SHAB) while maintaining the 
possibility to operate with High Gain Harmonic 
Generation (HGHG) seeding at >30 nm wavelengths.  

INTRODUCTION 
High Gain Harmonic Generation (HGHG) and an 

HGHG cascade have demonstrated seeding at FERMI 
down to 19 nm with HGHG alone and 4 nm in an HGHG 
cascaded configuration [1,2]. FERMI operates with low-
charge, 400-600 A peak current and weak compression. 
They have a laser heater and no space for a long, SASE 
undulator. All of these conditions are the opposite of 
those presently available at FLASH. In order for FLASH2 
to offer a competitive seeding program to users while 
maintaining SASE capability 

 the facility must be compatible with SASE 
 first few years of operation without a laser heater 
 seeding should work at short, 4 nm wavelengths 
 seeding should work over the entire bunch-train 
 design must be flexible in order to accommodate 

different electron beam conditions. 
To fulfill these criteria, the seeding methods used at 

FLASH2 should be High Gain Harmonic Generation 
(HGHG) down to 40 nm, Echo-Enabled Harmonic 
Generation (EEHG) down to 7 nm, and an EEHG cascade 
down to 4 nm and below. Any of these seeding methods 
can be used with a Second Harmonic After-Burner 
(SHAB) to reach shorter wavelengths [3]. An HGHG 
cascade could be attempted, but the tolerances are not 
generous. 

Simulations will show the limitations of each of these 
radiation (CSR), and laser pulse distortions using 1-D 

tracking and analytic estimates for 3-D effects. The full-
bunch simulation methods from [4] would be used in a 
final design study.  

Each of the seeding concepts, excluding the afterburner, 
could be tested in FLASH1 in 2014 [5, 6]. The hardware 
required for these tests has already been commissioned 
and experts are available for the operation. 

Through the FLASH2 configuration shown in Fig. 1, 
individual commissioning of HGHG, EEHG and an 
EEHG cascade could be accomplished in a stepwise 
fashion, allowing for work starting with proven concepts 
at 40 nm and ending with seeding at 4 nm. 2 nm could 
potentially be seeded given an afterburner [3]. HHG could 
also be incorporated into the setup in an EEHG-HHG 
configuration, but this concept is an add-on of research 
interest for compact schemes and it is not essential to the 
design for user operation. 

An item which is essential for seeding is the Transverse 
Deflector Structure (TDS) drawn at the end of the FEL 
radiator. Aside from providing an unparalleled diagnostic 
of the overlap of the seed with the electron bunch, this X-
band longitudinal beam diagnostic would be shared with 
the LAOLA plasma wakefield acceleration experiment in 
FLASH3 [7] and provide information on the FEL pulse 
length to users. 

This paper includes brief descriptions of 
 electron beam and laser parameter ranges  
 TDS design and resolution 
 chicane, modulator and laser injection design 
 impacts of electron bunch compression schemes 
 impacts of laser parameters 
 a simulation of HGHG and EEHG 
 the conditions for EEHG cascade and SHAB  

The conclusion is that by building a flexible, staged 
design which has the potential to seed the shortest 
possible wavelengths for the maximum 1.3 GeV FLASH 
electron beam energy, a competitive program can be 
developed for FLASH2 to deliver the benefits of external 
seeding to the FEL users in terms of longitudinal 
coherence, increased intensity, direct control over pulse 
properties and spectral stability. 

 

 
 
 
 
 

 
 
 
 
 
  

Figure 1: A flexible design for FLASH2 allowing for SASE, HGHG, EEHG, EEHG-HHG, HHG and an EEHG 
cascade, facilitating seeding between 4 and 40 nm. Harmonics of the Ti:sapphire laser pulse can be generated through 
Third Harmonic Generation (THG) or High Harmonic Generation (HHG). Two modulators (M1, M2) could be used to 
facilitate a flexible seeding program, while a Transverse Deflecting Structure (TDS) could diagnose the longitudinal 
profile and energy spread of the electron beam. 

L=6·3 m L=6·3 m 

laser 

R56 <5 mm 

THG or HHG 

M2 
R56 < 100 m 

THG 

L=2 m L=2 m 
M1 Rad2 TDS 

R56 <100 m 
Rad1

 ____________________________________________  

#*kirsten.hacker@cfel.de 

MOP097 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

286C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Seeded FELs



 

ELECTRON BUNCH 
The electron bunch can be compressed and shaped in 

many different ways. An example of a reasonable electron 
bunch for seeding is shown with images from a 
measurement done by C. Behrens using a Transverse 
Deflector Structure (TDS) to streak out the electron bunch 
longitudinally (Fig. 2) [8]. The basic constraints of the 
electron bunch parameter space for seeding are given in 
Table 1. 

 
Figure 2: Measured slice energy spread (left), and 
deviation of the slice energy from the nominal (right). At 
1 GeV and with 1 kA. From C. Behrens [8]. 
 

Table 1: Electron Bunch Parameters for Seeding 
Electron bunch for seeding 
Bunch length ~50 m (rms) 
Energy <1.3 GeV 
Emittance 1.5 mm mrad 
Peak current 1-2 kA 
Slice energy spread (rms) 100-500 keV 

 
Looking at the electron beam in Fig. 2, one sees that the 
properties are not uniform along the bunch and that only a 
small fraction will have the high peak current and low 
slice energy spread for seeding to be successful. While an 
uncorrelated energy spread of 50 keV can be simulated 
for the FLASH2 beamline, such performance has never 
been observed in FLASH1.  

Since the portion of the bunch which has the 
appropriate properties for seeding is only ~50 fs (rms) 
(Fig. 2), the synchronization with the ~20 fs (rms) 
duration of an external laser pulse necessitates the 25 fs 
(rms) performance of the intra-bunch train feedback and 
optical synchronization system [9]. It also requires an 
accurate diagnostic of the longitudinal overlap between 
seed and electron bunch. This is why a TDS diagnostic 
installed after the radiator is needed for a successful 
seeding program. 

A TDS streaks the electron bunch out longitudinally so 
that when it is impinged upon a screen, the charge density 
as a function of longitudinal position is depicted. After a 
dispersive section, the energy spread of the electron bunch 

is given as a function of the longitudinal position along 
the bunch. When such a diagnostic is installed after a 
radiator, the increase in the energy spread of the electron 
bunch is indicative of energy loss due to radiation of 
photons in the FEL process. By comparing FEL-on to 
FEL-off images, one can use the measurement of the 
energy lost during radiation as a measurement of the 
longitudinal profile of the FEL light pulse. This has been 
done at SLAC with a 2 meter long X-band TDS which has 
gotten 4 fs (rms) resolution with a 13 GeV beam and a 25 
MW klystron [10]. 

A similar cavity, with a smaller, L6145 6 MW klystron, 
could be used to generate comparable performance with 
FLASH’s 1.3 GeV beam. It could be installed in a 3 meter 
long section after the last SASE undulator in FLASH II 
and it would be useful for  

 giving users information about the longitudinal 
profile of the FEL pulse for each bunch train 

 R&D for LAOLA ultra-short bunch diagnostics 
 commissioning the FLASH II extraction line  
 operating any seeding experiments 

The slice energy spread increases caused by a seed can be 
observed on the longitudinal phase space of the electron 
bunch and allow for optimization of the overlap. While 
this would be useful for HGHG, it would be indispensable 
for EEHG because it clearly facilitates the longitudinal 
overlap of two seed pulses with the seedable portion of 
the electron bunch. 

For a beam energy of 1 GeV, a frequency of 9.3 GHz, 
and a normalized emittance of 1.5 m (rms), the temporal 
resolution of an X-band TDS in FLASH II would be 
 
 ))sin([m]MV][/(474]fs[ V  
 
where V is the deflection voltage,  is the beta function at 
the deflector and  is the phase advance between the 
deflector and the screen. For example, for V= 20 MV,  = 
16 m, = /2, then 6 fs (rms) resolution should be 
expected. For FLASH3 (LAOLA) [7], a larger beta 
function could be used with their smaller emittance in 
order to approach the sub-fs resolution which they 
require. For FLASH2, the smaller, 16 m beta function is 
needed in order to avoid impacting more than two SASE 
undulators with a large  and in order to maintain a 90 
degree phase advance to the dump screen. 

The 2 meter long X-band cavity is only marginally 
more compact than a 2.856 GHz S-band cavity, but due to 
the shorter wavelength, it offers 3 times the streaking 
strength so that a weaker klystron can be used. Instead of 
a 20 MW S-band klystron with a 2.44 meter long LOLA 
structure, a 6 MW X-band klystron could be used with a 2 
m long 9.3 GHz structure to generate 20 MV of streaking 
voltage. By adding a pulse compressor to the 6 MW 
klystron, 12 MW would be available to the cavity, further 
improving the resolution. By sharing the FLASH2 
klystron and modulator with the plasma wakefield 
experiment in FLASH3 and collaborating with XFEL and 
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other groups on the LLRF development, efficiencies 
could be exploited. 

SEED LASER 
The OPCPA seed laser system for FLASH2 produces 

pulse trains of tunable 740-800 nm with 1 mJ per pulse in 
the train. These pulses can be compressed to 30-40 fs 
(FWHM) [11]. The seed pulse trains are designed to seed 
every 10th bunch in the electron bunch train. The laser can 
also be operated in single-pulse (10Hz) operation, without 
pulse trains but with more energy per pulse (Table 2). 
Another option is to send the 500 mJ 800 nm laser from 
the plasma wakefield experiment into the FLASH2 
tunnel. This laser would provide more power than is 
required for HGHG or EEHG, but it could be used to 
produce a powerful HHG beam for seeding. 
 

Table 2: IR Laser Parameters for Generating a UV Seed 
IR laser options Pulse-train 

(100 kHz) 
Single-pulse 
(10Hz) 

Wavelength (nm) 740-800 740-800  
Peak power (GW) 1.75  30 
Pulse energy (mJ) 1  20 
FWHM duration (fs) 40  40 

 
The ~800 nm pulses from these different laser 

configurations can be converted into ~270 nm through 
frequency multiplication in BBO crystals or they can be 
frequency multiplied through HHG in a gas jet to make 
much shorter wavelengths with dramatically reduced 
conversion efficiency. The frequency multiplied pulses 
could be injected in either the last bend of the dogleg or in 
the first EEHG chicane as seeds for the electron bunch. 

The 270 nm seed for the first modulator would be 
injected after the last vertical bend of the extraction line, 
11 meters prior to the modulator. There is enough offset at 
the bend for a 25 mm mirror to inject a beam with a 
maximum size of 9 mm FWHM on the mirror. The seed 
for the second and third modulators could be injected in 
the first chicane where space for an injection mirror is not 
limited. The injection point in the chicane could be used 
to deliver the 270 nm seed to the second modulator, 
located upstream of the first radiator section. It would be 
compatible with HHG injection but this is only a research 
option and not central to the concept. 

Since a minimum 1:3 ratio in the diameter of the 
electron beam compared to the seed beam is desirable to 
avoid degradation of the bunching from the non-
uniformity of the transverse laser intensity profile [12], 
the minimum seed waist which would be desirable for a 
50-100 m (rms) electron bunch would be 350-800 m 
(FWHM).  

The optimal electron bunch waist is determined by the 
type of modulator which is used. A short modulator with 
four 0.1 m long periods could be used with a small 
electron beam size if the primary goal is to seed with the 
shortest possible pulses. Such a modulator would 
minimize the slippage, but it would not make the most 

efficient use of a limited amount of laser power and it 
would not smear out unwanted correlated phase errors in 
the seed pulse [13]. A longer modulator of 2 meters with 
30 periods would allow for a more efficient use of the 
seed laser power and it is the preferred modulator in this 
design. The laser parameters for this modulator are in 
Table 3. 

Correlated longitudinal phase errors or chirp do not 
directly shorten the portion of the seeded beam which will 
radiate in the FEL as was claimed [14,15]. Instead, the 
slippage in the modulator averages out the error and 
makes it possible to seed nearly transform limited FEL 
pulses [13]. The correlated phase error ( ) does, however 
increase the peak field requirement of the seed (E0) 
according to a calculation of the energy modulation along 
the bunch where p(t) is the position of the seed with 
respect to the electron beam, k is the wavenumber, s, is 
the seed pulse length, and Lm is the length of the 
modulator [13], 
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Table 3: Seed Parameters in Modulators for Seed 
Generated through THG in BBO Crystals 

THG seed for EEHG/HGHG modulators 
Seed wavelength 250-270 nm 
Peak power <175 MW 
Pulse energy <100 J 
FWHM pulse duration 40 fs 
Seed waists 350-800 m (FWHM) 
Electron beam waist 50-100 m (rms) 

 
To analytically describe the influence of a distorted 

seed wavefront in the second undulator on the EEHG 
bunching factor, one can calculate the bunching factor 
suppression as a function of distortions of the 270 nm 
seed ( s) [4],  

2
222

s

sa

noerror

error e
b
b

  (1) 

 
where a is the harmonic number. The suppression factor 
for a range of harmonics of 270 nm and wavefront 
distortions is plotted in Fig. 3. 

CHICANE DESIGN 
The first chicane, responsible for folding the beam in 

EEHG, should be made as long and gentle as space allows 
with the shortest possible dipoles. Since it would also be 
used to do a fraction of the final compression of the 
electron bunch, the beam size should be smallest at the 
last dipole in the plane of deflection [16]. Given the 
current FLASH2 lattice with 3.3 m between quadrupoles 
in a FODO cell, a chicane length of 3 m would fit, 
however, given the planned 350 mm long dipoles, this 
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Figure 3: The bunching suppression factor for a range of 
harmonics and wavefront distortions. 
 
would not leave enough space for incoupling a seed and 
one would need to build a second chicane for that 
purpose. The alternative is to turn a 6.6 m FODO cell with 
two chicanes into just a FO containing one longer chicane 
with 300 mm long HERA dipoles. The longer chicane 
reduces the energy spread increase due to CSR in the 
folding and incoupling chicane by an amount described 
by the worst-case, steady-state estimates in Table 4 
below. 
 
Table 4: Worst-Case CSR Energy Loss for a Gaussian 
Bunch with 50 m (rms) Length and 1.2 kA of Peak 
Current in the EEHG Folding and Injection Chicane in the 
case that the 6.6 m FODO cell is preserved with two short 
chicanes or if it is converted into a 6.6 m FO cell with 3 
meters between the dipoles 

Dispersion FODO chicanes FO chicane 
1 mm 2 MeV 0.8 MeV 
5 mm 2.9 MeV 1.4 MeV 
10 mm 3.5 MeV 1.7 MeV 

 
The energy loss due to CSR from the macrobunch is not 

a big problem for seeding because, while it is non-linear, 
the seed is very short relative to the scale of the 
nonlinearities, so the seeded portion experiences this 
macrobunch CSR as a change in linear energy chirp. 
 

  
Figure 4: Transverse smearing of charge due to tilt as a 
function of longitudinal position in folding chicane. Green 
boxes represent magnet locations. Peak current is highest 
between the first two dipoles, ruling out danger of 
microbunch CSR. 
 

The CSR for the seeded microbunch is a different 
problem. As long as the high peak currents in the EEHG 
folding process only occur in the first chicane in regions 
with significant transverse smearing (z,y tilt), disastrous 
CSR effects in the first chicane can be avoided. To check 
this, the location of maximum compression was 
calculated and compared to the smearing plotted in Fig. 4. 

The largest effect of micro-bunch CSR arises at the exit 
of the chicane which is used to do the final bunching as 
shown with the CSR wake [17] in Fig. 5. This is, 
however, an over-estimate of the wake, since the full 
compression is not reached until the last fraction of the 
dipole and there is significant transverse smearing at the 
entrance to the dipole which is not included in the 
calculation. If the final compression is accomplished 
through the velocity bunching of a 30 m drift, then CSR 
can be avoided completely. 
 

 
Figure 5: An HGHG microbunch (blue) under the 
influence of a worst-case steady-state CSR wake (red) in a 
100 mm long dipole. The head of the bunch is to the right. 
 

Table 5: Folding and Bunching Chicane Parameters 
First chicane at 1GeV 
Pole Gap 40 mm 
Magnetic field 280 mT 
Physical length  300 mm 
Magnetic length 360 mm 
Deflection angle <30 mrad 
Dist. btw. dipoles  3 m 
Dispersion (R56)  <2.7 mm 
Max current  3.5 A 
Vacuum chamber 100 mm 
  
Second and third chicanes at 1GeV 
Pole Gap 40 mm 
Magnetic field 300 mT 
Physical length  100 mm 
Deflection angle 9 mrad 
Dist. btw. dipoles  0.75 m 
Dispersion (R56)  130 m 
Max current  3.5 A 
Vacuum chamber radius 17 mm 

head 

tail
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The parameters of the chicanes are in Table 5. The first 
chicane uses HERA magnets fitted with 40 mm pole 
shoes and the second chicane uses FLASH correctors. 

LONGITUDINAL SPACE CHARGE 
Incoming density modulations are transformed into an 

energy modulation ( ) in the presence of impedance (Z) 
[17]. 

  
i

AI
I

Z
kZ 0

0

)(    (2) 

where Z0 = 377  is the impedance of free-space, IA = 
17 kA is the Alfen current, and i is a small current 
perturbation at some wavenumber k. This energy 
modulation is transformed into bunching in a dispersive 
section. CSR, Longitudinal Space Charge (LSC), 
geometric wakes, and Coherent Edge Radiation (CER) all 
contribute. Together they accumulate to create the Micro-
Bunching Instability (MBI). The largest contribution by 
far is made by LSC because it accumulates along the 
entire machine. The other effects are stronger, but they 
accumulate over shorter distances.  

While FLASH does not have a laser heater to reduce 
the LSC induced microbunching instability, a special 
setup of the machine can potentially reduce the 
microbunching gain by orders of magnitude compared to 
its manifestation for a typical SASE setup of the machine. 
By using the 1 ps short-pulse injector laser instead of the 
6.4 ps SASE injector laser, one can avoid using the first 
bunch compressor. Although the energy spread will be 
more non-linear, the peak current will be smaller through 
the following acceleration stages, thereby reducing the 
growth of the microbunching instability. A simulation of a 
FLASH-like machine done in [18] showed that the 
microbunching gain with single-stage compression is an 
order of magnitude smaller than with two-stage 
compression. The start-to-end simulations done in [4] are 
consistent with this strategy. 

Aside from setup of the accelerator and bunch 
compressors, the setup of the seeding section undulators 
and chicanes has an impact on the MBI. For example, if a 
fully compressed microbunch is transported over 4 
meters, the energy chirp reverses and the peak current is 
reduced (Fig. 6). If, however, the seeded microbunches 
are transported in an undercompressed state over a few 
meters, the LSC wake has a beneficial effect: it acts to 
reduce the energy spread of the microbunch [19-21]. If the 
length L of the drift is too long or the LSC potential is too 
strong, then the microbunches will be destroyed.  An 
optimal condition is achieved when the the R56=L/ 2 
velocity bunching dominates. 

There are significant differences between the shape and 
magnitude of LSC wakes for EEHG microbunches and 
HGHG microbunches as shown in Fig. 7 for krb< /2, 
 
 bb

b
LSC

krKkr
kr

iZkZ 1)( 2
0  (3) 

where rb=0.85( x+ y) is the radius of a uniform, round 
beam with radius 100 m, K is a modified Bessel 
function, and  is the Lorentz factor [22] . Note that when 
the microbunch becomes shorter than the transverse size 
of the beam, as in the EEHG case, the LSC potential 
assumes the form of an error function. The potentials 
from neighboring microbunches cancel each other out 
except for on the ends. This means that for EEHG, each 
burst of microbunches will have distortions on the ends 
and for HGHG and EEHG there will be distortions due to 
the Gaussian profile of the seed. Imperfect cancellation of 
these potentials in the tails could lead to shorter than 
expected seeded FEL pulses.  
 

 
Figure 6: The effect of the LSC potential on a 100 m 
(rms) radius HGHG microbunch transported by 4 meters. 
Blue is the unaffected distribution and red includes the 
LSC wake. 
 

 

 
Figure 7: LSC wake per meter for (a.) HGHG microbunch 
with length of 10 nm (rms) and peak current of 7 kA and 
(b.) EEHG microbunch with a length of 1 nm (rms) and 
peak current of 4 kA. The beam radius is 100 m (rms). 
The rms length excludes particles surrounding the 
microbunch and that wakes of neighboring microbunches 
impact the tails but not the slope of the wake. 

head 

tail

(a)

(b)
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HGHG OPERATION  
HGHG was proposed in 1980 [23] and it relies on 

energy modulation of the electron bunch produced 
through interaction with a seed laser in an undulator tuned 
to the seed wavelength. Microbunches with the 
periodicity of the seed laser are then produced through the 
energy dependent path length differences in a chicane 
(Figs. 8, 9). The radiator undulator is tuned to a seed 
harmonic.  

HGHG can be used as a low-risk first attempt at 
seeding in FLASH2. It can also be done with the high 
repetition rate configuration of the seed laser with an 
ample overhead in the laser power budget. The 1 mJ, 40 fs 
800 nm laser pulses can be converted into 100 J, 40 fs 
270 nm seed laser pulses through frequency tripling in 
BBO crystals giving a maximum of 175 MW. This seed 
would be injected in the first chicane in the seeding 
section and it would be used to seed in the second 
modulator (M2) with a waist of 700 m (FWHM) over 30 
periods. The energy modulation would be 2 MeV (peak-
to-peak) with a 40 MW peak power seed out of an 
available 175 MW. Above this amount of energy 
modulation, the gain of the FEL decreases. A 50 m R56 
bunches the modulated beam and the beam energy is 
700 MeV.  

A complication arises with transporting a bunched 
beam to the radiator undulators at the end of the machine. 
In the absence of LSC, one should expect R56 = L/ 2 =15 

m of dispersion over the L=26 meters from the exit of 
the modulator to the entrance to the last radiator segment 
(Rad2) and the net R56 required to bunch the beam for 2 
MeV energy modulation is ~50 m. One can use the 
chicane between the two radiator sections to do the final 
bunching so that the distance that the bunched beam 
travels to the radiator is minimized. A small, beneficial 
reduction in the energy spread of the microbunch is 
facilitated through the LSC potential in the drift when the 
beam radius is ~200 m (rms), but if the beam radius is 
smaller, then LSC destroys the bunching [19-21].  

By taking the Fourier transform of the longitudinal 
charge density distribution (Fig. 9), the bunching factor as 
a function of harmonics of the seed wavelength can be 
calculated for a range of initial slice energy spreads 
(Fig 10). Since a 1.5 kA beam with a bunching factor of 
<0.06 (represented by the purple line) will not reach 
saturation in less than four U32 undulator segments [5], 
one can use Fig. 10 to make a prediction of the minimum 
wavelength which can be seeded with HGHG at FLASH2. 
When CSR and LSC are taken into account, they will 
suppress the bunching factor for smaller energy spreads. 
Figure 10 does not take this into account. It can be 
compared with Fig. 2 of [4] in which a larger energy 
modulation was used. 

Using 150 keV as a reasonable prediction of the likely 
energy spread for a 1.5 kA electron bunch [4], 38.5 nm 
could be seeded at FLASH II with a 270 nm seed. Since 
the 800 nm laser is tunable down to 740 nm, one could 
extrapolate that the tripled beam would have a wavelength 

of 247 nm and it could seed down to 35 nm. If two 
additional U32 undulators are used as an SHAB, the 
seeded wavelength could be divided by two. 
 

 
Figure 8: Longitudinal phase space of slice of electron 
bunch before and after energy modulation with external 
seed and bunching in a magnetic chicane. A seed with 40 
MW of 270 nm and a 700 m (FWHM) diameter was 
used with an electron beam with 150 keV (rms) initial 
slice energy spread. 
 

 
Figure 9: Projection of electrons in longitudinal phase 
space is used to calculate the peak current of the 
microbunches for a 1.5 kA initial peak current beam. 
 

 
Figure 10: Bunching factor for HGHG with different 
initial slice energy spreads. The minimum wavelength 
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which can be seeded with 270 nm and a 150 keV energy 
spread is 38.5 nm. 

EEHG OPERATION 
EEHG was proposed in 2008 to overcome the 

limitations of HGHG in terms of electron beam energy 
spread tolerances and harmonic number [12]. It calls for 
the co-propagation of an electron bunch and laser pulse 
through an -undulator, chicane, undulator, chicane- series. 
Through interaction with a seed laser, the electron beam 
develops an energy modulation in an undulator which is 
then over-compressed in a chicane, creating horizontal 
bands of charge with discrete energies. The electron 
bunch is then modulated again in a second undulator and 
compressed in a second chicane, resulting in vertical 
stripes of charge with a period consistent with a harmonic 
of the seed laser wavelength. It has so far been 
demonstrated by SLAC in the NLCTA facility at the 14th 
harmonic of the seed [24, 25] and at the DUV-FEL at 
SINAP [26]. 

One could seed the entire bunch train with 1 mJ, 40 fs 
(FWHM) of 800 nm converted into 100 J of 270 nm 
(175 MW). Splitting the seed laser pulses transversely 
into two beams with ~50 J in each seed, one injects the 
seeds at two locations: the dogleg and the first EEHG 
chicane. This would allow one to use smaller, 500 m 
(FWHM) waists in both 2 meter long modulators. With 
such conditions, one could achieve the bunching shown in 
Figs. 11-13 with 20 MW in each modulator, out of an 
available 175 MW. The dispersion for folding and 
compression was 1 mm in the first chicane and 60 m in 
the second chicane. 

It is important to have a laser power overhead because 
if the laser pulse has a chirp, the energy modulation will 
be smaller than for the transform limited pulses which 
were used in these simulations [13]. 20 meter drifts of the 
energy modulated yet unbunched beam are also dangerous 
in the presence of LSC. If a large, 200 m beam radius is 
not enough to remove the LSC problem in the 20 m drift, 
the modulated beam should be bunched immediately after 
the modulator and sent directly into the radiator. If the 
radiator is too far from the user extraction, then a split-
radiator scheme should be used. 

In 2010, SINAP did start-to-end simulations of EEHG 
for FLASH2 [27] and the configuration shown here is, in 
large part, similar to the SINAP configuration. Their 
investigations done through GENESIS and CSR Track are 
still valid. They predicted seeding down to 7 nm through 
EEHG with 1.2 GW of 270 nm focused to 700 um 
(FWHM). The electron beam energy was 700 MeV and 
the R56 =1 mm in the folding chicane. They also predicted 
seeding at 4 nm using the same laser conditions, but with 
a 1.22 GeV beam energy and a 5.5 mm R56 in the folding 
chicane, but the tolerance of CSR and other distortions 
becomes more difficult than at 7 nm.  

A study of EEHG tolerances for FLASH1 was done in 
[5]. It tolerates electron beam and laser pulse intensity 
jitter well. Compared to HGHG it tolerates a very large 

slice energy spread, but the trade-off is tight tolerances on 
the magnetic fields leading up to the radiator. 

 
Figure 11: Folding and bunching in longitudinal phase 
space using a 20 MW 270 nm seed with a 700 um 
(FWHM) waist. 150 keV is the initial slice energy spread. 

 
Figure 12: Projection of electrons in longitudinal phase 
space is used to calculate the peak current of the 
microbunches. 

 
Figure 13: Bunching factor for EEHG with different 
initial slice energy spreads. The minimum wavelength 
which can be seeded with 270 nm and a reasonable, 150 
keV energy spread is 7 nm. 

7 nm
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EEHG-HHG OPERATION 
EEHG-HHG (Figs 14-16) uses an HHG beam to seed in 

the second EEHG stage. It uses the same layout as regular 
EEHG, but it is more suitable for seeding on the few-nm 
scale. It was briefly proposed in 2011 for SWISS-FEL 
seeding at 1 nm, but it was rejected in favor of self-
seeding due to concerns about synchronization and risk 
[28]. The biggest concern about such a scheme at FLASH 
is the intensity and quality of the HHG seed pulse 
required to generate the 250 keV to 500 keV of energy 
modulation necessary for this scheme to work. A peak 
power of 250-500 kW with a waist of 350 m (FWHM) in 
a 2 meter long undulator with 30 periods is required by 
this scheme. For a 30 fs pulse length, the pulse energy 
would need to be 15 nJ. 

This would not be a first-line method to attempt seeding 
at 4 nm. The EEHG cascade would have looser tolerances 
for the seed, but EEHG-HHG is interesting research 
because of its potential for use in compact FEL designs. 
The HHG mechanism in a gas is fundamentally different 
from the THG which occurs in a BBO crystal and one can 
imagine potential advantages in terms of the seed 
wavefront quality of an HHG pulse compared to a THG 
pulse. 

With a loosely focused, phase matched HHG 
arrangement at sFLASH, 30 fs long 20 mJ pulses of 800 
nm were used to produce up to 35 nJ of 38.1 nm with 
Mx

2 = 9.5 ± 3.1, and My
2 = 4.4 ± 2.7. After 95% losses in 

transport and 75% losses through overlap, only a fraction 
of a nanojoule was coupled into the electron beam 
[29,30]. This is consistent with other literature and 
optimized coupling of the seed energy into the electron 
beam, but it is a confusing contrast with literature 
describing 10 J produced at 73.6 nm, 4.7 J at 62 nm, 
1 J at 54 nm, 330 nJ at 29.6 nm and 25 nJ at 13 nm with 
a 30 fs 16 mJ wavefront shaped IR beam [31,32]. These 
higher conversion efficiencies are representative of the 
energy scaling of HHG for different wavelengths, but they 
were achieved through looser focusing than what 
sFLASH can use. sFLASH has to use a smaller focus so 
that the focal spot in the undulator will be matched to the 
electron bunch. Two-mirror telescopes with direct 
incidence of XUV light cannot be used because they have 
unacceptable losses. Capillaries and phase matched cells 
do not come into consideration because they don’t work 
well for wavelengths longer than 20 nm. 

By putting a loosely focused source adjacent to the 
FLASH II injection, and injecting it with a pair of grazing 
incidence mirrors, minimal losses can be expected 
compared to the 95% losses in sFLASH transport, but the 
800 nm laser for FLASH II has 95% less peak power than 
the sFLASH laser, making the expectation of an 
improvement in the HHG seed power at 38.5 nm 
compared to sFLASH unrealistic. However, by using 60 
nm or 70 nm instead of 38.1 nm, one might expect 10-20 
times more conversion efficiency for an expected output 
of 30-60 nJ for a 1 mJ input pulse. This would be 2-4 
times the 15 nJ EEHG-HHG requirement. 

 
Figure 14: Folding and bunching in longitudinal phase 
space using a 40 MW 246 nm seed with a 700 m 
(FWHM) waist and a 500 kW 61.6 nm seed with a 350 

m (FWHM) waist. 150 keV is the initial slice energy 
spread. 

 
Figure 15: Projection of electrons in longitudinal phase 
space is used to calculate the peak current of the 
microbunches. 

 
Figure 16: Bunching factor for EEHG with different 
initial slice energy spreads. The minimum wavelength 
which can be seeded with 270 nm and a 150 keV energy 
spread is 7 nm. 

3.8 nm
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CASCADED OPERATION 
A major benefit of a cascade is the wavefront quality 

that the seed in the second stage gains by saturating in the 
first radiator stage. This makes it possible to reach shorter 
wavelengths with a cascade than are possible through a 
single-stage seeding scheme which is limited by the seed 
laser quality (Fig. 3). 

The idea behind a fresh-bunch cascade technique is that 
the portion of the bunch which was seeded in the first 
radiator (Rad1) is too heated to be used to radiate in a 
second undulator stage (Rad2), so the radiation from the 
first stage must be positioned over a fresh, un-modulated 
portion of the bunch in the second stage [33]. The 
challenge of the technique is to overlap the radiation from 
the tail of the bunch with an appropriate portion of the 
head of the bunch by using a small chicane to delay the 
electron bunch relative to the light. 

An HGHG fresh-bunch cascade has been used at 
FERMI to seed 4 nm [2] but a similar, three-stage cascade 
cannot fit into FLASH unless SASE operation is 
sacrificed, due to space constraints. Another critical 
difference is that the FERMI cascade is not separated 
from the linac by a dogleg, as is the case for FLASH2. 
Coupled with the lack of a laser heater at FLASH, even 
with the low-charge, weak compression scheme used at 
FERMI, identical performance should not be expected.  

A two-stage, fresh-bunch cascade (Fig. 1) can, 
however, be used in FLASH2. When used with an HGHG 
seed, it would be limited to a minimum of 10 nm (the 3rd 
harmonic of 30 nm) and it would require a small, 150 keV 
(rms) slice energy spread.  An EEHG cascade could, 
however, tolerate a large, 450 keV (rms) slice energy 
spread and seed 4 nm (the 3rd harmonic of 12 nm). This 
tolerance makes an EEHG cascade more suitable for a 
SASE machine setup and it could facilitate a seeded beam 
with a higher charge and therefore higher output power 
than what can be accomplished through a low-charge 
FERMI-like design. 

For a two-stage, fresh-bunch cascade to work, the 
radiation intensity from the first radiator stage (Rad. 1) 
must be sufficient to seed in the second radiator stage 
(Rad. 2). Based on GENESIS simulations [4], the radiated 
14 nm beam size at the exit of 3 U32 undulators after 
reaching saturation would be ~100 m (rms) and the 
divergence would be ~20 rad (rms). The peak power for 
a 1.5 kA electron bunch would be 1 GW. The 3rd 
harmonic of 14 nm would have a smaller divergence and 
power. One can derive an expression for a harmonic’s 
power from the spectral density per electron of the 
radiation emitted in the forward direction for the mth 
harmonic [34], 
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The radiated power for a given harmonic is proportional 
to the spectral energy [31], 
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contained in the solid angle m=2 ,m. If one plots Um 
as a function of radiated wavelength for 3 U32 undulators 
with K=2.66, one sees that the 3rd harmonic has about half 
of the spectral energy of the fundamental radiation within 
the solid angle defined by Eq. 4 (Fig. 17). 
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Figure 17: The radiated power of the mth harmonic 
emitted into the solid angle m. The Lorentz factor  = 
2250, the undulator period u = 3.14 cm, and the K 
parameter is 2.66.  
 

Based on Fig. 17, one would expect the 3rd harmonic to 
have half of the 1 GW peak power of the fundamental for 
a 1.5 kA electron beam and 1/3 of the ~30 rad (rms) 
divergence. If the peak intensity coming directly out of 
the first radiator stage is then 1.1 GW/cm2, 20 meters 
downstream, it would have an intensity of 0.25 GW/cm2. 

1 GW/cm2 for seeding at ~5 nm is the seed intensity 
required to suppress fluctuations of the higher harmonics 
and it is several orders of magnitude higher than the 
intensity required to merely establish temporal coherence 
[35]. From this criteria, one could conclude that if EEHG 
seeding at <20 nm is successful in the first radiator stage 
(Rad1), fresh-bunch cascading in the second radiator 
section (Rad2) is possible with a significant safety 
margin. To suppress fluctuations of the higher harmonics 
in order to incorporate a <4 nm afterburner, the distance 
between the two radiator stages would need to be 
minimized. 

The conditions described above could be achieved in an 
EEHG cascade starting with 10-20 nm in the first stage. 
For an HGHG cascade, the wavelength in the first radiator 
would be longer (30-40 nm) and the divergence and beam 
size would be about a factor of 2 larger, reducing the 
intensity in the second radiator stage compared to the 

14 nm
Radiated FEL power  

2.8 nm 

4.7 nm
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EEHG cascade, but the intensity threshold for establishing 
temporal coherence is about 0.5 GW/cm2 lower for the 
longer wavelengths used in an HGHG cascade.  

In conclusion, an EEHG or HGHG cascade could work 
at the 3rd harmonic. An EEHG cascade is a much more 
robust option in terms of slice energy spread tolerance 
compared to an HGHG cascade, however, the tolerance of 
magnetic field errors in the first-stage of EEHG seeding is 
tighter than for HGHG. 

SUMMARY OF OPERATION MODES 
Several different operation modes were outlined in the 

preceding sections. Each mode has a different tolerance of 
the initial slice energy spread of the electron beam. Plots 
summarizing the ranges of operation for a best-case 150 
keV slice energy spread are drawn below (Fig. 18). The 
EEHG options offer more robust performance under poor, 
450 keV slice energy spreads. 
 

 
 

 
Figure 18: Summary of minimum wavelengths for 
different types of seeding configurations for the best-case 
150 keV (rms) uncorrelated energy spread which has been 
measured at FLASH and for a poor, 450 keV (rms) 
uncorrelated energy spread. 

CONCLUSION 
The concept outlined in this note would allow for a 

conservative startup at FLASH2 using HGHG with 
parallel progress towards sub-4 nm seeding using EEHG 
techniques. All of the concepts illustrated here can be first 
tested in FLASH1 in 2014, allowing for design work to 
conclude in 2015 and purchase to proceed in 2016. Prior 

to seeding purchases, TDS purchases should commence 
as soon as possible, for installation in 2015, so that the 
diagnostic will be available for extraction line 
commissioning. 
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CIRCULAR POLARIZATION CONTROL BY REVERSE UNDULATOR
TAPERING

E.A. Schneidmiller, M.V. Yurkov, DESY, Hamburg, Germany

Abstract

Baseline design of a typical X-ray FEL undulator as-
sumes a planar configuration which results in a linear polar-
ization of the FEL radiation. However, many experiments
at X-ray FEL user facilities would profit from using a cir-
cularly polarized radiation. As a cheap upgrade one can
consider an installation of a short helical (or cross-planar)
afterburner, but then one should have an efficient method to
suppress powerful linearly polarized background from the
main undulator. We propose a new method [1] for such a
suppression: an application of the reverse taper in the main
undulator. The method is free and easy to implement, it
can be used at different X-ray FEL facilities, in particular
at LCLS after installation of the helical afterburner in the
near future. The theoretical background of the method as
well as detailed numerical simulations are presented in [1].
In this note we discuss qualitatively the physics of the effect
discovered in [1].

METHOD DESCRIPTION
In a short-wavelength SASE FEL the undulator tapering

is used for two purposes: to compensate an electron beam
energy loss in the undulator due to the wakefields and spon-
taneous undulator radiation; and to increase FEL power
(post-saturation taper). In both cases the undulator parame-
ter K decreases along the undulator length. The essence of
our method is that we use the opposite way of tapering: pa-
rameter K increases which is usually called reverse (or neg-
ative) taper. We discovered [1] that in some range of the ta-
per strength, the bunching factor at saturation is practically
the same as in the reference case of the non-tapered undula-
tor, the saturation length increases slightly while the satura-
tion power is suppressed by orders of magnitude. Therefore,
our scheme is conceptually very simple (see Fig. 1): in a
tapered main (planar) undulator the saturation is achieved
with a strong microbunching and a suppressed radiation
power, then the modulated beam radiates at full power in
a helical afterburner, tuned to the resonance.

����������	���
�	������
������� ������������
�����������

Figure 1: Conceptual scheme for obtaining circular polar-
ization at X-ray FELs.

QUALITATIVE DISCUSSION
The theoretical background of the method as well as de-

tailed numerical simulations are presented in [1]. Here we
would like to discuss qualitatively the physics of the con-
sidered effect assuming that the reader is familiar with the
main results of Ref. [1].

We will characterize the strength and the sign of linear
taper by the taper strength parameter:

β = − λw

4πρ2
K (0)

1 + K (0)2
dK
dz
. (1)

Here z is the coordinate along the undulator length, ρ is
the well-known FEL parameter, λw is the undulator period,
and K is the undulator parameter with its initial value de-
noted as K (0).

When the undulator parameter decreases along the un-
dulator length, β is positive and we deal with a standard
(positive) taper. In the opposite case the taper is reverse (or
negative). Note that there were already two proposals for
making use of the reverse taper in FELs: to improve the ef-
ficiency of FEL oscillators [2], and to use it in combination
with an energy chirp in order to produce attosecond X-ray
pulses [3]. Here we discuss a new useful feature of the re-
verse taper: a possibility to generate a strongly modulated
electron beam at a pretty much reduced level of the radia-
tion power.

As for the magnitude of | β |, one can consider two asymp-
totes. When | β | is small, the undulator tapering leads to a
small correction to the FEL gain length which was studied
in [4]. Note that the tendency we would like to demonstrate
(low power at stron bunching) is not seen in this regime.
For this reason we will consider the asymptote of large | β |
in our qualitative discussion (even though in practical exam-
ples we deal with intermediate values of | β |).

Let us consider the high gain linear regime of the FEL
operation and make the following consideration:

i) Consider the evolution of the SASE FEL frequency
band which should depend on the sign and the magnitude
of β. It was found in [4] that for small | β |, the central fre-
quency of the amplified band moves half as fast as does the
resonance frequency (corresponding to the current value of
the undulator parameter K). We have found that situation is
quite different in the case of strong taper, i.e. when | β | � 1.
In the case of positive β the central frequency completely
follows the changes of K , while in the case of a reverse taper,
β < 0, the central frequency remains to be close to the res-
onance at the beginning of the undulator, i.e. it does not fol-
low the changes of K at all. In other words, in the latter case
the detuning from resonance continuously increases along
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the undulator length, and the detuning parameter Ĉ [1, 5]
has a large absolute value and is negative.

ii) For a better understanding it is instructive to consider
a steady-state FEL amplifier with a large constant negative
detuning rather than SASE FEL with a linearly changing de-
tuning. In the former case one can relatively easily solve an
initial value problem [1, 5]. Here we can discuss the main
results. At the resonance the normalized field gain length
(inverse normalized growth rate [5]) is close to one. In the
considered asymptote (large negative detuning) it is much

larger and scales as
√
|Ĉ |, as one can find from the solu-

tion of the eigenvalue equation. Thus, the field of the elec-
tromagnetic wave has more time to modulate the beam in
energy, and the latter is larger than the former by the factor√
|Ĉ | when we consider the properly scaled quantities [5]

(in contrast, at the resonance they have comparable magni-
tudes). The energy modulations are converted into density
modulations also on the scale of the gain length, so that the

ratio between the latter and the former is again
√
|Ĉ |. There-

fore, the ratio between the bunching amplitude and field
amplitude (using the standard scaling of these quantities)
is given by |Ĉ |. Closing the picture, the constructive inter-
ference from the retarded positions of particles happens on
the scale of 1/|Ĉ | due to the large offset from resonance, so
that the effective formation length is much smaller than the
gain length (in contrast with the resonance case). Thus, the
solution of the initial value problem gives us a consistent
picture. Note also that the phasors of the field amplitude
and of the bunching are almost orthogonal in the consid-
ered asymptote of a large negative detuning which indicates
a weak energy exchange between the beam and the electro-
magnetic field. Finally, let us note that the ratio between
squared bunching and the normalized FEL power [5] (what
counts in the end) scales as |Ĉ |2.

� � � � � �
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Figure 2: Field distribution of the FEL eigenmode at the ex-
act resonance (red) and at a large negative detuning (blue).
The diffraction parameter [5] equals 0.1. The detuning pa-
rameter for the blue curve equals -20 in 3D notations [5].
Dashed curve shows the electron beam profile.

iii) From the consideration in ii) it might not be clear why
the field efficiently modulates the beam in energy despite a
large detuning from the resonance. The explanation of this
fact is as follows. From the eigenvalue equation we can find
not only the real part of the eigenvalue (or, the inverse field
gain length) but also an imaginary part that is responsible
for the effective change of the wavenumber. The ratio of
the frequency (which is given) and the wavenumber is the
phase velocity. In the considered case of a large negative
detuning we have found from the solution of the eigenvalue
equation that the change of the wavenumber is such that the
phase velocity slows down, and, as a result, the synchro-
nism between particles and the amplified wave effectively
exists in the high gain linear regime (or, the exponential gain
regime).

iv) Let us now return to the SASE FEL case. As we
know from i), in the case of a large negative β the central
frequency of the amplified band remains to be close to the
resonance at the beginning of the undulator, i.e. the detun-
ing from resonance continuously moves towards large nega-
tive values as the undulator K increases along the undulator
length. Thus, the situation is similar to the case discussed in
ii). We have found that the main result is also similar: the
ratio between the ensemble averaged squared modulus of
the bunching factor and the ensemble averaged normalized
power is approximately given by the squared modulus of
the detuning parameter at a given position along the undu-
lator length. We should also note that the FEL gain length
is short initially, but then it increases as square root of the
undulator length. Thus the total increase of the saturation
length in case of the SASE FEL is smaller than in case of
the FEL amplifier operating in steady-state regime with a
constant negative detuning.

v) Up to now we have discussed the considered effect in
the frame of 1D theory. It is interesting to note that 3D sim-
ulations give us even stronger suppression of FEL power (at
the same level of bunching) than one could anticipate from
1D theory. The 3D "bonus" can be explained as follows. In
the case when diffraction plays a significant role (i.e. when
the diffraction parameter B [5] is smaller than one), the radi-
ation mode size is larger than the electron beam size when
an FEL operates close to the resonance (see Fig. 2). How-
ever, the field distribution shrinks in the case of a large neg-
ative detuning (this can be explained by a shorter effective
formation length, see ii)). As a result, for the same FEL
power, the field acting on the beam is stronger in the lat-
ter case, i.e. it leads to a stronger energy modulation, and,
therefore, to a stronger density modulation (bunching) - in
addition to the 1D effect discussed in ii).

vi) We have discussed here the high gain linear regime.
However, the numerical simulations, performed in [1], con-
firm that the main effect of the reverse taper (strong bunch-
ing at a pretty much reduced radiation power) also takes
place at the FEL saturation. In particular, one can have the
situation when the bunching is about the same as in the ref-
erence case of no taper, the FEL power is suppressed by
two orders of magnitude (or more), and the increase of the
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saturation length is about 20-30 %. Thus, the effect is not
only very attractive for the polarization control as discussed
above but can also be efficiently used in other FEL schemes.
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RADIATION PROPERTIES OF TAPERED HARD X-RAY FREE
ELECTRON LASERS∗

C. Emma, C. Pellegrini, UCLA, Los Angeles, CA, USA
J. Wu, K. Fang, S. Chen, SLAC, Menlo Park, CA, USA

S. Serkez, DESY, Hamburg, Germany

Abstract
We perform an analysis of the transverse coherence of the

radiation from a TW level tapered hard X-ray Free Electron
Laser (FEL). The radiation properties of the FEL are studied
for a Gaussian, parabolic and uniform transverse electron
beam density profile in a 200 m undulator at a resonant
wavelength of 1.5Å. Simulations performed using the 3-D
FEL particle code GENESIS show that diffraction of the
radiation occurs due to a reduction in optical guiding in the
tapered section of the undulator. This results in an increasing
transverse coherence for all three transverse electron beam
profiles. We determine that for each case considered the ra-
diation coherence area is much larger than the electron beam
spot size, making coherent diffraction imaging experiments
possible for TW X-ray FELs.

INTRODUCTION
Self Amplified Spontaneous Emission X-ray Free Elec-

tron Lasers (SASE X-FELs) [1–3] have been used to study
structures and dynamical processes with spatial resolution
of 1Å and temporal resolution of 1 fs. This has had a par-
ticularly significant impact in the field of bio imaging where
X-FELs have been used to push the frontiers of what can be
done with diffraction based imaging techniques [4–6]. Fu-
ture research in this field will benefit from a larger number
of coherent photons/pulse, a factor of ten to one hundred
larger within a pulse duration of 10-20 fs corresponding to
a peak output power of 1 TW or more.

Together with high peak power, coherent X-ray diffraction
imaging experiments require the radiation to be sufficiently
longitudinally and transversely coherent at the sample po-
sition [7]. The longitudinal coherence can be improved by
seeding or self-seeding the FEL amplifier [8–10]. Tapering
the XFEL after self-seeding presents a promising solution
to achieving TW power pulses with adequate longitudinal
coherence. In this work we examine the transverse coher-
ence properties of the radiation from a seeded and tapered
hard X-ray FEL and determine wether the radiation is suffi-
ciently transversely coherent to serve as an adequate source
for diffraction based imaging experiments.

RADIATION PROPERTIES
FEL Radiation in a Tapered Undulator
We analyze the case of a hard X-ray tapered FEL with

electron beam and undulator parameters similar to those
of the LCLS-II upgrade project. The FEL is formed of
∗ Work supported by: DOE Grant Number DE-SC0009983

Table 1: GENESIS Simulation Parameters
Parameter Name Parameter Value
Beam energy E0 13.64 GeV
Beam peak current Ipk 4000 A
Normalized emittances ε x,n/ε y,n 0.3/0.3 µm rad
Electron bunch length lb 16.4 fs
Peak radiation power input Pin 5 MW
Undulator period λw 32 mm
Normalised undulator parameter aw 2.3832
Radiation wavelength λr 1.5Å
FEL parameter ρ 7.361 ×10−4

3.4 m long undulator sections with 1m breaks for a total
length of 200 m. The system is simulated using the fully
3-dmensional FEL particle code GENESIS in both single
frequency and time dependent simulations (see table 1 for
parameters). Themagnetic field and the quadrupole focusing
is optimized to yield the maximum output following the
work of Ref. [11]. The simulations are performed for three
different transverse electron beam distributions: uniform,
parabolic and Gaussian. After the initial saturation and
exponential gain regime the FEL process is dominated by
refractive guiding of the radiation by the electron beam. This
can be described by considering the complex refractive index
of the electron beam [12]

Figure 1: Amplitude and phase of the radiation field at the
undulator exit (z=200 m) for a Gaussian transverse electron
beam distribution obtained from time independent GENE-
SIS simulation
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Figure 2: Radiation beam size evolution (top) and spectrum
(bottom) at λr = 1.50078Å for a seeded hard X-ray tapered
FEL at the undulator exit (z=200m) for Gaussian (green),
parabolic (red) and uniform (blue) transverse electron distri-
butions.

n = 1 +
ω2

p0

ω2
s

r2
b0

r2
b

aw

2|as |
[J J]

〈
e−iΨ

γ

〉
(1)

whereωp is the electron plasma frequency,ωs is the radia-
tion frequency and rb is the electron beam radius. Quantities
with subscript 0 refer to initial parameters and the symbol
[J J] = J0(x)− J1(x) for a planar undulator and [J J] = 1 for
a helical undulator, where x = a2

w/2(1 + a2
w ). The average

term in square brackets is over the beam electrons where Ψ
is the electron phase relative to the ponderomotive potential.
The electron beam microbunching

〈
e−iΨ
〉
decays in the

tapered section of the undulator and leads to diffraction
of the radiation. This is observed in time steady (Fig. 1)
and time depenent simulations for a 16 fs electron bunch
length at a resonant wavelength of λr = 1.50078Å (see
Fig. 2). For all three transverse electron distributions the
radiation size increases by a factor 3-4 compared to the
input seed. The effect is most enchanced for the Gaussian
transverse distribution and causes an early saturation of the
ouput power as discussed in Ref. [11]. The radiation spectra
at λr = 1.50078Å for each of the three cases are also shown
in Fig. 2. The effects of the sideband instability [13, 14] on
the tapered FEL cause a spectral broadening of the radiation
which results in bandwidts of ∆λ/λ ∼ 20ρ. The flatter
transverse profiles of the parabolic and uniform distributions
mitigate the detrimental effects of the sideband instability
more effectively. Integrating the power deposited in the

Figure 3: Modulus of the radiation complex coherence factor
at the undulator exit (z=200 m). Results are shown for Gaus-
sian (left), parabolic (center) and uniform (right) transverse
electron beams and a bunch length of 16.4 fs

sidebands at λr = 1.50078 we notice a reduction in sideband
energy of 61 % for the parabolic case and 72 % for the
uniform beam as compared to the Gaussian.

Transverse Coherence
We examine the transverse coherence properties of the out-

put radiation for the three different transverse distributions
at a resonant wavelength λr = 1.5Å and a bunch length of
16.4 fs. To compute the coherence area we first consider the
mutual coherence function [15]:

Γ(τ) =
〈
~E(~r1, t + τ) ~E∗(~r2, t)

〉
(2)

where the electric field is sampled at two transverse lo-
cations and the angle brackets denote the average over the
time t. In a self-seeded tapered X-FEL we may apply the
quasimonochromatic approximation [15] which allows us
to define the mutual optical intensity function J12 ≡ Γ(0).
Normalization of the mutual intensity removes the amplitude
information of the field and gives a measure of the phase
relation between two transverse locations. This defines the
complex coherence factor µ12:

µ12 =
J12

√
J11J22

(3)

where |µ12 | = 0 corresponds to vanishing transverse co-
herence and |µ12 | = 1 total transverse coherence. While
both the mutual intensity function and the complex coher-
ence factor are 4-dimensional quantities we can obtain a
quantitative value of the degree of coherence if we fix a sin-
gle point ~r1 in our calculation to be the center of the beam.
From µ12 we can then calculate the coherence area Ac :

Ac =

∫
µ12dA (4)

The degree of transverse coherence is now quantified by
computing the coherence area at various z locations in the
undulator and comparing it to the radiation beam spot size.
A necessary condition for diffraction imaging applications
is that the coherence area be much larger than the beam spot
size at the undulator exit. As can be seen by comparing the
final beam sizes (Fig. 2) and the coherence areas (Fig. 3)
this is indeed the case for all three transverse distributions.
The coherence area grows in the tapered undulator due to
diffraction of the radiation. For all three distributions at the
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undulator exit the radiation beam spotsize σ2
r is O(10−3)

mm2 while the calculated coherence area Ac is O(10−1)
mm2.

CONCLUSION
We performed an analysis of the radiation properties of

tapered hard X-ray FELs. The tapering strategy used was
that described in Ref. [11] which maximises the output ra-
diation power in order to reach TW level peak power or
greater. The analysis was performed using the 3-dimensional
particle code GENESIS in time independent and time de-
pendent simulations. The spectral properties of the radia-
tion were investigated for three different transverse electron
beam distributions: Gaussian, parabolic and uniform. Time
dependent simulations show that the radiation spectra at
the undulator exit exhibit a broad bandwidth ∆λ/λ ∼ 20ρ.
This broadening is caused by the sideband instability and is
mitigated more effectively by the flatter transverse electron
density profiles. Results show a reduction in sideband en-
ergy of 61 % for the parabolic case and 72 % for the uniform
beam as compared to the Gaussian for a resonant wavelength
λr = 1.50078Å.
A quantitative study of the transverse coherence properties

of the radiation from optimizedX-FELs has also been carried
out. Results from time dependent simulations show that
the transverse coherence area Ac is larger than the beam
spotsize σ2

r by two orders of magnitude for all electron beam
transverse distributions, suggesting that the radiation from a
tapered X-FEL can be used in imaging and X-ray diffraction
experiments.
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ABSTRACT
A potential method to improve the free electron laser’s

output when the electron pulse has a large energy spread is

investigate and results presented. A simplified model is the

first given, in which there are a number of linearly chirped

beamlets equally separated in energy and time. By using

chicanes, radiation from one chirped beamlet is passed to

the next, helping to negate the effect of the beamlet chirps

and maintaining resonant interactions. Hence the addition of

chicane allow the electrons to interact with a smaller range

of frequencies (Δω < 2ργr ), sustaining the FEL interaction.
One method to generate such a beamlet structure is presented

and is shown to increase FEL performance by two orders of

magnitude.

INTRODUCTION
Free Electron Lasers are already important research tools

and have started to unlock many new areas of science in

diverse fields such as; Warm-Dense matter studies, short

pulse protein diffraction and medicine/surgery. Current Free

Electron Lasers rely on linear accelerators to provide the

electron bunch, for an x-ray FEL the accelerator can be kilo-

metres long. The potential for plasma-wakefield accelerators

to drive the Free Electron Laser has been of theoretical and

experimental interest for many years. Plasma accelerators

generate accelerating gradients on the order of 103 times

greater traditional linear accelerators, which offers the po-

tential to reduce the total length of the FEL. Electron pulses

used in free electron lasers can exhibit a large energy chirp

(greater than 1 % of mean electron beam energy) which can

degrade the FEL interaction. Linear energy chirps have been

previously studied in [1] the results of this work have been

recreated here using Puffin [2] an unaveraged 3D parallel

FEL simulator. The results of these chirped pulse simula-

tions are in good agreement with [1] showing the flexibility

of Puffin. Electron pulses from plasma accelerators are lim-

ited by a large energy spread, this is also issue with older

accelerators were energy spread is sacrificed for a larger

rho (a measure of FEL efficiency) and higher pulse ener-

gies. A method that may allow the free electron laser to

operate with a large energy spread is proposed, simulations

were performed using Puffin. In this method a chirped elec-

tron pulse is split in a number of chirped electron beams or

beamlets. To sustain the FEL interaction radiation is passed

from beamlet to beamlet by applying a series of chicane slip-

page sections. By making the slippage in undulator-chicane

module equal the beam separation the radiation pulse will

continuously interact with electrons within the same energy

range. One method to generate a similar beamlet structure,

the beamlet method, is presented. In the beamlet method a

modulator-chicane section is used to generate a set of beam-

lets which have a smaller local (slice) energy spread than

the initial electron pulse. Radiation is then passed from

these areas of reduced energy spreads to sustain the FEL

interaction. This method shows an approximate two-fold

improvement in the radiation field intensity and a four-fold

improvement when the radiation field is filtered around the

resonant frequency.

SINGLE CHIRPED PULSE
When an electron pulse is given an energy chirp, the

effects can be both beneficial and detrimental to the FEL

interaction depending upon the gradient of the chirp [1].

Figure 1: Chirped electron pulse: the scaled saturation power

|A|2 is plotted as a function of the energy chirp, the energy
chirp parameter [1] is given by α̂ = − 2

ργr

dγ
dz̄2

, were |Asat |2
is the saturation intensity at α̂ = 0. This agrees with Figure
2 of [1] where matching parameters parameters have been

used. |A|2/|Asat |2 is equivalent to η from [1].

The results of [1] are reproduced using Puffin. Puffin uses

the scaled notation of [3, 4],were z̄2 defines a position in the
electron bunch and is given by z̄2 = (ct − z)/lc where the
cooperation length is defined as lc = λr/4πρ. The scaled
radiation is field is given by, A⊥ =

euāu lg

2
√
2γ2rmc2ρ

E⊥, where u
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describes the undulator polarization (i.e. u = 1 planar or
u =
√
2 helical), which in this case is helical. At saturation

in the free electron laser exhibits temporal spikes of the order

A⊥A∗⊥ = |A|2 = 1.
Figure 1 shows the normalised saturation power

(|A|2/|Asat |2) against energy chirp parameter α̂, where
|Asat |2 is the average radiation field at saturation for the
unchirped electron pulse. The resonant energy is defined

as the initial average energy γr =< γ j > |z̄=0 and the gain
length is defined as lg = λu/4πρ. The saturation length for
various chirps was estimated from Figure 1 of [1]. It should

be noted that extending the simulation along a long undulator

can generate large power spikes of |A|2 = 25 (see Figure 2).
This result was not included in [1]. The electron pulse’s

energy chirp is beneficial, with a flat-top (non-chirped) elec-

tron pulse, the electron pulse loses energy as the radiation

field grows after a number of undulator periods the elec-

trons are no longer resonant with the initial radiation field

(i.e. the electron pulse can now only amplify radiation at a

lower frequency). With a chirped pulse the interaction can

be sustained, when the radiation pulse propagates through

the electron pulse it will find electrons at a higher energy

(which are not resonant with it) and electrons that have lost

energy which are now resonant with this radiation pulse.

This technique is similar to undulator tapering, wherein the

undulator’s magnetic field is longitudinally tapered to main-

tain a resonant interaction along the undulator. The resonant

FEL interaction continues as the radiation pulse propagates

through the electron pulse allowing the generation of large

radiation spikes.

Figure 2: Comparison of chirped electron pulses with differ-

ent gradients at z̄ = 25, for α̂ = 1.3 larger radiation spikes
are generated. The energy chirp is beneficial to the FEL

interaction because the energy chirp is matched to the rate

of energy loss by the electrons so maintaining resonance

as the spike propagates through the electron pulse. Larger

radiation spikes are present when α̂ = 1.3 because as the
radiation pulse as propagates through the electron pulse it

will interact with more electrons within it’s FEL bandwidth

than it will with a larger energy chirp.

MULTIPLE CHIRPED PULSES -
BEAMLETS

In this Section multiple chirped pulses equally spaced in

energy are presented. We call this a system of ’beamlets’.

Five beamlets are linearly chirped in energy and then equi-

spaced in energy. A schematic of the chirped beamlets is

shown in Figure 3 The energy separation of Δγ = 2.5ργr
with a gradient

dγ
dz̄2
= ργr .

In Puffin each macroparticle is given a macroparticle

charge weight χ j defined as χ j = n j/np [2], n j is the

macroparticle charge density and np is peak macroparti-

cle density of the electron beam. In the beamlet model here,

the chi-value of each macroparticle is given by χn = χ j/Nb

where Nb is the number of electron beams and χ j is the chi-
value if only one beam were modelled. Therefore if all the

electron pulses have the same resonant energy (i.e. Δγ = 0)
and then the pulses would be indistinguishable.

Table 1 lists all the relevant simulation parameters.

The Model - Multiple Chirped Pulses

Figure 3: This diagram shows the initial electron pulse phase

space. Five cold electron pulses with a linear energy chirp

are overlapped and separated in energy by 2.5ργr . The chirp

gradient is
dγ
dz̄2
= γr ρ and the temporal separation is 2.5 lg .

The basic principle of this model is to pass radiation from

beamlet to beamlet. This is achieved by using a undulator-

chicane lattice, the range of electron energies experienced

by a radiation pulse can be controlled by changing number

of undulator periods per undulator-chicane module.

Standard mode-locking free electron laser theory [5, 6]

states that an undulator-chicane lattice will amplify modes

which are separated by Δω/ωr = 4πρ/s̄ , where s̄ is the
scaled slippage in an undulator-chicane module s̄ = s/lc .
The undulator-chicane slippage is the sum of slippages in

the undulator l̄ and chicane δ̄ i.e s̄ = l̄ + δ̄. The beamlets
are are separated by Δγ in energy which can be rewritten as
a frequency difference of Δω/ωr ≈ 2Δγγr using the reso-
nance condition. To lock the modes these two frequencies

are equated; 2Δγ/γr ≈ 4πρ/s̄. The chirp gradient is given
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by the ratio of the beamlets energy and temporal separation.

In this case the temporal separation is given by s̄ to ensure
that the radiation always interacts with electrons of the same

energy range. Therefore the electron chirp gradient is given

as,

dγ
dz̄2
=
Δγ

Δz̄2
=
4πργr
2s̄

1

s̄
dγ
dz̄2
=
2πργr

s̄2
. (1)

In Figure 3 the initial electron pulse phase space is shown, the

cold beam approximation is made, the beamlets are separated

by 2.5ργr and have energy chirp such that
dγ
dz̄2
≤ ργr . This

condition ensures that for 1lg (gain-length) of interaction the
radiation field only interacts with electrons within the FEL

bandwidth, a value of
dγ
dz̄2
= ργr was chosen. Temporally

the beams are now separated by 2.5lc . By using an undulator-
chicane lattice radiation can be passed from one beamlet

to the next. The undulator-chicane slippage is set equal to

the temporal separation of the beamlets, by doing so the

radiation pulse at the start of each undulator module can

interact with electrons of the same energy. This allows the

radiation field to continuously interact with electrons of the

same energies sustaining the FEL interaction.

An electron pulse with a linear energy chirp will have

an energy dependent slippage length, sγ , because electrons
travelling at different speeds will arrive at the end of the

undulator at different times. Therefore the separation of

the modes amplified by an undulator-chicane lattice will be

energy dependent Δω/ωr = 4πρ/s̄γ , where s̄γ = l̄γ + δ̄γ .
Here l̄γ and δ̄γ are the energy dependent slippages in the
undulator and chicane respectively. The energy dependent

slippage can be written as,

s̄γ = (l̄ + D)p2 j − D + δ̄ (2)

were p2 j ≈ 1 − 2(γ j − γr )/γr , or in terms of γ j ,

s̄γ = 2
(
γr − γ j
γr

)
(l̄ + D) + s̄ (3)

.

As the modal separation of the undulator-chicane modes

is now energy dependent this can reduce the mode visibility

for large energy chirps and long undulators. It is possible

to overcome this by applying a negative dispersion in the

chicane , when D = −l̄ the effect of the energy dependent
slippage is negated (i.e. s̄γ = s̄). Equation 3 also explains
why using a long undulator (large l̄) can destroy the mode-
locking by increasing the energy dependence of the slippage

length. Similarly a large dispersion D also increases the

effect of the energy dependent slippage.

Results - Multiple Chirped Pulses
The simulations that follow were performed using Puffin

with the parameters stated in Table 1. Numerous simulations

were performed to demonstrate the effects of changing the

Table 1: Simulation Parameters for Multiple Chirped Pulses

Parameter Value description

Q 3E-12 C charge per electron pulse

ρ 0.001 FEL parameter

γr 176.2 mean energy of beamlets

lb 80 lc bunch length

aw 0.511 undulator parameter

Δγ 2.5 ργr beam separation in energy

Δz̄2 2.5 beam separation in time
dγ
dz2

−ργr linear electron pulse chirp

α 2 Saldin chirp parameter

undulator-chicane configuration. The effect of the energy

dependent slippage is demonstrated, by destruction of the

modes when increasing l̄ and D (see equation 3). It is will

also be shown that modes normally destroyed by a long un-

dulator (large l̄) can be recovered by applying a negative
dispersion such that each undulator-chicane module has zero

dispersion, i.e. D = −l̄, in accordance with equation 3. In
addition to this previous unknown chicane modes are gener-

ated after the undulator-chicane modes are destroyed. The

additional modes are generated by a slippage only chicane.

Figure 4: Comparison of a simulation using chicane slip-

page sections to a simulation without chicane sections. The

average radiation power is plotted against z̄ (i.e. undulator
position). For a large section of the FEL interaction the av-

erage radiation power is a factor of ten greater when chicane

slippage sections are used.

Figure 4 shows that the average power from beamlets

is dependent on the undulator-chicane lattice step-up, in-

creasing the undulator length (while decreasing the chicane

slippage) produces higher radiation powers, as happens in

normal mode-locking free electron lasers.

In Figure 5 five beamlets are sent through an undulator-

chicane lattice. This lattice amplifies modes that are sep-

arated by Δω/ωr = 4πρ/s̄ = 0.005 where s̄ is the scaled
slippage in an undulator-chicane module. Electron pulses

with an energy chirp have an energy dependent slippage

(equation 3), i.e. higher energy electrons slip less than low
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Figure 5: At z̄ = 40 the radiation is high (top panel), electron
microbunching is well developed (middle), the spectrum of

the field is shown in the bottom panel. In this case l̄ =
0.2513, δ̄ = 2.2619. Giving a modal separation is given by
Δω/ωr = 4πρ/s̄ = 0.005, which matches the numerical
result well.

Figure 6: This simulation is identical to Figure 5 , expect

that the chicanes now apply a small dispersion to the electron

pulse which disrupts mode formation. The reason for this

is that an electron pulse with such a large energy chirp will

have an energy dependent slippage length. For example

the slippage of a low energy electron will be greater than

that of a higher energy electron. Using a dispersive chicane

will increase the difference in slippage lengths between high

and low energy electrons. Therefore modes generate at the

head of the pulse will have different s̄ than at the tail and
hence a different Δωγ/ωr = 4πρ/s̄ (see Eq. 3), such that
the modes start overlapping each other. However using a

non-dispersive chicane means that the difference in modal

separation is due solely to undulator dispersion, which is

small enough to allow the modes to form.

energy electrons. The result of this is that any mode-locking

that occurs at the high energy part of the pulse will involve a

different set of modes than low energy part of the pulse. The

energy dependent slippage (equation 3) can counteracted

by using a short-undulator and a slippage only chicane as

is seen Figure 5. However using a dispersive chicane will

increase the effect of this energy slippage (equation 3), as

higher higher electrons will propagate more than low energy

electrons increasing the difference in their slippage lengths.

This difference in slippage lengths means that radiation field

cannot be passed to the same energy range from one elec-

tron pulse to the next. The combination of these effects

destroys the modes as is shown in Figure 6. The modes are

also destroyed when using a long undulator (Figure 7), as

the undulator dispersion over a large number of periods is

significant enough to disrupt the mode formation.

In Figure 7 a dispersionless chicane generates an extra

set of modes separated by δω = 4πρ/δ̄ = 0.02, these
modes are generated because the beamlets will produce a

radiation pulse before and after the dispersionless chicane

that are similar (nearly identical), therefore the only modes

Figure 7: In this simulation longer undulator modules are

used, l̄ = 1.885, δ̄ = 0.6283 and slippage only chicanes.
Using a longer undulator will produce more dispersion in

the electron pulse, this makes the energy dependent slippage

between electron of various energies greater. Therefore the

radiation modes now overlap. However the slippage only

chicanes will produce modes separated δω/ωr = 4πρ/δ̄,
this because the electron pulse will produce similar (nearly

identical) radiation pulse before and after the slippage only

chicane. Therefore the only modes that can survive the U-

CS-U section are given by δω/ωr = 4πρ/δ̄ = 0.02.

that can survive this chicane slip are those separated by

δω = 4πρ/δ̄ = 0.02. These modes can be replaced by the
original modes by applying a negative dispersion in the chi-

canes (Figure 8), the dispersion is in a chicane is such that

the total dispersion by an undulator-chicane module is now

zero. Having zero-dispersion undulator-chicane modules

negates the effects of the energy dependent slippage (see

equation 3); as energy dependent slippage and dispersion

are the same thing. Using zero-dispersion undulator-chicane

modules hinders the development of the bunching, reducing

the radiation intensity. The modes of Figure 7 can also be

generated by using a short undulator (U), a dispersion only
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chicane (CD) and a slippage only (dispersionless) chicane

(CS). For this simulation (Figure 9) of an undulator-chicane

lattice was constructed frommodules of U-CD-U-CS, where

each undulator has half the number of periods (10 periods)

of the undulator used in Figure 5. The dispersion only chi-

cane will supply the equivalent of 130 periods of undulator

dispersion. This gives a total dispersion of 150 periods per

module just as in Figure 7 and then the slippage only chicane

generates modes separated by δω = 4πρ/δ̄ = 0.02.

Figure 8: The modes that where destroyed in Figure 7, can be

restored by using a chicane that applies a negative dispersion.

The magnitude of dispersion applied is equal to the amount

dispersion experienced in the preceding undulator section,

therefore in an undulator-chicane module there is effectively

zero dispersion. In this simulation l̄ = 1.885, δ̄ = 0.6283.
The modes are more clear in this case because of the zero dis-

persion undulator-chicane modules, where as in Figure 7 the

undulator dispersion causes a differential slippage whereby

the mode separation varies with energy. Note the reduced

radiation intensities, which is due to the negative dispersion

chicanes that prevents the formation of microbunches.

A full understanding of the interaction of multiple elec-

tron pulses (beamlets) is important when modelling more

advanced ’novel’ FEL schemes. The effect of undulator

length, energy dependent slippage and dispersion has been

analysed, and will impact different FEL schemes where large

variation in electron energies are present.

BEAMLETS
In this section a technique to generate chirped electron

pulses from a single electron pulse is presented. The beamlet

technique is a two stage method which involves an undulator

and a chicane. The electron pulse is modulated in energy

and then dispersed. This generates a series of beamlets

with reduced local energy spreads, passing radiation from

beamlet to beamlet can sustain the FEL interaction.

The Model - Beamlets
The electron pulse is first modulated in an undulator and

then dispersed by a chicane section, these transformations

Figure 9: Using a unique undulator-chicane lattice, con-

sisting of dispersion only chicanes (CD) and slippage only

chicanes (CS). The lattice is constructed from blocks of U-

CD-U-CS arranged in series. In the undulator l̄ = 0.1257
(10 periods), in the dispersion only chicane (CD) the equiva-

lent of δ̄ = 1.6336 (130 periods) of dispersion is applied and
in the slippage only chicane (CS) a slippage of δ̄ = 0.6283
(50 periods) is used. Therefore the dispersion is the same per

module as it is in Figure 7. As in Figure 7 the slippage only

chicane generates modes given by δω/ωr = 4πρ/δ̄ = 0.02.

are performed by applying the point-transforms given below,

γ j = γ j + γm sin

(
z̄2 j
2ρ

)
(4)

z̄2 j = z̄2 j + 2D
(
γ j − γr
γr

)
. (5)

Upon exiting the chicane the electron pulse has a unique

phase-space structure. In Figure 10 this phase space struc-

ture is shown and is similar to series of chirped electron

pulse or beamlets. After the undulator-chicane section the

beamlets are passed through an undulator-chicane lattice,

this allows radiation to be passed from beamlet to beamlet,

similar to the chirped electron pulses method present ear-

lier, sustaining the FEL interaction throughout the electron

pulse. The slippage in a undulator-chicane module is there-

fore equal to the period of energy modulation. A modulation

amplitude of γm = 0.04γr and dispersion of D = 200 was
selected.

Results - Beamlets
An electron pulse with a large energy spread and Gaus-

sian current profile is initially generated (σγ ≈ 2.5γr ρ, were
ρ = 0.01). Applying a Gaussian distribution in energy and
space will reduce the charge density at the electron pulse

corners (in phase space) see Figure 10. Macroparticles with

such a low weight are eliminated by Puffin, consequently

the electron pulse’s phase space is rounded. The electron

pulse’s Gaussian current profile generates coherent emission

at the lower frequencies consequently this radiation has been

filtered out. Due to the electron pulse’s large energy spread
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Figure 10: The EEHG beamlet scheme, an electron pusle of

a large energy spread is energy modulated (γm = 0.04γr )
and dispersed (D = 200) by applying transform 4 and 5.

This results in the formation of beamlets with a reduced local

energy spread. Radiation can then be passed from beamlet to

beamlet sustaining the FEL interaction. The electron pulse

was given gaussian distribution in space to cut down on

coherent emission from the pulse edges. The macroparticle

model of Puffin eliminates marcoparticles whose weight is

below a certain threshold, as such the particles at the corners

of the pulse (in phase space) have the lowest weight and are

eliminated. This leaves the outer beamlets less dense and

therefore less able to contribute to the FEL interaction.

it cannot produce and amplify FEL radiation to useful in-

tensities, at z̄ = 40 generally consider to beyond saturation
significant radiation is not present (Figure 11 ). However

by applying equations 4 and 5 the electron pulse is trans-

formed into beamlets. These beamlets (at z̄ = 40) show

an approximately two-orders of magnitude improvement

as can be seen in Figures 12 and 11. For these simula-

tions ρ = 0.01 and the undulator-chicane lattice had 50
undulator periods per module (l̄ = 6.2832) and 18 chicane
(δ̄ = 2.2619) slippage periods. In Figure 13 a comparison is
made between the beamlet case and the original beam, the ra-

diation field has been filtered around the resonant frequency

0.8 < ω/ωr < 1.2.

CONCLUSION
The interaction of multiple electron pulses has been anal-

ysed and this understanding should prove useful when de-

signing more novel FEL techniques. A potential scheme for

generating radiation from an electron pulse of large energy

spread has been demonstrated. However many improvement

(optimisations) should be possible. Using dispersive chi-

canes further along the undulator-chicane lattice may help

improve the FEL interaction. Due the energy dependent

slippage of the beamlets, it may be useful (when using large

undulator sections) to match the slippage of various sec-

tions of the beam. For example decreasing the slippage per

module to counteract the increased slippage for lower en-

Figure 11: An electron pulse with a large energy spread that

exceeds the FEL operational range. This pulse also has a

gaussian distribution in space, this was done to minimize

coherent spontaneous from the pulse edges.

Figure 12: Beamlets near saturation, the radiation field is ap-

proaching saturation and the electron microbunching highly

developed. Comparing with Figure 11 shows an increase in

peak field intensity of 200.

ergy electrons may prove beneficial. The modulation and

dispersion parameters of the beamlets scheme can also be

optimised and requires further study. The use of the two-

colour FEL technique to preferentially amplify modes from

the high and low energy regions of the pulse may produce

higher radiation powers.
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Figure 13: A comparison of the average filtered power of

beamlet and original beam is given above. The radiation

is filtered around the resonant frequency, 0.8 < ω/ωr <
1.2. Around 2-3 orders of magnitude improvement has been
achieved and may be further optimized.
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REPETITION RATE FREE-ELECTRON LASERS∗
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M. Schulz, Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, D-22607 Hamburg, Germany
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Abstract
High repetition rate free-electron lasers (FEL) require

the development of new laser systems that have the abil-
ity to operate at high average power. Optical parametric
chirped-pulse amplification (OPCPA) is presently the most
promising method to fulfill these requirements. This tech-
nique has been used to demonstrate amplification up to tens
of watts with a repetition rate in the range between tens of
kHz to MHz in burst and continuous mode. We review the
current OPCPA technology for systems operating around
800 nm; this includes various frontend options, pump am-
plifier technology and latests results, and we discuss the
important requirements for achieving high power lasers in
both burst and continuous operation.

INTRODUCTION
High repetition rate FELs present some unique challenges

for laser developers. Superconducting cavities, developed at
DESY [1], allow a much higher repetition rate than conven-
tional accelerator technologies; however, they have a burst
mode structure. For example, FLASH at Hamburg has a
maximum repetition rate of 1 MHz within a burst structure
of 800 µs at 10 Hz [2, 3]. This presents major challenges for
the design and operation of FEL seeding and pump-probe
lasers operating in burst mode. At lower repetition rates, con-
ventional Ti:sapphire lasers are currently used in FELs [4].
However, in the last years there has been remarkable progress
in high average power OPCPA systems (Fig. 1). Currently,
the high repetition rate and high power OPCPAs have been
demonstrated at an average power of 11.4W at 3.25 MHz [5]
and 22W at 1 MHz [6], and in a burst operation of 38.5 W at
27.5 kHz within a burst structure similar to FLASH [7]. For
the amplification of high power, few-cycle, optical pulses,
OPCPA is the leading technology [6,8–10], due to the inher-
ent bandwidth limitations of Ti:saphire technology [11].
A comparison of a Ti:sapphire amplifier and a non-

collinear optical parametric amplifier (OPA) is schematically
shown in Fig. 2. In a Ti:sapphire amplifier, the pump pulses
are used to create a population inversion, where the pump
energy is stored in the gain material itself before being trans-
fered to the signal via stimulated emission. The quantum
defect for Ti:sapphire is 34%, the resulting energy difference

∗ Work supported by the Helmholtz Institute Jena and the Deutsches
Elektronen-Synchrotron DESY in Hamburg. The authors would also
like to thank the Helmholtz Association for their support for the spin-off
project Class 5 Photonics.

† mark.prandolini@desy.de
‡ Formally at DESY

Figure 1: Current and planned high average power laser sys-
tems: ELI - Extreme Light Infrastructure; DESY - Deutsches
Elektronen-Synchrotron

goes into heating of the gain material, which therefore has
to be cooled. In contrast in a noncollinear OPA, the energy
of the pump wave (ωP) is transferred, via a second order
nonlinear effect within the gain material, into signal (ωS)
and idler (ωI ) waves. Thereby, energy conservation is main-
tained between the three waves (ωI = ωP −ωS). For certain
applications the idler wave can be used, but in general it is
discarded. Nevertheless, a small amount of linear absorption
from the pump, signal and idler does occur, which starts to
become noticeable at around tens of watts of output energy.

Figure 2: A comparison of laser amplifier technologies: (a)
The Ti:sapphire amplifiers operate using the conventional
population inversion within the gain material created by a
pump pulse. (b) In noncollinear OPA, the energy of the pump
is transferred, via a second order nonlinear effect within the
gain material, into signal and idler waves: α - non-collinear
angle; θP - angle between the pump wavevector (kP) and
the optical axis (OA); kS and kI - wavevectors of the signal
and idler, respectively.

.
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Another important concept is the use of chirped-pulsed
amplification (CPA). In CPA, the signal pulses are first tem-
porally stretched to obtain lower signal intensities before
being amplified, thereafter the signal pulses must be com-
pressed. This technique lowers the peak intensity during the
amplification phase in order to avoid nonlinear propagation
effects and material damage issues. The first realization of
an optical parametric chirped-pulse amplifier (OPCPA) was
performed by Dubietis et al. [12] in 1992. It was recog-
nized quite early that OPCPA has the potential to overcome
the limitations imposed on conventional laser amplifier tech-
nologies (Ross et al. [13]). Reviews of the progress are given
in [14–16]

This remarkable progress has been made possible through
the development of high average power pump amplifier
technology. Pump pulse durations should ideally be in the
sub/few picosecond range providing tens to hundreds of
millijoules of energy. Short pump pulses not only reduce
the required stretching and compression of the ultrabroad-
band signal pulse, but also allow for higher pump intensi-
ties in the nonlinear crystals before the damage threshold
is reached [17]. These laser parameters can potentially be
achieved using Yb-doped solid-state laser technology. A
typical system usually consists of a Yb-doped fiber ampli-
fier as a frontend combined with, for example, a Yb:YAG
(YAG – yttrium aluminium garnet) Innoslab amplifier sys-
tem [18] and/or a Yb:YAG thin-disk amplifier for low gain,
high average power amplification [19]. Presently, commer-
cial OPCPA-pump amplifiers operating in the tens of kilo-
watt level do not exist, but are planned for the near future.
In the design of an ultrabroadband, high power OPCPA sys-
tem, the OPCPA-pump will be the most costly and energy
consuming part of the system. Therefore, the design of an
OPCPA should try to optimize the use of the available pump
energy. This also keeps initial and running costs to a min-
imum, and additionally, by reducing the total pump power
requirements, the total thermal load and heat dissipation are
also minimized.
The outline of this review is as follows. First a general

layout of an OPCPA system is discussed, including various
frontend options. Then pump amplifier technologies are
discussed. Thereafter a review of the OPCPA methods for
systems around 800 nm are discussed, including typical
nonlinear crystals, thermal effects and a selection of results
from both burst and continuous mode OPCPA.

GENERAL LAYOUT AND OPCPA
FRONTENDS

The general layout of a high repetition rate OPCPA is
shown in Fig. 3. It consists of a frontend, which supplies a
narrow band OPCPA-pump pulse (centered at 1030 nm) to
the Yb-doped OPCPA-pump system and a broadband signal
pulse (centered at 800 nm) to be amplified. In the case shown
in Fig. 3, the frontend is a Ti:Sa oscillator, which has enough
energy at 1030 nm to simultaneously seed both pump and
OPCPA systems. In this example, both the pump and signal

Figure 3: Layout of an OPCPA: Osc. - Laser Oscilla-
tor; SLM - spatial light modulator; Comp. - optical com-
pressor; SHG - second harmonic generation; NOPA - non-
collinear optical parametric amplifier; BBO - β-barium bo-
rate (BaB2O4), an example of a nonlinear doubling crystal.

pulses undergo CPA. The OPCPA-pump system consists of
a stretcher and a number of amplifier stages (discussed in the
next section) followed by second harmonic generation (SHG)
to produce pump pulses at 515 nm. Typical SHG nonlinear
doubling crystals at these wavelengths are BBO – β-barium
borate or LBO – lithium triborate. On the signal side, the
signal seed requires a careful dispersion management. In
the case shown in Fig. 3, the pulses are first stretched with
negative dispersion, so that they match the pulse duration of
the pump pulse. Additionally, for short pulses (below 10 fs)
the phase of the pulses can be modified by a spatial light
modulator (SLM). Thereafter the signal pulses are amplified
in a three stage non-collinear OPA. Finally, a compressor
consisting of glass and if necessary chirped mirrors is used
to produce Fourier-limited pulses.

OPCPA Frontends
The aim of the frontend is to provide a broadband seed

pulse to the non-collinear OPA stages centered at 800 nm
and a narrow band seed pulse to the OPCPA-pump system at
1030 nm. One possibility would be to use two (master and
slave) oscillators electronically (or optically) synchronized
together; however, this arrangement not only increases the
complexity of the setup, it also adds jitter between OPCPA-
seed and OPCPA-pump pulses at the non-collinear OPA
stages. This is particularly critical when using Yb-YAG
technology, where the pump pulse durations are usually be-
low 1 ps. A better arrangement would be to use a single
oscillator to seed both simultaneously, as shown in Fig. 3.
Commercial, ultrabroadband, Ti:Sa oscillators centered at
800 nm now exist, where there is enough energy at the pump
wavelength of 1030 nm so that it can be filtered out and used
as the pump seed pulse (for example, see Venteon Laser
Technologies GmbH). If the Ti:Sa oscillator does not have
enough energy at the pump wavelength, a fraction of the
oscillator pulses can be coupled into a photonic crystal fiber
(for example, 20 cm long NKT NL-890 nm) and frequency
shifted to the Yb-gain region, as was done in [6,9]. However,
this option adds complexity and adds potential long-term
instability to the system. In general, the stability of commer-
ical, ultrabroadband Ti:Sa oscillators has greatly improved
in the last years. For ultrashort pulses and in cases which
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Figure 4: Frontend of an OPCPA using Yb:fiber oscillator
(Onefive GmbH) to seed a Yb:fiber amplifier (Active Fiber
Systems GmbH), which is used as seed for both the OPCPA-
pump system and the dedicated WLG.

Figure 5: Stability test of the WLG: pump power (black) and
WLG power (red), measured over 28 hours. The investigated
WLG spectral region ranged from 650 nm to 950 nm.

require carrier envelope phase (CEP) stability, CEP stable
Ti:Sa oscillators are still a viable option for OPCPA fron-
tends. However, for maintenance-free, continuous operation
over days other options can be explored.

White light continuum generation (WLG), based on “turn-
key”, stable fiber lasers, is one potential frontend solution for
providing maintenance-free, continuous operation [7, 18].
YAG crystals have been extensively tested at these wave-
lengths for generating OPCPA seed signals [7, 18]. Other
host materials have been reviewed in [20]. YAG requires
pulse durations below 1 ps and pulse energies between 1-
10 µJ, depending on the experimental conditions [18]. De-
pending on the exact details of the stretcher/compressor
OPCPA-pump system and/or the stability of the booster am-
plifiers, a fraction of the pump pulse can be used for WLG.
Another possibility would be to use a dedicated

WLG using a stable fiber amplifier, with a compacter
stretcher/compressor configuration. An example is shown
in Fig. 4, where a Yb:fiber oscillator is used to seed a fiber
amplifier providing both the OPCPA-pump seed and a ded-
icated WLG seed. This system was extensively tested in
continuous mode [7] and was shown to have good stability
over days of operation (Fig. 5).

PUMP AMPLIFIER TECHNOLOGIES
High power, ultrabroadband OPCPA currently use pump

amplifier technologies based on Yb-doped solid-state am-
plifiers, which support a larger bandwidth, and therefore
shorter pulses, compared to Nd-doped laser systems. Short
pump pulses are important because the amplification of ul-
trabroadband signal pulses requires high pump intensities in

the OPCPA nonlinear crystals. The damage threshold scales
proportional to

√
τ with slight deviation from this scaling

below 20 picoseconds [17]; for slightly below 1 ps this scal-
ing factor can be considered as a upper limit. Therefore the
intensity at which damage occurs scales as ∼1/

√
τ.

The CPA is the basis of all OPCPA-pump amplifier tech-
nologies, and is used for similar reasons as discussed above
for OPCPA. Another important aspect of high average power
systems is thermal management. Presently, there are three
types of technologies, with three different corresponding ge-
ometries, that dissipate the high thermal load in the gain ma-
terials. First, Yb-doped rod-type fiber amplifier systems can
reach kW-level but are limited in pulse energy extraction [21].
This boundary can be overcome by coherently combining
individually cooled fiber rods [22]. Second, slab type ge-
ometries can be used, such as Innoslab technology [23]. In
this case, cooling occurs on both sides of the slab (gain ma-
terial) resulting in thermal lensing for the beam propagating
between the walls of the cooling surfaces; this effect is used
as an integral part of the pulse propagation. Third, thin-disk
amplifiers cool only on one side of a thin disk [24]; the pump
seed propagates perpendicular to the surface of the thin disk
and is reflected on the heat sink. This geometry avoids ther-
mal lensing, if the disk is thin compared to its diameter, but
results in a small gain per single pass. The latter two tech-
nologies can potentially reach the multi-kW-level at high
pulse energies without the need to coherently combine.
In our work, we have combined all three technologies,

for example a fiber amplifier can be used as a seed for fur-
ther amplification with a single stage thin-disk amplifier,
or with a combined Innoslab and thin-disk amplifiers. Our
OPCPA-pump development concentrated on thin-disk multi-
pass amplifiers, as this technology offers the best possibility
for both high energy as well as high power scaling. In an
initial development, we have demonstrated kilowatt level
output powers in a single stage thin-disk multipass amplifier,
in the burst operation mode [19]. This was achieved with a
50 W fiber amplifier (Helmholtz Institute Jena) and option-
ally a 500 W Innoslab amplifier (AMPHOS GmbH) as seed
source for the thin-disk multipass amplifier. The thin-disk
amplifier head was provided by TRUMPF GmbH + Co. KG.
In a second setup, a total output power of 14 kW was

achieved in a burst operation mode from a 2-stage cascaded
Yb:YAG thin-disk multipass amplifier [25]. This yielded a
pulse energy of 140 mJ at 100 kHz in burst mode. A block
diagram of the pump amplifier setup is shown in Fig. 6a. The
seed for the entire amplifier system was generated in a 10 W
fiber amplifier system. This was further amplified in an In-
noslab amplifier with 500 W output power and a subsequent
Innoslab booster amplifier with 1.5 kW output power. Af-
ter spatial filtering, a total intra-burst output power of 1 kW
could be used to seed the thin-disk amplifiers. The multipass
setups were conceived for 7 passes through each amplifier.
In the first thin-disk amplifier, an output burst energy of
5.4 J was achieved, corresponding to an intra-burst output
power of 7 kW. The second thin-disk amplifier increased the
output burst energy to 11.2 J, which corresponds to an intra-
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Figure 6: (a) Block diagram of the amplifier setup with a fiber amplifier as seed source for further amplification with two
Innoslab booster stages and two thin-disk stages. Experimental (black) and simulated (red) characteristics of the thin-disk
amplifier for b) the first amplifier stage and c) the second amplifier stage.

burst output power of 14 kW. The resulting energetics of
the two thin-disk amplifiers with analytical simulations are
displayed together with the output beam profiles in Fig. 6b
and Fig. 6c. Additionally, the spectral bandwidth of the out-
put pulses supports compression to pulse durations below
one picosecond. These pulse properties make the amplifier
system very interesting as a pump amplifier for a high energy,
high repetition rate OPCPA system.

The above mentioned thin-disk amplifier development
was carried out in a burst mode operation, which was dic-
tated by the burst structure of the FEL pulse train using
superconducting acceleration cavities. This creates both
new challenges and benefits. In general, the most impor-
tant problem to solve with high average power lasers is the
induced heat load. However, burst-mode laser amplifiers
combine high pulse energies at high repetition rates with the
low average power on the sample due to a low duty cycle.
Thus, a high thermal load on the sample can be avoided
keeping the beneficial effect of the high intra-burst power.
The challenges with burst mode amplifiers is providing a
‘flat’ burst profile, with respect to pump-pulse characteristics,
over the selected signal pulses to be amplified. To create a
flat burst requires a delicate balance of the timing between
the arrival time of the seed pulses and the timing of the diode
pulses [19]. In the case of the Innoslab amplifier, we have
observed a small pointing error and beam profile deviations
within the first ∼100 µs of the burst. This results from the
time required to form a stable thermal lensing for correct
beam propagation within the amplifier.

There is currently rapid progress with all three technolo-
gies and commercial options exist for moderate power levels.
We have made a subjective comparison between the vari-
ous pump technologies (Table 1), with the restriction that

Table 1: Comparison of Three Types of Pump Amplifiers:
rod-type fiber, Innoslab and multipass thin-disk amplifiers
(++ very good; + good; ◦ average; − poor; −− very poor).

Fiber Innoslab Thin-Disk
Average Power ◦ ++ ++

Pulse Energy ◦ + ++

Single Pass Gain ++ + −−

Pointing Stability ++ + −

Energy Scaling −− + ++

coherent combining for rod-type fiber systems was not con-
sidered and the multipass thin-disk was not optimized for
stability [25]: for example, no relay imaging was used and
the amplifier was not in a sealed environment.

OPTICAL PARAMETRIC
CHIRPED-PULSE AMPLIFICATION

(OPCPA)
At the core of an OPCPA system is the optical parametric

amplification (OPA). OPA is related to difference frequency
generation (DFG), where a three wave mixing process takes
place in an optical crystal as a second-order nonlinear ef-
fect. At the wavelengths considered here, the material re-
sponse to a nonlinear optical excitation is instantaneous.
Figure 2b shows the principle of non-collinear three wave
mixing, which involves a strong pump wave, a signal wave
and a third wave, the idler. The pump, signal and idler
waves must firstly fulfill the energy conservation condition,
ωI = ωP −ωS , where the suffixes P, S and I refer to pump,
signal and idler waves, respectively. A second important
condition is momentum conservation (or the phase matching
condition): δk(θP , λP , λS ) = kP (θP , λP ) − kS (λS ) − kI .
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Table 2: Properties of Nonlinear Crystals: deff effective
nonlinear optical coefficient, ρ walk-off angle, TT temper-
ature tolerance, AT angular tolerance. Values given for
λpump = 515 nm and λsignal = 800 nm. These values
are taken from [26].

deff ρ TT AT
[pm/V] [mrad] [K cm] [mrad cm]

BBO 2.0 55.8 39.7 0.56
LBO 1.0 7.06 6.8 4.54
BIBO 3.0 25.0 2.74 1.15
YCOB 0.36 32.1 110.9 0.94

In high power applications, the pump is narrow band and it
is desirable to amplify a broadband signal. Therefore, for
a fixed λP , there is generally one combination of θP and
λS that satisfies the phase matching condition exactly (i.e.
δk = 0). To achieve broadband phase matching, and there-
fore broadband amplification, another parameter needs to be
introduced. One option is to introduce a non-collinear angle
(α) between the pump and signal [15]. Additionally, the
gain bandwidth (∆ν) also depends on the crystal length L,
the pump intensity IP and the effective nonlinear coefficient
deff:

∆ν = 0.53
√
Γ/L | uSI | /c, (1)

where 1/uSI = 1/uS − 1/uI is the group-velocity mismatch
between the signal and idler pulses and the gain Γ is given
by

Γ = deff

√
2ωSωI IP
ε0nSnI nPc3

. (2)

Therefore, additional conditions to achieve broadband signal
pulses are short nonlinear crystals and high pump intensities.
For high power applications centered at 800 nm, β-

barium borate (BBO) and lithium triborate (LBO) are well-
established materials [26,27], which are used in the OPCPA
of ultrabroadband, high repetition rate lasers. Other crystals
worth mentioning are bismuth triborate (BIBO) and yttrium
calcium oxyborate (YCOB) [28]. A summary of some im-
portant parameters is given in Table 2. Compared to BBO
and LBO, BIBO has a larger nonlinear coefficient (deff), but
also has significant nonlinear absorption at 515 nm [27],
making it unsuitable for high power applications. YCOB
is presently not commercially available. It has a smaller
nonlinear coefficient and the gain bandwidth is not as large
as BBO and LBO. But because its temperature tolerance
is large (Table 2) and therefore insensitive to temperature
changes, it might be useful for narrow band, high power
applications.
The aim of the dispersion management is to achieve

maximum OPA efficiency of the signal pulse, by tempo-
rally stretching the signal pulse to match the pump pulse.
Thereafter, the signal pulses must be compressed to their
Fourier-limit. Compared to older OPCPA systems based
on Nd-doped amplifiers, Yb:YAG offers much shorter
pump pules, and therefore, the required matching signal

stretcher/compressor pairs are compacter, making a smaller
footprint on the optical table and increasing the overall stabil-
ity. The signal pulses can be stretched using a prism pair [7]
(chirped mirrors are also an option). After amplification the
pulses can be compressed in glass. For signal pulses under
10 fs, it is necessary to control the higher order dispersion
using an SLM as shown in Fig. 3.

For high power (mJ pulse energy) OPCPA applications, a
three stage OPCPA setup is generally optimal (Fig. 7). The
first stage brings the signal pulses from the nJ to the µJ level.
This reduces the amplified parametric fluorescence in the
second and third stages, where more than 90% of the pump
energy is used [7]. The gain in this first stage is between
104 and 105. The next two stages provide gain in the range
50-100 and 2 for the second and third stages, respectively.
An example of a three-stage broadband amplification of a
800 µs burst is shown in Fig. 8 (taken from [7]). Note: for
applications involving tens of millijoules, more stages might
be considered, for lower energies (µJ-level range) one to two
OPCPA stages are sufficient.

Figure 7: Schematic of a three-stage OPCPA: pump pulses
(green) and signal pulses (red). As an example, energies and
gains are taken from [7].

Figure 8: Three-stage broadband OPCPA [7]: (a) Spectral
intensity of the Ti:sapphire oscillator (grey shaded), ampli-
fied spectra after the second (blue line) and third OPCPA
stage (orange line). The amplified spectral bandwidth is
∆ν = 168 THz at 1/e2 (∆λ = 360 nm at λc = 800 nm),
with a Fourier-limited pulse duration of 6.4 fs. (b) Inset:
Typical pulse train during the burst-mode operation.

For a designer of a high power OPCPA system, one of
the most important considerations is the pump-to-signal
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conversion efficiency, because typically the pump amplifier
dominates the costs of the complete system. As an example,
an overall efficiency of 10.2%was achieved from the infrared
pump to the signal output [7]. The contributions to this value
were from the SHG and the three-stage OPCPA (see Fig. 7):

13.2 mJ
SHG 51%
−−−−−−−−−→ 6.8 mJ

OPCPA 20%
−−−−−−−−−−−→ 1.4 mJ. (3)

Power Scaling in Continuous Mode
The previous discussed results were carried out in burst

mode. However, in continuous mode and at such high av-
erage powers, the linear absorption of optical power within
the crystals cannot be neglected. This leads to inhomoge-
neous heating of the nonlinear optical crystal and results
in spatial temperature changes. Spatially inhomogeneous
refractive index changes can occur, which lead to spatially
varying phase-matching conditions, limiting the attainable
average power, the spectral bandwidth [29], and the beam
quality [26]. Previously, the literature values for the linear
absorption coefficients (α515) at the OPCPA-pump wave-
length at values near 515 nm were given as upper limit
estimates: for example, α < 104 ppm cm−1 at 532 nm for
BBO, and α < 103 ppm cm−1 at 532 nm for LBO [30].
Older techniques for measuring very small linear absorption
coefficients were based on resonator methods, which suffer
from misinterpreting scatter or reflection loss for absorption.
In a recent work [27], we have provided up-to-date mea-

surements of the absorption coefficients at 515 nm using the
photothermal common-path interferometry (PCI) method
[31,32]. The results demonstrate a large variation of absorp-
tion values within and on the surface of the crystals (for an
example see Fig. 9 with an average absorption coefficient
of 37.33 ppm cm−1 in volume). Additionally, in the case
of BBO there would appear to be a large variation between
manufacturers. Compared to older literature values, these
new values are 1-2 orders of magnitude lower. There are
two possible explanations for this discrepancy: (i) improved
crystal growing and handling methods, and (ii) the accu-
racy of the PCI method. These new results show that for
high power applications and for large bandwidth amplifi-
cation, BBO and LBO are still the best crystals for these
wavelengths. The application of BIBO for high powers is
limited by two-photon absorption at 515 nm.

Another important consideration for high power OPCPA
is the correct choice of the signal center frequency and band-
width. Not only is it important to consider the absorption of
the narrow band pump pulse, but the signal and idler pulses
can also have significant contributions [29]. Figure 10 shows
the optical transmission dependence on wavelength for both
LBO and BBO; additionally, simulated signal spectra for
LBO and BBO centered at 810 nm with a bandwidth sup-
porting sub-7.0 fs (Fourier-limited) signal pulses and cor-
responding idler spectra are shown (taken from [26]). The
idler spectrum is dependent on the pump wavelength and the
broadband signal wavelengths through 1/λ I = 1/λP−1/λS .
In both cases, the signal spectrum must be cut off below

Figure 9: An example measurement of the volume absorp-
tion of an LBO sample using the common-path interferome-
try method (taken from [27]).

700 nm to prevent a strong idler infrared absorption within
the range between 2000 and 3000 nm. Given the newly
measured absorption coefficients and careful selection of
the signal bandwidth, few-cycle laser pulses could be gener-
ated with above kW-level of average power [27]. A detailed
discussion of thermal effects for high power OPCPA appli-
cations, including other parasitic waves, is given in [26, 27].

In order to demonstrate the flexibility of OPCPA and the
power scaling limits, we realized a compact wavelength-
tunable sub-30 fs amplifier with 11.4 W of average power
with 20.7% pump-to-signal conversion efficiency at a rep-
etition rate of 3.25 MHz [5]. The broadband signal was
generated in a YAG crystal and the complete OPCPA setup
was demonstrated on a bread board 80×80 cm2. The OPCPA
pump source was an Innoslab amplifier (AMPHOS, [33]).
The OPCPA results are shown in Fig. 11. First, the OPCPA
was optimized for broadband amplification. The average
output power was 11.4 W (pulse energy of 3.5 µJ) with a
spectrum supporting a Fourier-limited pulse of 6 fs FWHM
(Fig. 11a). Second, a wavelength-tunable option was tested
with a central wavelength between 700 and 900 nm (spec-
tra shown in Fig. 11b). As an example, an autocorrelation
measurement of a compressed pulse at center wavelength of
800 nm, with pulse duration of 29.1 fs FWHM was demon-
strated (Fig. 11c). For more details see [5].

CONCLUSION
In this review, we discussed some of the technological

developments for achieving high power OPCPAs pumped at
515 nm using Yb-doped solid-state lasers in both burst mode
and continuous mode. These developments have important
applications for high repetition rate FELs. Compared to
Ti:sapphire amplifiers, OPCPA technology has a number of
advantages. First, OPCPA is scalable to high powers [27];
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Figure 10: Optical transmission in dependence on wavelength [34], and spectra of signal and idler pulses at the end of the
second stage for both LBO (a) and BBO (b) (taken from [26]).

second, OPCPA can amplify a broader bandwidth at high
powers [5–7], thereby producing shorter pulses; and third,
OPCPA is a wavelength tunable amplifier at high powers
[5]. These new developments have been made possible by
advances in Yb-doped solid-state laser technology, which

Figure 11: High-power OPCPA [5]: a) Broadband ampli-
fied signal (OPA, red) with ∆λ = 238 nm at 5% intensity
maximum; WLG spectrum (WLG, grey line). b) Selected
tunable narrow-band spectra between 700–900 nm, with
∆λ = 54 nm bandwidth at 10% intensity maximum. c) Au-
tocorrelation (black line) at 800 nm (orange spectrum in (b)),
with a pulse duration of 29.1 fs FWHM. Inset: amplified
signal beam profile.

also has the potential to be scalable to high powers. For
example, 14 kW burst average power has been demonstrated
from a 2-stage Yb:YAG thin-disk multipass amplifier [25].
Finally, since OPCPA does not require sophisticated cooling,
it is possible to achieve a compact design, allowing reduced
laboratory space and better stability [5].
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A GAAS PHOTOEMISSION DC GUN FOR CAEP HIGH-AVERAGE-
POWER THz FEL* 

Hanbin Wang#, Kai Li, Ming Li, Dai Wu, Dexin Xiao, Xingfan Yang 
Institute of Applied Electronics, CAEP, China.  

Abstract 
FEL-THz plays an important role in THz science and 

technology research, for high power output and tunable 
wavelength, which is indispensable to material, biology, 
medical research. Now, the construction is underway at 
China Academy of Engineering Physics (CAEP) on high-
average-power FEL THz source, and the demonstration of 
stable, reliable, high brightness, high power electron 
source operation is one of key issues. The components of 
the system were constructed and the performance tests are 
still on. The lifetime of the Negative Electron Affinity 
(NEA) surface is about 40 hours, which is limitied mainly 
by vacuum. Up to now, the gun can supply 5mA beam 
current and has been employed for preliminary 
experiments. In this paper, the design considerations and 
present status are given.  

INTRODUCTION 
FEL-THz source is a strong candidate among THz 

sources in THz application researches, and now a high-
average-power FEL-THz source is under construction in 
CAEP. The key component of the facility is a high 
average current, low emittance electron source, which 
should delivers about 100pC/bunch (the average current 
of 5mA) . To fulfil the requirements, the DC gun become 
a leading choice for better technical maturity[1]. Since the 
gun can offer excellent vacuum, we use a NEA GaAs 
photocathode, which has a relatively high quantum 
efficiency (QE) and practical operating wavelength.  

The construction of a DC gun is still careful to do, 
despite its technical maturity and there are two items to 
consider. One is how to achieve the extra-high vacuum, 
NEA GaAs is chemically reactive and is degraded by a 
small fraction of H2O or CO2. Photo-cathode’s QE can be 
degraded by ion back bombardment, independent of the 
gas species forming the ion. the other is how to realize 
high voltage stable operation, the field emission is a 
principal challenge[2], which arising from the cathode 
electrode and its support structure may result in voltage 
breakdown across the cathode-anode gap, or a punch-
through failure of the insulator holding off the cathode 
potential, and directly affects operation. 

The very successful Jlab IR FEL operates based on a 
photocathode dc gun[3]. The gun design started as a 500 
kV gun with a peak electric field of 10 MV/m at the 
surface of the cathode in the beginning of 1990’s[4]. Due 
to field emission from the electrode structures 
encountered during the 1kW IR Demo’s commissioning, 

the gun has been modified to a lower gradient at the 
cathode achieved by lowering the operating voltage to 
320kV and by increasing the cathode-anode gap (6 MV/m 
at 500 kV)[5]. The 500kV operation is realized untill 
2011[6]. So, it should be envisioned that the high voltage 
operation must circumvent many obstacles. We consult 
the experiences from other lab and ours, and the design 
incorporates some features of the existing DC gun. In the 
following sections, the component solutions adopted and 
the CAEP DC gun status are given. 

DESIGN OF CAEP DC GUN 
High QE cathode must be prepared and transferred 

under vacuum. The existing photoemission DC guns can 
be classified two types; one prepare cathodes in situ in the 
electron guns, the other transfer cathodes under vacuum 
from a separate preparation chamber by a load-lock.  

As Fig. 1 shows, the CAEP DC gun adopts a load-lock 
design too, which consists of three components 
(photocathode load-lock system, main gun chamber and 
mode lock laser). The following describes a design on the 
major points of interest about each component. 

PHOTOCATHODE LOAD LOCK SYSTEM 
The photocathode load lock system includes three 

chambers as shown in Fig. 1, where the function is 
realized of cathode puck introduction, preparation and 
storage. 

The beginning part is an introduction chamber, and the 
primary function is to introduce pucks and store them for 
succedent processing. The first processing is atomic 
hydrogen cleaning, which provides a means to clean 
exotic photocathode materials for which wet chemistry 
techniques are incapable. A KYKY F700 turbo-pump is 
used during atomic hydrogen cleaning where typical 
values for temperature and pressure near the sample are 
200 C and 2E-3 Pa respectively. During the process, a 
ceramic heater is used to raise sample temperature for 
atomic hydrogen cleaning. 

The middle part is a preparation chamber, where the 
heating and activation processing are completed. A 
magnet manipulator transfers a  puck from introduction 
chamber to preparation chamber after atomic hydrogen 
cleaning process. Same to the heating process in the 
introduction chamber, a ceramic heater is used to heat the 
wafer to about 450 C at a ramp rate up and down of 1 C 
per second, and the ramp down control is aided by an 
active cooler. The preparation chamber is a stainless steel 
chamber with eighteen ports placed around the 
circumference, which contains all of the components to 
produce NEA photocathodes: a channel cesiator, a NF3 or 

 ___________________________________________  
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O2 oxidizer, a ring anode, an optical window for light, 100 
l/s sputter ion pump, CapaciTorr D3500 SAES NEG. In 
addition, a residual gas analyzer (RGA) and an extractor 
gauge used for vacuum diagnostics.  

The last part is a storage chamber, which allows us to 
activate several wafers during an accelerator maintenance 
day and store them for future use. The three chambers are 
separated by a 2.5-inch VAT ultra high vacuum metal 
sealed valve. 

 

Figure 1: Layout of the photoemission DC gun. 

 

MAIN GUN CHAMBER 
The main gun chamber consists of ceramic insulator, 

stainless steel chamber and electrodes, which provides 
superb vacuum for NEA photocathode and isolated 
insulation between high voltage and earth potential. 

Design of Extreme-high-vacuum 
The operation of high average power FEL-THz requires 

higher QE photocathodes, but to date they are readily 
poisoned by small quantities of chemically active gases 
such as water, oxygen and carbon dioxide[7]. Relatively 
inert gases such as hydrogen, methane, nitrogen and 
carbon monoxide have small to negligible poisoning 
effects on these cathodes, but they can be ionized by 
electrons traversing cathode-anode gap, and are 
accelerated back to the photocathode to cause QE 
degradation. So we must take measures to achieve 

extreme high vacuum. The vacuum pump scheme is with 
triple-ion-pump and non-evaporable getter (NEG) pump, 
which are well suited for pumping CO, CO2 and greatly 
enhanced the pumping speed for hydrogen[8], the 
dominant gas species in the extreme high vacuum 
systems. 

The original pumping system of the gun chamber was 
designed to have a 800l/s triple ion pump and three 
1300l/s NEG pump[9]. The total pressure were monitored 
by a B-A ion gauge, and the vacuum pressure falls down 
to 6.0E-9 Pa after bake-out of the gun chamber at 200ºC 
for about 96 hours and ramps up to 1.2E-8Pa during 5mA 
operation. In this case, the cathode operation lifetime is so 
short to make the facility use efficiency too low. 

To get longer operation lifetime, we make some 
improvements on the basis of practice of our lab and 
experience of other laboratories. 
 The internal walls of the chamber were vacuum fired 

to 500C to decrease the hydrogen load in the bulk 
material.  

 All viton-seal valves used in the gun chamber were 
replaced by metal-seal to be baked at higher 
temperature (≤300ºC). 

 The total pumping speed of NEG pumps was 
reinforced up to 20,000l/s and a 100l/s ion pump was 
redeployed for inert gas pumping. 

Design of High Voltage Parts 
The DC gun’s high voltage parts include two ceramic 

insulators, potential dividers, cathode electrodes and their 
support structure, as shown in Fig. 2. The principal 
technology challenge is still the field emission from the 
cathode electrode and its support structure. 

The DC gun insulator works in high voltage, high 
vacuum and high pressure. The voltage holdoff capability 
of a high voltage ceramic insulator in vacuum is poor 
compared to that of the ceramic material or the vacuum 
itself. Field emission originating at the triple junction of 
ceramic-metal-vacuum is a well-understood cause of 
internal surface flash-over, and is controlled by reducing 
the field on the junction with electrostatic shields. The 
external ceramic surface is usually corrugated to inhibit 
flashover. But it is unavoidable that the inner surface of 
ceramic intercepts electrons field-emitted from support 
tube or meso-potential electrode. Aiming at former 
problem, the ceramic adopts charge-dissipative type, 
which provides some surface conduction to bleed off 
accumulated surface charge and so as to suppress the 
surface flashover. 

The field uniformity can improve the stability and 
reliability of the DC gun on the surface of a ceramic 
insulator. We adopted shielding rings which distribution is 
non-proportional spacing to obtain comparatively equal 
electric field on the insulator surface, and the potential 
between rings is controlled by a high-Ohmic divider. 

During design of electrodes, the choice of material is a 
very important ingredient for high potential gradient 
operation of DC gun. In the foregone experiments, the 
titanium alloy exhibits better high voltage performance 
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than stainless steel[10], and the design adopts titanium 
alloy to make  electrodes and  tee support. In a pierce gun, 
the peak field on the electrode is two to three times higher 
than the field on the cathode, so we adopt flat cathode 
surface, which produce a high degree of electric field 
uniformity over the emitting area and have lower peak 
electric field than pierce type cathode electrode ensuring 
the emitting field. 

To lower the peak electric field of the support tube, a 
meso-potential electrode is adopted in DC gun, and the 
peak electric field on the support tube is just 70 percent of 
field strength without meso-potential electrode, which can 
effectively decrease the field-emitted currents in the high 
voltage operation. 

The high voltage is supplied by a nominal voltage of 
400kV and the maximum current of 10mA. The high 
voltage power supply is located in a pressure vessel 
holding 0.6MPa of SF6, which is connected with the 
insulator pressure vessel by bellows. 

 

Figure 2: Scheme of the gun high voltage parts. 

 

MODE-LOCK LASER 
As drive laser for NEA photocathode, a frequency 

doubled, mode-locked Nd:YAG laser (GKML-532) is 
used[11]. The laser generates pulses at a maximum 
repetition rate of 54.17 MHz in CW mode and up to 3 W 
of SHG power (on cathode surface) at 532 nm. A 
maximum current of 5mA can be obtained still, even if 
the QE of photocathode is low to 0.4%. 

PRELIMINARY RESULTS AND WORK 
SCHEDULE 

The new gun is debugging based on the forementioned 
design thoughts, and the vacuum performance steps up 

more than an order of magnitude as compared with 
original design, new design is about 7E-9Pa while the 
original 1.5E-7Pa, being pumped only by ion pump.  

Proof experiments have been done on the original gun. 
The gun can operate at 320kV stably, but the current of 
5mA (10 ms-long pulses at 10 Hz) just continue about 5 
hours for poor vacuum of 1.2E-8Pa, when it is a 
precondition that maximum power of the drive laser is 
constant. At the same time, the QE measurements show 
lifetime (Cs-O activation) is about 40 hours in preparation 
chamber, where it is measured intermittently, i.e. so-called 
dark-lifetime. The term lifetime is defined as the time that 
QE fell to 1/e from the initial value takes, and the QE 
change with time is shown in Fig. 3. Compared with the 
results of dark-lifetime from other labs[2], we must 
realize the space for improvement is so large still and 
there are many things to do. 

 

Figure 3: Preliminary result of dark-lifetime measurement. 

 
To make the CAEP FEL-THz facility more practical, 

we hope upgrade the current continuance of 5 mA by an 
order of magnitude at least. The superb vacuum of the 
gun can be realized absolutely, and the ultimate pressure 
approaching 1E-10 Pa should be possible. According to 
the work schedule, the new gun can be completed in the 
end of 2014. With the advance on the technology of 
preparing NEA GaAs cathode, the target can be realized 
of elevating 5 mA continuance by order of magnitude. 
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STATUS OF THE SwissFEL C-BAND LINAC
F. Loehl, J. Alex, H. Blumer, M. Bopp, H. Braun, A. Citterio, U. Ellenberger, H. Fitze,

H. Joehri, T. Kleeb, L. Paly, J.-Y. Raguin, L. Schulz, R. Zennaro, C. Zumbach,
Paul Scherrer Institut, Villigen PSI, Switzerland

Abstract
The linear accelerator of SwissFEL will be based on C-

band technology. This paper summarizes the latest results

that were achieved with the first prototype components. Fur-

thermore, the progress and plans of the series production

are discussed.

INTRODUCTION
The hard x-ray free-electron laser facility SwissFEL [1]

is currently under construction at the Paul Scherrer Institute.

In the main linear accelerator (Linac) of SwissFEL, the elec-

tron bunches are accelerated from an energy of 350 MeV

to a final energy of up to 5.8 GeV. For this, the Linac is

divided into three segments (see Fig. 1): Linac 1, Linac 2,

and Linac 3. After Linac 1, the electron bunches are com-

pressed in a magnetic bunch compressor chicane BC2 at an

intermediate energy of 2.1 GeV - the first bunch compressor

BC1 is located within the injector at an energy of ∼350MeV.
After Linac 2, at an energy of 3.0 GeV, a switch-yard [2]

is installed with which electron bunches can be sent either

straight into Linac 3 and consequently the hard x-ray Aramis

line, or into a future soft x-ray line called Athos. At the end

of Linac 3, transversely deflecting structures will be located

that will allow for measurements of the longitudinal charge

profile with a resolution of a few femtoseconds.

C-BAND MODULE
The C-band modules for SwissFEL consists of four C-

band structures that are installed onto two granite girders

(see [3] for a schematic). A module is fed by a single RF

source with up to 50 MW of RF power. The RF pulse is

compressed using a barrel open cavity (BOC) pulse com-

pressor [4], and the compressed pulse is distributed to the

four accelerating structures using a wave-guide network that

is installed on the side of the girders. That way, the entire

linac module can be pre-assembled and complete modules

can be brought into the SwissFEL facility, which simplifies

the assembly procedure of the 26 modules.

The accelerating modules can be operated in two differ-

ent modes that are defined by how the pulse compressor is

operated. In mode I, a 180◦ phase jump is applied towards
the end of the RF pulse, yielding an RF pulse with more

than 300 MW of peak power. The pulse is, however, not

flat (see [4]). In mode II, a phase modulation is applied that

yields a flat RF pulse at the cost of a significantly reduced

RF power.

At an RF power from the klystron of 50 MW, the expected

on-crest energy gain of a module is around 220 MeV when

a flat RF pulse is applied and 275 MeV with the phase jump

mode. In SwissFEL, it is planned to operated the klystrons

at up to 40 MW which yields on-crest energy gains of close

to 200 MeV and 250 MeV in both modes. When two or

more bunches are accelerated within the same RF bunch, as

planned for the parallel operation of the hard and soft x-ray

lines Aramis and Athos, a flat RF pulse might provide better

stability and simplify the operation in Linac 1, where the

beam is accelerated off-crest. In Linacs 2 & 3, where the

beam is accelerated on-crest, it is planned to operate in the

phase jump mode in order to maximize the energy gain.

C-band High Power Test Stand
In order to test RF components, PSI operates a C-band test

stand that provides two test benches: a component test bench

and a test bench for a complete linac module. All test results

that are discussed here are obtained within the component

test bench. The second test bench with a complete Linac

module is currently being setup and expected to become

operational end of this year. The current state of the first

prototype module is depicted in Fig. 2. The picture shows

the module in beam direction with the accelerating structures

and the wave-guide network already in place. On top of the

linac module, the water distribution is visible that is also

prototyped. The pulse compressor is not yet installed but

the support is already visible right at the beginning of the

module.

RF Source
The C-band RF pulses with a power of up to 50 MW

and a duration of 3 μs are generated by Toshiba klystrons of
type E37212 that are driven by solid-state pre-amplifiers and

solid-state modulators. In order to save energy, the collectors

of the klystrons will be operated at a temperature of 80 ◦C so
that part of the energy can be recovered to heat buildings on

the PSI campus. This scheme was successfully tested in the

high power test stand. The first klystrons for SwissFEL are

already delivered to PSI, and the delivery of the complete

set of klystrons will be completed ahead of schedule.

In order to validate their performance, different pre-

amplifiers have been characterized in the test stand, show-

ing that the required phase and amplitude stability can be

reached. The tender process for the SwissFEL series will

start end of this year.

Of major importance for SwissFEL are the modulators

that drive the klystrons. The C-band test stand was oper-

ated until now with a ScandiNova K2 modulator. Since this

modulator does not fulfill the requirements for SwissFEL in

terms of reliability and stability, two prototype solid-state

modulators were ordered at two companies last year. The

first modulator is built by Scandinova, the second one by
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2nd  phase 

Figure 1: Schematic layout of the SwissFEL facility. It consists of an S-band injector, a C-band linear accelerator, and two

undulator lines.

Figure 2: Picture of the first C-band prototype module in the

high power test stand.

Ampegon. PSI is in close contact with both companies to

support these developments. The delivery of both modula-

tors is expected later this year and it is planned to extensively

test both modulator types in the C-band test stand before the

order for the SwissFEL series will be placed.

Waveguide Network
There are two main challenge for the waveguide network

of the C-band modules. The first one is the length tolerance

on the entire horizontal network of only ±0.2 mm due to the

fact that the waveguides are attached directly to the girders.

The second challenge is the high RF power of up to 300 MW

after the pulse compressor.

Many waveguide components from various manufactures

as well as in-house developments of directional couplers,

H-splitters, and E-splitter were tested in the C-band test

stand prior to a tender process for the SwissFEL series. The

winner of this tender is Mitsubishi Heavy Industries (MHI)

and MHI already started with the manufacturing of a proto-

type waveguide network that will be delivered in December

this year and consequently tested in the C-band test stand.

Another prototype waveguide network was built by TEL

Mechatronics based on PSI designs. This waveguide net-

work is currently installed at the prototype C-band module

and used to test assembly and tuning procedures. The RF

loads were also part of the tender process, and we decided

to use water loads manufactured by CML.

Pulse Compressor
The first results that were obtained with the barrel open

cavity (BOC) type pulse compressor that was designed at PSI

were already presented in [3, 4]. The prototype used during

the previously presented measurements was built by VDL.

The series for SwissFEL – a total of 26 BOCs are needed

for the C-band linac and another one for the transversely

deflecting C-band structures at the end of Linac 3 – will

be built in house at PSI. The first four BOCs were already

completed, and BOCs 5-8 are currently under production

(see [5]).

We conducted first measurements of the break-down rates

for the BOC manufactured by VDL and for the first BOC

from PSI. The VDL BOC was operated in both the phase

jump mode at an RF power of 35 MW from the klystron

and the phase modulation mode with 40 MW of power from

the klystron. The measured break-down rates were 3 · 10−8
and 2 · 10−8, respectively. For SwissFEL, a break-down
rate of below 4 · 10−8 is desired under nominal conditions,
and with the presently assumed energy gains of the C-band

modules, an RF power of 40 MW will be required for Linac

1 (phase modulation) and less than 35 MW for Linac 2 &

3. The measured break-down rates are therefore already in

the region that is envisioned for SwissFEL. Recently, initial

break-down measurements were performed with the first

BOC thas was manufactured at PSI, and these yielded a

break down rate of 1 · 10−7 in phase jump mode for 40 MW
of RF power. This is an even better result than the one

obtained for the VDL prototype. After the excellent break-

down results that were obtained for the first C-band structure

(see [3]), however, the BOCs still remain the most critical

components in terms of break-downs.

A major source of contamination of the copper surface

within the first BOCs resulted from the fact that the BOCs

had to be tuned after the final brazing step. This involved

the application of grease during the machining process, and

it is difficult to clean the BOCs afterwards. Due to the good

results with the first BOCs that were machined, the manufac-

turing process was meanwhile adapted such that the BOCs

are machined on-frequency without involving an additional

tuning step. This way, the BOCs will stay clean after the

final brazing step, and it is expected that this will improve

the break-down rate further. The first of these BOCs that

involves this manufacturing procedure will be tested together

with the linac module prototype beginning of next year.
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Figure 3: New clean area to perform vacuum leak tests

and RF bead-pull measurements. The space is next to the

stacking and brazing area.

Accelerating Structures
The 2 m long accelerating structures have been designed

at PSI [6], and meanwhile a total of 5 structures was suc-

cessfully brazed. The manufacturing process is described in

detail in [7].

The structures consist out of 108 copper discs and a

J-coupler at both ends. Since the structures are built on-

frequency without the possibility for tuning, the parts have

to be machined with micrometer precision.

For the J-couplers, various companies were qualified be-

fore the tender process for the SwissFEL series was launched.

The winner of this tender process is VDL, and the produc-

tion process has already started. The first batch of coupler

parts will be delivered to PSI in October. The brazing of the

couplers takes place at PSI.

The main provider for the copper discs is TEL Mecha-

tronics. PSI qualified TEL Mechatronics to build the discs

according to a production scheme developed at PSI. Earlier

this year, TEL Mechatronics delivered the cups for a first

structure to PSI, and after brazing the structure delivered

excellent RF bead-pull results. The series production has

meanwhile started at TEL Mechatronics, and the delivery

of discs will start beginning of September this year.

Since the production of the C-band structures is delayed

with respect to the project schedule, PSI ordered C-band

discs also from VDL, and the discs for one structure were

already delivered earlier this month. The orders foresee a

delivery of cups for a total of 4 structures from VDL and of

13 structures from TEL Mechatronics until the end of this

year.

The structures are stacked and brazed at PSI (see [3, 5]).

In order to be able to deal with the amount of structures that

will be brazed at PSI – a total of 104 structures are required

for SwissFEL – the area in which the stacking and brazing

takes place was meanwhile extended by a new clean area.

This space will be used to perform leak-tests of the brazed

structures as well as bead-pull measurements to characterize

Figure 4: Transport girder for the transfer of structures from

the brazing area on the PSI campus to the external storage

area.

the RF performance. Figure 3 shows a picture of the new

clean area.

The following issue in the manufacturing process is still

not entirely understood: Out of the five structures that were

brazed so far, 3 had a vacuum leak after they were brazed.

In a second repair-brazing step, all three structures could

be repaired, but we aim to prevent these repair steps during

series production. From the five structures that were brazed,

the first two had an initial vacuum leak. For the next three

structures, the amount of brazing alloy was increased, and

structure 3 & 4 were vacuum tight after they were brazed

the first time. The same procedure, however, was applied to

structure 5, and this structure required a repair step. There

are various possible sources for this that we are looking at.

Two of them are the fact that the copper discs for structure

5 were stored a long time under normal atmosphere, and

some of the discs were stored on latex rubber mats, and it

appears that the discs that came into contact with the latex

material showed color changes near the contact areas. These

two aspects will be taken care of in the series production by

storing the discs under nitrogen atmosphere and by removing

the latex material. In order to understand better the amount

of brazing alloy that is optimum, additional brazing tests

with different amounts of brazing alloy will be performed.

Production of C-band Modules
Once the structures are brazed, leak-checked, and a bead-

pull measurement was performed, the structures are trans-

ported into a storage hall that PSI has rented for the duration

of the SwissFEL project. This happens using special trans-

port girders as shown in Fig. 4. In the storage hall, depicted

in Fig. 5, an area is reserved in which the structures can be

transferred onto the final granite girders. A set of multiple

granite girders will be used as a buffer before the assembly

of a linac module takes place. This allows to sort the struc-

tures by frequency. Since the structures are fine-tuned in

frequency using the temperature of the cooling water, and in
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Figure 5: Schematic showing the storage area for the C-band

structures (bottom) and the clean room (top) in which the

module assembly will take place. Up to two modules can be

assembled in parallel.

Figure 6: Clean room that will be used for the assembly of the

C-band modules as well as for other girders for SwissFEL.

SwissFEL all four structures of a linac module share a com-

mon cooling system, this is a way to increase the efficiency

of the linac modules.

When a matching pair of two girders with four structures

is available, the girders are transferred into a big clean room

(see Fig. 6), where the module assembly takes place. This

includes the installation of the pulse compressors, the wave-

guide network including its tuning, and components such as

quadrupole magnets and diagnostics (BPMs, wire-scanners).

The assembled linac modules are then either stored again

outside of the clean room, or transported directly into the

SwissFEL accelerator tunnel (see Fig. 7).

Temperature Regulation
In reference [3], a first prototype for the BOC tempera-

ture regulation system was presented. With this system, a

temperature stability of 3 mK was reached. A disadvantage

of the presented system was that the time required to reach a

steady-state after a distortion happened was rather long with

around 4 to 5 minutes. In order to speed up the regulation,

a number of steps were taken. The most important ones

Figure 7: Picture of the empty SwissFEL accelerator tunnel.

were the replacement of the heater against a model with an

increased heat transfer, the installation of the heater very

close to the pulse compressor in order to reduce the dead-

time, and the adaption of the regulation algorithm. Besides

several other additions, the new algorithm now has a very

large gain when the BOC temperature deviation exceeds a

desired temperature band. With all these changes, it now

takes around 40 seconds until the BOC temperature is stable

again when a distortion happens or a step in the temperature

set-point is applied.

As a prototype for SwissFEL, the C-band module in the

test stand is equipped with a complete SwissFEL cooling

station. This station will regulate the temperature of the

modulator body, the klystron collector, the BOC, and the

four accelerating structures, and we will use it to test and

optimize the SwissFEL cooling stations.

SUMMARY AND OUTLOOK
Many prototypes for the SwissFEL C-band Linac have

been built and tested, and most of them show the desired

performance. Meanwhile, we launched the series production

for many components including the C-band structures, the

BOC RF pulse compressors, and the wave-guide network.

Two prototype solid-state modulators are ordered and will be

delivered to PSI in the second half of this year. The next steps

include validating the performance of the two modulators

before the SwissFEL series can be ordered, and the test of a

complete C-band module in the high power RF test stand.
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REVIEW OF COHERENT SASE SCHEMES
B.W.J. McNeil1, L.T. Campbell1,2, D.J. Dunning1,2, J.R. Henderson1 and N.R. Thompson2

1SUPA, Department of Physics, University of Strathclyde, Glasgow, UK
2ASTeC, STFC Daresbury Laboratory, Warrington, UK

Abstract
A review is presented of some of the methods and their

origins that have recently been proposed to improve the tem-
poral coherence of SASE output. These methods do not
require any external laser seed field, or the use of the so-
called self-seeding methods, where the SASE radiation is
optically filtered and improved at an early stage of the in-
teraction before re-injection and amplification to saturation.
By using methods that introduce an additional relative prop-
agation between the electron beam and the radiation field,
the localised collective interaction, which leads to the for-
mation of the ‘spiking’associated with normal SASE output,
is removed. The result is output pulses which are close to
the fourier transform limit without the need for any external
seeds or intermediate optics.

INTRODUCTION
This review presents the work of several different authors

and closely follows the oral presentation presented at the
36th International Free Electron Laser Conference, Basel,
August 25-29, 2014. An historical perspective is given of
some methods proposed to improve the temporal coherence
properties of SASE output. It is hoped this perspective will
demonstrate how some of the quite complex, perhaps non-
intuitive, departures from a simple FEL interaction evolved.

SASE
The problem with normal SASE output from a FEL is

that it has relatively poor temporal coherence. At shorter
wavelengths, the electron pulse length can be significantly
greater length than the relative propagation, or slippage,
of a light wavefront through the pulse to saturation. As
the SASE interaction starts from noise, this itself would
limit the temporal coherence length to the slippage length.
However, a more fundamental length that limits the temporal
coherence length is the cooperation length lc [1]. This is the
length that a light wavefront propagates, or slips, through the
electron pulse in one gain length lg through the undulator.
As each region of length∼ lc starts from noise, this leads to a
spiking behaviour in the light intensity with spikes separated
by ∼ 2πlc [2]. A similar noisy spectrum results which gives
a relatively large time-bandwidth product ∆ν∆t � 1 with
typical simulated output in the X-ray shown in slide 3. A
closer look at the phase of the light in slide 4, again from
simulations, shows that the phase of each of the radiation
‘spikes’ is uncorrelated. i.e. each spike appears to have
evolved independently from the others from noise.

DIRECT SEEDING
One method to improve this noisy output is to inject a res-

onant coherent seed light field coincident with the electron
pulse at the start of the FEL interaction. If the seed is of
sufficient intensity to dominate that due to the spontaneous
noise, then the interaction can progress with a well-defined
phase imposed by the seed through to saturation. This was
first performed at short wavelengths at ∼ 53 nm [3] as shown
in slide 6. Unfortunately, no such seeds yet exist in the X-ray.

INDIRECT SEEDING
An alternative to direct seeding at the desired wavelength

is to first prepare the electron beam by seeding at a longer
wavelength where a suitable seed with good temporal co-
herence properties is available. The bunched electrons will
inherit the coherence properties of the seed andwill also have
strong coherent bunching components at higher harmonic
wavelengths. The electrons can subsequently be injected
into an undulator resonant at these shorter harmonic wave-
lengths [4,5] where lasingmay continue (slide 8) in a process
sometimes called ‘High Gain Harmonic Generation’. The
electron bunching may be enhanced between undulators by
using a dispersive chicane. In principle this process can be
‘cascaded’ to shorter wavelengths as demonstrated experi-
mentally [6] and shown in slide 9. Unfortunately (slide 10),
the phase noise amplification is multiplied by a factor of
the square of the frequency increase through the cascaded
system, and with current seeds available this method cannot
yet be used to reach X-ray wavelengths [7].

An alternative to HGHG is the Echo Enabled Harmonic
Generation, first described in [8, 9] and experimentally ob-
served in [10] (slide 13). Interesting variations of the method
are also being pursued [11] (slide 14), which may offer scope
for further development. The EEHG method is described
schematically in slide 15 and involves a preparation of the
electron beam by: energy modulation - dispersion - energy
modulation - dispersion. This introduces an electron bunch-
ing at an harmonic of the energy modulation period which
will then emit radiation superradiantly on entering an un-
dulator tuned to the electron bunching period. The limit as
to how high the harmonic can be pushed probably remains
unresolved, although good progress is being made experi-
mentally with the 15th harmonic emission demonstrated [12].
The work of [13] suggests that the upper harmonic limit will
be due to fluctuations in the modulating laser phase and
intensity.
It is interesting to note that the final electron bunching

spectrum of the EEHG is a comb of modes about the final
harmonic with mode separation of the initial modulation
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frequency [14] and that emission from each of these modes
can be obtained (slides 16-18) using a mode-locked amplifier
FEL (see later slides 38-40).

SELF-SEEDING
Self-seeding is a method first proposed in [15] which

allows the SASE interaction to develop from noise (slide 20).
The light is then filtered pre-saturation to reduce the large
noise bandwidth before re-commencing the FEL interaction
to saturation. In this way the FEL ‘self-seeds’ from the
clean, filtered spectrum. The method of [15], which uses an
optical monochromator with grazing incidence optics, has
been improved by using a much simpler filtering method [16]
that utilises a coherent wake that occurs when X-rays are
passed through a diamond crystal (slide 21) instead of the
more complex grazing incidence optics. The use of the
diamond crystal wake self-seeding has been shown to work
successfully in experiments performed at the LCLS [17]
(slide 22). While these results are very encouraging, the
robustness of this method, e.g. to high rep-rates and re-
tuning demands in a user facility such as the EU XFEL,
remains to be tested.

HB-SASE, ISASE, PSASE (‘HIBP-SASE’)
The methods of improving the temporal coherence prop-

erties of SASE above all require either the use of an external
coherent source to dominate the intrinsic noise of the SASE
process (a coherent seed) and/or the filtering of the SASE
light to remove the noise at some intermediate point between
start-up and saturation. In this section, a description is given
of methods that do not require either a seed or any filter-
ing. These have been termed variously High-Brightness,
Improved and Purified SASE [18–20] - see slide 23 for a
conjoining of these terms. (For the authors of this paper,
the process of arriving at such methods was mainly one of
discovery using numerical experiments to see what could
be achieved when ‘playing about’ with the FEL interaction.
Some interesting, unexpected effects arose from this process
and a short historical perspective is presented. Hopefully,
students will be encouraged to similarly experiment and
discover.)

The authors’ path towards HB-SASE [18] began by consid-
ering the effects of a series of relative phase shifts between
the light and electrons as the FEL interaction progresses
through the undulator [21].

Phase Shifting
A phase shift can be considered as a shifting of the elec-

trons with respect to a resonant wavefront by a distance less
than the resonant wavelength λr . This can be achieved by
delaying the electrons in a chicane placed between undulator
modules - slides 26 & 27.
If a π phase shift (electron delays of λr/2) occurs, elec-

trons that were gaining energy from the field begin to lose
energy to the field and visa-versa (slide 26). The effect is to
reduce the electron energy spread induced by the interaction

while maintaining the electron bunching process. Note there
is little net gain or loss in the field energy as the FEL interac-
tion is being continually interrupted. This π-shifting process
can be repeated along the undulator, bunching the electrons
while keeping the energy spread relatively small. Slide 28
plots |b|/σp as a function of the distance along the undula-
tor, where |b| is the bunching factor and σp = σγ/ργ is the
scaled energy spread. Without phase shifting it is seen the
bunching-to-spread ratio saturates at |b|/σp ≈ 0.7, whereas
with the π phase shifting this is increased to |b|/σp ≈ 2.5
demonstrating a larger bunching per unit energy spread.
If the interaction is in a planar undulator and the interac-

tion is also considered at the 3rd harmonic say, then introduc-
tion of 2π/3 or 4π/3 phase shifts will disrupt the interaction
at the fundamental wavelength. However, the 3rd harmonic
will see no net phase shift and can continue an un-interrupted
FEL interaction to saturation (slides 29 & 30). This effect
of suppressing the fundamental while allowing an harmonic
to lase has been termed ‘harmonic lasing’ [22, 23].

Large Integer Wavelength Shifts
The ideas of phase shifting were then extended as part

of post-graduate research [24] (slide 32) to introduce much
larger relative phase shifts of n2π , where the integer n � 1
- i.e. multiple resonant wavelength shifts. By adding these
extra integer resonant wavelength shifts, the simplistic idea
was that light temporal phase profile and so the SASE spiking
would be extended temporally so increasing the temporal
coherence (slide 33). As above, the shifts can be achieved
using chicanes placed between undulator modules as shown
in slide 34. Note that near dispersionless chicanes can be
designed so that the electrons receive the same relative shift
with respect to the light field irrespective of their energy [25].
The slippage in units scaled with respect to the cooperation
length lc , of a resonant wavefront through the electron pulse
within an undulator module is l̄ and that in the chicane δ̄.
The total slippage in one undulator-chicane module is then
s̄ = l̄ + δ̄. The bottom of slide 34 shows schematically
the light field propagation (colour-coded with respect to the
undulators above) through the electrons at the end of each
undulator-chicane section. The enhancement in the slippage
introduced by the chicanes is measured by the enhancement
factor Se = s̄/l̄ defined in slide 35. Initial results in slide 35
plot the mean separation of the light spikes as a function of
Se . It is seen that the separation of the spikes ∆s, increases
from the SASE value of 2πlc in a quasi-linear way for the
case of dispersionless chicanes (D = 0), and it is concluded
that the cooperation length of the FEL interaction, and so
the temporal coherence of the light, has increased by the
slippage enhancement factor Se . This is seen more clearly
in slide 36 which shows the spike separation increasing as
increasing ∆s ≈ Se × 2πlc . Note that for values of Se > 2
(written as S∗ in the slide), there is a modulation in the light
intensity. This is due to the formation of light modes directly
analogous to the modes formed in a ring cavity and discussed
in the following section.
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It should be noted that around the same time as this re-
search was being conducted, that other researchers hypothe-
sised a similar approach [26] (slide 37).

Mode Generation
The modulations in the light intensity observed in slide 36

can be explained by considering the repeated equal extra slip-
pages introduced by the chicanes - slide 39. The undulator-
chicane slippage length s defines a characteristic length
within which the light-electron interaction must evolve. Only
wavelengths which have an integer number fitting into this
length will survive the interferences caused by the repeated
chicane slippage. This then defines a set of modes which are
calculated in slide 39. The modal spectrum is the formally
identical to that of a ring cavity of length s, the total slippage
in each undulator/chicane module. This length, in units of
the resonant wavelength, is of the order of a few times the
number of undulator periods in a module, and can be very
small, so that the mode spacing ∆ωs = 2πc/s, can be much
larger than that normally associated with a conventional cav-
ity laser. Similar to mode-locking in conventional cavity
lasers, the modes can be locked by introducing a modulation
(here to the electron beam) at the mode spacing [27,28] and
may be able to generate few-cycle pulses in the hard X-ray
and beyond [29].

HB-SASE
The introduction of extra equal slippage between undu-

lator modules was seen to increase the cooperation length
(and so temporal coherence and hence spectral brightness),
but also to introduce a set of modes into the light output.
If the modes surrounding the fundamental wavelength can
be removed or suppressed, so that only the fundamental re-
mains, and the increase in the cooperation length remains,
then the objective of increasing the temporal coherence of
the SASE output will have been met. This was achieved and
then improved upon in two stages.

The first stage removed the modes about the fundamental
by changing the total slippage for each undulator-chicane
module. This causes the mode separation ∆ωs to change for
each undulator-chicane module (slides 42 & 43) so that only
the fundamental, central mode, receives sustained amplifi-
cation. In the first stage, the chicanes introduced a slippage
randomised about a mean value [30]. Slide 43 shows how
the SASE spike-to-spike separation vaties proportionally to,
and the light bandwidth is inversely proportional to the mean
slippage enhancement factor Se . This now occurs without
any modes evolving.
The second stage [18], slides 44-51, developed this

method by introducing a series of increasing chicane slip-
pages. Furthermore, the length l of each undulator module
is chosen so that l < lg , the gain length of the FEL inter-
action. The increasing slippage of each successive chicane
should increase the temporal coherence in a non-linear way.
The choice of undulator length l < lg , ensures that a wave-
front of the light never propagates through the electron pulse
further than one cooperation length before being slipped

by a chicane to another part of it. With the successively
increasing slippage, this ensures a wavefront never interacts
within a cooperation length range of any part of the electron
pulse following a chicane slip. In this way, the localised
FEL interaction that causes the spiking in the SASE output
should be eliminated. The FEL interaction is de-localised.
In [18], the sequence of prime numbers was used to suc-

cessively increase the slippage (slide 44 & 45 ). This ensures
that the sideband modes associated with each successive chi-
cane never repeat and only the fundamental mode receives
gain. Slide 45 shows a schematic of a wavefront as it propa-
gates through the series of undulators (l < lg) and chicanes
of increasing strength.
The rate at which the temporal coherence increases is

determined by the rate at which a common phase φ of the
light field is established throughout the interaction. slide 46
demonstrates how the rate of change of the light phase ef-
fectively evolves as |b|/a where b is the electron bunching
and a is the scaled field magnitude (see e.g. [31]). In the
pre-saturation, linear region of evolution |b| ∼ a, so that
the phase can evolve rapidly from one undulator-chicane
module to the next. A common phase can therefore propa-
gate throughout the interaction to establish good temporal
coherence and hence high spectral brightness.
Slide 47 shows the results of simulations for an electron

pulse of length 4000 cooperation lengths and undulator mod-
ules of one half a gain length with the prime number se-
quence of increasing chicane shifts. Comparison is made
against an equivalent SASE interaction (i.e. without chi-
canes). A relatively small increase in the saturation length is
observed from 12 gain lengths for SASE to 14.5 gain lengths
for HB-SASE, with no effective difference between the satu-
ration intensities |A|2. The difference between the coherence
lengths though is significant, with the HB-SASE coherence
length (red-squares) being just over two orders of magnitude
greater than that of the SASE case (black-diamonds). Notice
that at saturation, the coherence length is approximately half
that of the total slippage of a light wavefront through the
interaction, the maximum possible coherence length due to
causality. Furthermore, in slide 48 summarising this result,
it is seen that the coherence length growth rate is exponential
in the linear regime prior to saturation.

A comparison of the numerical simulations to linear the-
ory shows that the spectra at excellent agreement (slide 49)
for a system operating at a wavelength of 1.24 nm. The
modal structures are removed by the increasing prime slip-
pages and the spectrum narrows as the phase information
propagates through the pulse as the interaction progresses.
(Note the change in frequency scale between the two plots.)
Slide 50 shows a comparison between a SASE and an equiv-
alent HB-SASE 3D simulation operating in the hard X-ray.
It is seen the the HB-SASE output is close to being fourier
transform limited. More detailed plots of the 1.24 nm sim-
ulations are shown in slide 51 which compare the SASE
and HB-SASE output, with the notable difference being the
relatively slowly changing radiation phase over the pulse in
the HB-SASE case resulting in the much narrower spectrum.
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iSASE

Contemporaneous research to that of HB-SASE [18],
called iSASE [19], developed a similar method by using
a geometrically increasing series of chicane induced slip-
pages between the co-propagating electrons and light instead
of the prime number increase as discussed above (slide 52).
Undulator modules were also assumed to be greater than a
gain length so that localised cooperative effects occur. The
improvements in coherence that was observed in simula-
tions was attributed to a ‘mixing’ of the light amplitudes
and phases rather than the de-localisation of the FEL in-
teraction and propagation of phase information throughout
the interaction as discussed above. The authors highlight
the increased stability of the iSASE method over that of
self-seeding (slides 20-22) and the potential problems with
crystal vibration and heating in self-seeded high rep-rate
facilities. The iSASE method was extended into a tapered
undulator. The tapered intearction with improved tempo-
ral coherence light enables hard X-ray powers towards TW
levels to be extracted.

The above theoretical research led to an experiment at
LCLS [32] which tested the basic concept of introducing
extra electron-light slippage to increase temporal coherence.
Instead of using chicanes to introduce the extra slippage,
which were not available, alternate undulator modules were
detuned far from resonance so that the light and electrons ef-
fectively propagated without interaction through these mod-
ules. The extra slippage introduced in these detuned undu-
lator modules are approximately equal. In this respect, the
experiment more closely models the earlier work of [30] than
that of [18, 19] where the slippage increases in successive
chicanes as the interaction progresses. Slides 53 & 54 show
the undulator tunings and the output X-ray spectrum which
clearly shows a narrowing in the ‘iSASE’ case. (Note that
the detuned undulators in slide 54 are those with a small
horizontal bar through the vertical yellow bar denoting the
undulator parameter strength K .)

pSASE

A similar method of improving the temporal coherence
of SASE to those described above is that of ‘purified SASE’
(pSASE). Instead of using chicanes to introduce extra slip-
page, pSASE (slide 55) replaces a few undulator modules
in the middle of the exponential gain regime by ‘slippage
boosted’ modules that are resonant at a sub-harmonic of the
fundamental wavelength. The fundamental is then an har-
monic in these modules and the slippage is increased by the
harmonic factor. When planar undulators are used, the light
also continues an harmonic gain process. This harmonic
gain assists in the FEL guiding to reduce diffractive losses.
Simulations demonstrating pSASE bandwith reduction are
seen in slide 55.

HB-SASE Practical Issues
Some practical and limiting issues have been identified

relating to the introduction of chicanes into the HB-SASE-
type undulator module lattice (slide 56).

Firstly, the undulator modules should ideally be less than
a gain length. As discussed above, this stops localised col-
lective effects (spiking) and, as seen in the table enumerating
the fractional increase in temporal coherence length lcoh
of HB-SASE over SASE, is necessary to attain the large
increases of ∼ 102 that may be possible. Furthermore, use
of near-isochronous chicanes [25] is also desirable. Simple
dipole non-isochronous chicanes limit improvements to a
factor . 10. Alternative electron delay methods, such as us-
ing simple chicanes together with some more complex types
with negative R56, may be an alternative but have not yet
been investigated. Electron beam jitter may pose problems
when used with isochronous chicanes. While the wavelength
jitters, the electron delay due to the chicanes will remain
constant and may cause phase mis-matching between un-
dulator modules [33]. For example, for typical hard X-ray
parameters, and for the largest chicane delay in an HB-SASE
system to remain phase matched to λ/4, the relative electron
beam energy jitter should be ∆γ/γ . 5 × 10−5.

Further work with more detailed modelling of such effects
is required. However, it is felt this is certainly justified given
the potential benefits as summarised in slide 57.

CLARA
Finally, a proposed facility where many of the principles

presented above may be tested was discussed. The CLARA
proposal [34] (Compact Linear Accelerator for Research
and Applications), is for a dedicated, flexible FEL Test Fa-
cility, operating with a maximum beam energy of ∼ 250
MeV which will be able to test several of the most promising
of the new FEL schemes, including those discussed here.
The CLARA layout and outline of the methods that require
testing is shown in slides 58 - 61. The wavelength range
chosen for the CLARA FEL is 400 - 100 nm, which is ap-
propriate for the demonstration of concepts on a relatively
low energy accelerator. This wavelength range benefits from
good diagnostics to allow characterisation and optimisation
of the methods being tested. It is intended that CLARA will
help inform the designs of a new generation of FEL facilities
where the FEL interaction is pushed to its theoretical limits.

CONCLUSION
It is hoped that this review gives an insight into how re-

search developed towards the concept of the title of this work
‘Coherent SASE Schemes’. The research route, at least for
these authors, was not due to any single insight, but devel-
oped via collaboration over a decade of research that left
some interesting concepts in its wake that may inform future
FEL experiments and facility designs. Hopefully, some of
these concepts may be able to be tested at a UK FEL test
facility, CLARA. It is felt that the wait for such a facility
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in the UK will have been worth it if such new concepts can
realised.
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Abstract 
Fermi is a seeded FEL operating in high-gain harmonic 

generation mode. The FEL layout is constituted by a 
modulator and six radiators separated by a dispersive 
section. The modulator and the radiators can be tuned to 
the same resonant frequency to set up an asymmetric 
optical klystron configuration where self-amplified 
spontaneous emission can be generated and studied. This 
paper presents the experiment consisting in the analysis of 
the enhancement of the self-amplified spontaneous 
emission (SASE) radiation by the dispersion in the optical 
klystron. The FEL pulses produced with the optical 
klystron configuration are several orders of magnitude 
more intense than in pure SASE mode with the dispersion 
set to zero. The experimental observations are in good 
agreement with simulation results and theoretical 
expectations. A comparison with the typical high-gain 
harmonic generation seeded FEL operation is also 
provided. 

INTRODUCTION 
The optical klystron (OK) concept was proposed by 

Vinokurov and Skrinsky in 1977 [1] to enhance the gain 
of a multi-pass free electron laser (FEL) driven by a 
storage ring. The basic scheme consists of two undulators 
separated by a dispersive section, which converts the 
beam energy modulation produced in the first undulator in 
density modulation, enhancing the electron bunching at 
the radiation wavelength and speeding up the FEL process 
in the second undulator. The first experimental 
demonstration of the optical klystron FEL was performed 
in 1979 at the VEPP-3 storage ring of the Budker Institute 
of Nuclear Physics (BINP, Novosibirsk, Russia) [2], 
obtaining an initial gain of 0.5% at 630 nm and improving 
it subsequently up to 2.5% per pass [3]. Afterwards, other 
FEL oscillator facilities implemented the optical klystron 
scheme, such as ACO SR FEL (LURE, France), which 
lased at 635 nm in 1983 [4] and at 463 nm in 1987 [5]. 
Improvements in the optical cavity mirror coatings made 
it possible to lase in the ultra-violet at 240 nm in 1989 
(OK-4/VEPP-3 storage ring FEL [6]) and step by step 
down to 193 nm in 1999 (OK-4 Duke SR FEL [7]). In 
2000, the ELETTRA storage ring FEL lased at 217.9 nm 
[8].  

The gain of the optical klystron dramatically decreases 
with decreasing wavelength, while the optical cavity 
mirrors losses increase, and this has constituted a strong 
constrain in reaching emission at shorter wavelengths. A 

distributed optical klystron (DOK) was proposed by 
Litvinenko [9] to increase the gain and the first successful 
experiment was conducted in the DOK-1 FEL, at Duke 
University [10], obtaining a gain of about 48% per pass.  

The progress of linac technologies has allowed 
generating very high brightness electron beams, able to 
drive single-pass high-gain FELs, providing intense 
radiation in the XVUV [11-13] and in the X-ray regimes 
[14,15]. A very common high -gain FEL mode is the self-
amplified spontaneous emission (SASE) FEL, that is 
based on driving a high brightness electron beam through 
a long undulator tuned at a predetermined wavelength r. 
The initially incoherent spontaneous radiation emitted by 
the beam couples with the electron beam itself and is then 
exponentially amplified, developing energy and density 
modulation at the wavelength r, and finally emitting 
intense and coherent radiation. However, to reach the FEL 
intensity saturation in the extreme VUV and in the X-ray, 
it is necessary to have a long undulator chain, typically in 
the order of ~100 m, so alternative schemes have been 
studied in the past years in order to speed up the 
amplification process. In the following section we provide 
a short review of the 1-D theory describing the 
application of the OK concept to the SASE FEL. 

OPTICAL KLYSTRON SASE FEL 1-D 
THEORY  

The possibility to apply the optical klystron concept to 
high-gain FEL amplifiers has been faced in several papers 
[16-23]. An important result of these studies is that the 
klystron high-gain FEL performance is strongly 
influenced by the electron beam relative uncorrelated 
energy spread (), that is required to be much lower than 
the FEL Pierce parameter  In the following we 
briefly recall the 1-D theory developed in [20,23] that 
provides an approximated expression for the gain factor G 
of the optical klystron relative to the “pure” SASE mode, 
i.e. dispersive section turned off.  

We consider an undulator resonating at the frequency 
r  2 / r

. The optical klystron enhancement factor to 

the radiation electric field E at the scaled frequency 
=/r can be written as follows: 

R    E
OK

E
noOK



1 d
dV  

  2
d

eikrR56eikrR56 /2

12 d
V  
  3

         (1) 
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where is the complex growth rate of the 
radiation field in each undulator and V() is the 
normalized energy distribution of the electron bunch. 
Integrating the enhancement factor R() over the SASE 
spectrum S() one can obtain the OK power gain factor G 
as: 

 G  d  R( )
2

S( )                            (2) 

Assuming a Gaussian SASE spectrum having a rms 
bandwidth equal to , and considering  1, the gain 

factor G can be well approximated by the following 
equation:  
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(3) 
where D  krR56 

When the dispersive section R56 is low, the chicane 
works as a phase shifter and the effect of the OK on FEL 
gain is mainly interferential.
By further increasing the chicane strength, the 
microbunching induced by the OK dominates and the 
gain factor G increases progressively up to the maximum 

FEL intensity, that occurs when krR56~1.  
Since    , when the R56 is close to the optimum 

value, D is much larger than 1 so that eq. (3) reduces to: 

G  1

9
5D2eD2

2

 2 3De


D2
2

2











                      (4) 

OK-FEL DEMONSTRATION AT FERMI  
FERMI is a single-pass S-band linac-driven FEL, based 

on the High Gain Harmonic Generation (HGHG) 
principle [26] and operating in the XVUV range (100 – 4 
nm) [12,13]. In this scheme an external laser modulates in 
energy the electron beam passing in an undulator, called 
modulator, and a subsequent dispersive section converts 
this energy modulation in density modulation. The beam 
is then driven in an undulator chain, called radiator, tuned 
at a higher harmonic of the initial seed laser frequency, 
emitting coherent and intense radiation.  

Nevertheless, by turning off the seed laser, the FERMI 
layout, and in particular the FEL-1 line (see Fig.1) has 
been found to be very suitable to realize an optical 
klystron in a high-gain FEL, by simply tuning both the 
modulator and the radiators at the same wavelength and 
exploiting the dispersive section to enhance the bunching 
induced by the spontaneous emission produced in the 
modulator. The wavelength tuning for both modulator and 
radiators is realized by changing the undulator gap 
[27,28]. 

As mentioned in the previous section, the ratio between 
the relative slice energy spread of the electron beam and 
the  parameter strongly affect the OK-FEL performance. 
The nominal FERMI electron beam has a very small  

typically in the order of 10-4, while the  parameter is 
more than one order of magnitude larger than  for the 
usual wavelengths of operation (>10nm). 

 
Figure 1: FERMI FEL-1 layout, including the modulator, 
the dispersive section and the six radiators. 

In our experiment, we used a 1.058 GeV-500A electron 
beam, with a slice energy spread of about 90 keV (rms) 
and a normalized emittance of about 1.2 mm mrad. Both 
modulator and radiators have been tuned at 43 nm (the 
latter in circular polarization) and without activating the 
dispersive section, i.e. R56=0 m, the FEL energy per 
pulse was measured to be only few micro-Joules (“pure” 
SASE mode). Then, the dispersive section R56 has been 
progressively increased, while detecting the output FEL 
intensity. The experimental results are reported in Fig. 2: 
the radiation intensity has been enhanced by more than an 
order of magnitude with respect to the “pure” SASE. A 
more detailed post-processing analysis will be provided in 
a paper ready to be published [29].  

 
Figure 2: OK-FEL intensity versus the chicane R56. 

BEAM SLICE ENERGY SPREAD 
CONTROL 

Since the beam slice energy spread is so important for 
the efficiency of the OK-FEL, we have modified it by 
acting on the laser heater system [30-31]. The latter is 
installed at the end of the linac injector [32], at about 100 
MeV, and it is routinely exploited to slightly increase the 
very small natural intrinsic energy spread at the gun 
(typically in the order of 3-5 keV [33]) in order to 
suppress the microbunching instabilities driven by 
collective effects, such as coherent synchrotron radiation 
in the magnetic bunch compressor [34] and space charge 
effects along the linac [35]. The theoretical induced 
uncorrelated energy spread as a function of the laser 
heater intensity for the nominal 500 pC FERMI electron 
bunch has been calculated and is plotted in Figure 3. 
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Figure 3: Induced slice energy spread versus laser heater 
intensity calculated for a 97 MeV electron bunch, with a 
transverse spot size of 0.1 mm, assuming a 0.2 mm laser 
heater transverse spot size in the overlapping region. 

Figure 4 shows the typical measured slice energy 
spread at the end of the linac [36] as a function of the 
laser heater intensity, after the electron beam is 
compressed by almost a factor 10 to obtain a peak current 
of 500A. One can observe that increasing the laser heater 
intensity from 0 to about 1 µJ leads to a decrease of the 
slice energy spread at the end of the linac thanks to the 
efficient microbunching suppression, down to a minimum 
value of about 85 keV. However for larger laser heater 
intensities, the larger induced energy spread at the injector 
is translated in an increment of the slice energy spread at 
the end of the linac. 

 

Figure 4: Uncorrelated energy spread versus laser heater 
intensity measured at the end of the linac by using a 
transverse deflecting cavity coupled with an electron 
energy spectrometer. 

We have repeated the measurements of the OK-FEL 
intensity as a function of the dispersive section R56 for 
different value of the laser heater energy, i.e. for different 

values of the induced slice energy spread. For higher laser 
heater energy, the larger induced energy spread depletes 
the optical klystron FEL gain and as expected its 
maximum value is obtained for smaller values of R56. In 
particular increasing the uncorrelated energy spread from 
about 90 keV to 120 keV reduced the maximum OK-FEL 
intensity by about a factor 2 [29].  

We have then fitted the aforementioned experimental 
behaviour of the OK-FEL versus R56 with the theoretical 
factor gain curve of eq. (4). A good agreement has been 
observed for value of the R56 smaller or close to the 
optimum value, while for larger R56 the measured OK-
FEL intensity is larger than expected by the 1-D theory. 
The latter in fact makes the strong assumption that 
electrons have a constant Gaussian slice energy 
distribution along the bunch while the real bunch presents 
a non-uniform longitudinal phase space [36]. Even when 
the laser heater is tuned to optimize the OK-FEL 
performance, residual microbunching structures are 
anyway present and can give some contributions to the 
enhancement of the optical klystron also for large value of 
R56. A more detailed analysis of the experimental results 
is going to be provided in a subsequent paper [29]. 

We have exploited the optical klystron setup to enhance 
the SASE also at 32.4 nm and at 20 nm, obtaining a gain 
factor of about 20 and 10 respectively (with proper tuning 
of the dispersive section).  

We have measured the gain curve of the OK-FEL 
operating at 32.4 nm by progressively opening the 
radiators gap for three different value of the dispersive 
section R56. The OK-FEL gain length measured in each 
case is listed in Table 1. 

Table 1: OK-FEL Gain Length at 32.4 nm as Measured 
for Three Values of the Chicane R56 

Chicane R56 (m) Gain Length (m) 

16 1.16 ± 0.03 

26 1.19 ± 0.03 

63 1.23 ± 0.02 

OK-FEL GAIN LENGTH  
We have simulated the experiment conducted on FEL-1 

at 32.4 nm with GENESIS 1.3 [37] comparing the optical 
klystron case with the “pure” SASE; the results are 
plotted in Figure 5. 

The optical klystron does not change the FEL gain 
length that is very similar to the “pure” SASE mode, but 
it speeds up the process: the bunching induced after the 
dispersive section enhances the radiation after the first 
radiator (z=2.3m) by almost two orders of magnitude. The 
total saturation length could be therefore reduced by 
about 20%. 

As expected the OK-FEL gain length, see Table 1, is 
independent from the chicane R56 and the results are in 
very good agreement with the GENESIS simulations. 
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Figure 5: GENESIS simulations results of the FEL power 
gain curve at 32.4 nm for the OK-FEL and the “pure” 
SASE mode. The starting point (z=0) corresponds to the 
exit of the dispersive section. 

CONCLUSION 
The optical klystron enhancement to SASE FEL has 

been experimentally demonstrated at FERMI down to 20 
nm on FEL-1 and at 12 nm on FEL-2. Our experiments 
have confirmed that the Optical Klystron FEL 
performance is strongly influenced by the electron beam 
relative uncorrelated energy spread, that must be much 
smaller than the FEL  parameter.  

1-D theory present in literature can reproduce the 
experimental results when microbunching structures in 
the longitudinal phase space are fully suppressed and the 
intrinsic energy spread is similar to the “FEL-slice” 
energy spread. Otherwise, it would be better to include 
the non-uniformity of the longitudinal phase space and 
distinguish between the intrinsic uncorrelated energy 
spread on the radiation wavelength r scale and the 
energy spread on the FEL cooperation length scale.  

Measurements of the OK-FEL gain curve have 
confirmed that the gain length is independent on the 
dispersive section as expected by simulations. 

 FERMI has been demonstrated to be able to operate 
also in SASE mode by taking advantage of the optical 
klystron setup: with this scheme it is capable to provide 
several tens of J in XVUV wavelength range. 
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FEL OVERCOMPRESSION IN THE LCLS* 
J.L. Turner, F.-J. Decker, Y. Ding, Z. Huang, R. Iverson, J. Krzywinski, H. Loos, A. Marinelli,  

T. Maxwell, H.-D. Nuhn, D. Ratner, T. Smith, J. Welch, F. Zhou,  
SLAC NAL, Menlo Park, CA 94025, U.S.A.

Abstract 
Overcompression of the Linac Coherent Light Source 

(LCLS) x-ray Free Electron Laser (FEL) at the SLAC 
National Accelerator Laboratory is studied. The studies 
and some operational implications are summarized here. 

INTRODUCTION 
The needs of XFEL users lead to exploring the LCLS 

parameter space. Some experiments benefit from a broad 
spectrum x-ray beam. Inducing projected energy spread 
across the electron bunch leads to a transformation into 
broader photon spectrum. Overcompression, is where in 
the second bunch compressor the head of the bunch slips 
back behind the tail, adding to the wake induced energy 
spread in subsequent L3 linac. This induces a relatively 
large energy deviation along the bunch typically leading 
to broader spectrum at the cost of reduced x-ray intensity. 
A method is being developed where performance can be 
improved by lasing using only the core of the electron 
beam. 

DIAGNOSTICS 
Two very useful pulse-to-pulse diagnostics are relied 

upon in these studies: a hard x-ray single-shot 
spectrometer (HXSSS) [1] (Figure 1), and an x-band 
transverse deflecting RF cavity (XTCAV) [2]. 

The cylindrically bent Si(1 1 1) transmissive crystal 
membrane spectrometer [1] samples different energies 
across the beam vertical profile, you get amplitude 
response which is a function of the Gaussian beam 
profile. To the extent that the beam is larger than the area 
sampled this makes the response more uniform. In any 
case, this can be accounted for by nearby beam profile 
measurement. What you see is the SASE lines in a 
spectrograph. (Figure 2). The full bandwidth for the data 
taken was about 120 eV with resolution down to about 1 
eV.  

 
 
 

 
 

The XTCAV 
After the electrons exit the undulator, the XTCAV 

streaks the beam in the horizontal plane, then beam 
become dispersed in the final bend magnets (Figure 3). 
The result is an image on a YAG screen which has time 
for a horizontal axis and energy on the vertical. By taking 
a non-lasing pulse for reference, images of the electrons 
during lasing can be used for temporal reconstruction of 
the x-ray pulse (Figure 3). 

REFERENCE DATA 
Typical LCLS machine running is undercompressed 

(see Figure 4) where the LCLS compression scheme leads 
to the development of high peak current at the head and 
tail of the beam that are apparent with the temporal 
reconstruction of the x-rays.  

Empirical tuning of the FEL intensity can lead to beta-
match and undulator taper match to either the ends or the 

 

Figure 1: X-ray beam comes in from the left, a small
percentage is dispersed by different energies having
different Bragg angles from the bent Si crystal. Figure
from Ref. [1]. 

Figure 2: The SASE spikes can be seen dispersed in
energy by the spectrometer crystal which in this case is
Si(1 1 1). The imaged is rotated, so energy is on the X
axis. 

 ___________________________________________  

* This work was supported by U.S. Department of Energy, Office of 
Basic Energy Sciences, under Contract DE-AC02-76SF00515 
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Figure 3: The XTCAV setup. Electrons pass through the undulator, then land on the zero-crossing of the x-band RF 
creating a horizontal streak. They are then bent and dispersed in the vertical plane. In plots below, reference “lasing off” 
on the left where 1 keV case is on top and 10 keV case is on bottom. Middle plots are lasing on and right is x-ray 
temporal reconstruction. Figure from Ref. [2].

center of the beam, or some combination. This can be 
seen clearly on the XTCAV diagnostic as lasing in the 
center or the beginning and/or end (see Figure 3, 1 keV 
“Lasing-on” where lasing is at the end of the pulse).

In Figure 4, see typical good case where the ends and 
center are lasing, with ends somewhat more than center.

Figure 5: XTCAV data, same conditions as Figure 4.

Figure 5 shows the results of two methods of 
calculating the x-ray power profile, one using the centroid 
energy loss of each slice [3] (Equation 1), and a second 
using the change in the energy spread of each slice
(Equation 2). 

FEL( ) = [  ( )  ( )]  ×  ( ) (1)

PFEL(t) ,  (t) ,  (t)  ×  I (t)  (2)

Lasing-on

Lasing-on

Lasing-off

Lasing-off

Reconstructed 
X-ray profile

@1keV

@10keV

Figure 4: XTCAV data, 8.3 keV, 180 pC,
undercompressed (nominal)
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The spectrum for this nominal 8.3 keV x-ray beam 
(Figure 6) is fitted with a Gaussian and has a FWHM of 
20 eV.

Figure 6: Nominal 8.3 keV undercompressed spectrum, 
fitted with a Gaussian. FWHM is 20.0 eV for this shot.

OVERCOMPRESSION 250 PC
Inducing projected energy spread across the electron 

bunch leads to a transformation into broader photon 
spectrum. Overcompression, as employed here, where in 
the second bunch compressor the head and tail switch 
places, induces a relatively large energy deviation along 
the bunch. The injector current is raised at this point in 
the experiment to 250 pC away from the nominal 180 pC. 
This also contributes to the spectral broadening.

Figure 7: , Fitted FWHM = 44 eV from the spectrometer. 
250 pC throughout the LCLS at 8.3 keV nominal energy, 

Figure 7 shows the x-ray spectrum is double the 
nominal with overcompression at 250 pC. This is a single 
shot, but the average fitted value for about 4000 shots is 
43 eV FWHM (not shown).

Lasing top of Figure 8 is clearly in the middle of the 
beam pulse. Power is ~170 GW.

CUTTING 250 TO 170 PC
Simulation Cutting to 150 pC Undercompressed

Simulation in 2011 by Yuantao Ding shows that cutting 
the head and tail (“horns”) of the temporal distribution 
will allow stronger compression in the second bunch 
compressor (BC2) due to less CSR effects hence a higher 
peak current in the core is achievable (see Figure 9). The 
cut is by collimation in the first bunch compressor (BC1).

In this simulation, 5kA is anticipated in the cut core at 
13.6 GeV, 8.3 keV.

Experiment Cutting from 250 to 170 pC in BC1
Figure 10 shows the profile monitor at high dispersion 

in the middle of BC1 and the actual cut to match the 
simulation.

Experiment Undercompressed Cut Beam
The XTCAV data shows the peak power attained in 

simulation could be realized in experiment. Figure 11 left 
bottom shows 5 kA could indeed be realized. See the 
upper left “baseline” shot where lasing is suppressed and 
the linearity of the core, then the upper right where the 
energy drop of the electrons show lasing across the core. 
4mJ in 21fs, is 200GW. The measured spectrum is also 

Figure 8: Top is from XTCAV where lasing is clearly
only in the middle of the bunch.  4.32 mJ in 25.3 fs is
~170 GW.
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reduced to about 12 eV FWHM for this horn-cut beam at 
undercompression. This is to compare the regular 
undercompressed beam shown in Figure 6.

Experiment Overcompressed Cut Beam
We can also operate the cut beam in an 

overcompression mode. In this way, a very high peak 
current over 7 kA has been measured, which helps further 
improve the FEL peak power. Figure 12 on the right is the 
spectrum at 40.3 eV FWHM. Figure 12 left 4 blocks are 
XTCAV data showing 5.36 mJ in 13.8 fs for a peak 350 
GW were obtained in experiment. Lasing of the core after 
linearizing longitudinal phase space by cutting off the 
head and tail is key here since both the undulator taper 
match and betatron match can be more uniform across the 
beam

CONCLUSION
Excellent pulse to pulse diagnostics such as the HXSSS 

and XTCAV with guidance by simulation can change 
your direction of study and broaden FEL capabilities. We 
achieve a factor of 2 increase in bandwidth as simulated.

Overcompression after cutting “horns” off of the core 
has great potential, and further studies are planned. 
Because of the large projected energy spread, dispersion 
after BC2 (Second Bunch Compressor), any downstream 
chromaticity, and divergence correction at the last bend in 
BC2 are issues to pursue.

Figure 9: Simulation at BC1 of the cut to achieve the 
simulated 5 kA (top). This is an asymmetric cut of 6.4
mm offset by +1mm. Result of Elegant runs (bottom) 
before and after optimizing L2 chirp in each case.

Figure 10: Experimental cut applied in BC1. The profile 
monitor is in the middle of the chicane just beyond the 
collimators employed. Top is before, bottom after
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Figure  11:  The actual result from XTCAV data, Top left is non-lasing reference, center top is lasing, bottom left is 
peak current profile and bottom center is peak power. 4mJ in 21fs, 200GW. Spectrum is shown on the right and fitted to 
be 11.9 eV FWHM.

Figure 12: Cut horns (250 pC to 170 pC), overcompressed, 8.3 keV with 5.36 mJ in 13.8 fs is about 350 GW. On the 
right is the spectrum fitted at 40.3 eV.
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OPERATION OF FLASH WITH SHORT SASE-FEL RADIATION PULSES* 

J. Rönsch-Schulenburg , E. Hass, N.M. Lockmann, T. Plath, M. Rehders, J. Roßbach,  #

G. Brenner, S. Dziarzhytski, T. Golz, H. Schlarb, B. Schmidt, E. Schneidmiller, S. Schreiber, B. 
Steffen, N. Stojanovic, S. Wunderlich, M. Yurkov, DESY, Hamburg, Germany 

 

Abstract 
This paper describes the experimental activity on the 

generation of very short FEL pulses in the soft x-ray 
range in the SASE-mode at the high-gain free-electron 
laser FLASH [1, 2]. The key element, a photo-injector 
laser which is able to generate laser pulses of about 2 ps 
FWHM has been optimized and commissioned. It allows 
the generation of shorter bunches with low bunch charge 
(of up to 200 pC) directly at the photo-cathode. Initially 
shorter injector laser pulses and thus shorter bunches 
eases the required bunch compression factor for short 
pulses below 10 fs duration which makes operation of the 
electron beam formation system to be more robust with 
respect to jitters and collective effects. As a result, overall 
stability of SASE FEL performance is improved. In the 
optimal case single-spike operation can be achieved. In 
this paper the experimental results on production of short 
electron bunches and the SASE performance using the 
new injector laser will be shown and the measured 
electron bunch and FEL radiation properties are 
discussed. In addition, optimizations of bunch diagnostics 
for low charge and short bunches are discussed. 

MOTIVATION 
Several user-oriented free-electron laser (FEL) facilities 

aim for very short vacuum ultraviolet (VUV), extreme 
ultraviolet (XUV) and X-ray pulses which allow to study 
ultra-fast processes in different areas of science. In order 
to achieve such short bunches several schemes have been 
proposed. The most robust method to generate pulses of a 
few femtoseconds at FELs is to create a short electron 
bunch. In the most extreme case the lasing part of the 
bunch is as short as one longitudinal optical mode and 
thus the electron bunch length (σb) has to fulfill the 
condition σb ≤ 2πLcoop [3, 4], with Lcoop the cooperation 
length. These so-called single-spike SASE pulses [3, 4] 
are bandwidth limited, longitudinally coherent and 
compared to seeding concepts no long background 
disturbs the signal. At FLASH [1, 2] single-spike 
operation requires bunches whose lasing part have a 
duration of a few fs. To mitigate space charge forces, this 
can only be achieved by applying low bunch charges of 
about 20 pC.  

SHORT PULSE PHOTO INJECTOR 
LASER  

As discussed already in detail in [5] such a short bunch 
would require a very strong compression (about 2000) in 
the two bunch compressors at FLASH when applying the 
standard photo injector laser with an rms laser pulse 
duration of 6.5 ps, which is optimized for 1 nC. Such a 
strong compression would lead to strong instabilities in 
the accelerator caused by small phase fluctuations. 
Therefore a new photo injector laser with a reduced pulse 
duration was commissioned [6, 7, 8]. It is optimized for 
variable pulse length from 0.7 to 1.7. The laser system 
consists of an oscillator and a Yb:YAG amplifier [9]. In 
the infrared an average output power of up to 7 W has 
been achieved, which corresponds to a single pulse 
energy of about 7 μJ.   

 

Figure 1: Scheme of the photo injector Laser beamline 
[8] with the following components: half-wave plate (1); 
photo diode (D1); beam splitter (2); power meter (3), 
acusto-optical modulator (AOM) (4); Beam-Dump (5); 
IR-lens,  f = 300 mm (6); LBO-crystal and BBO-crystal 
(7); collimating UV-lens (8); remote controllable mirror 
for incoupling into the stretcher (9); pulse-stretcher (10); 
telescope (11); attenuator (12);  aperture (13). 

 ___________________________________________  
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Figure 1 shows a schematic layout of the optical 
beamline of the photo injector laser. An AOM (marked 
with (4) in Fig. 1) allows for arbitrary pulse picking to 
choose the pulse train length as it is typical at FLASH. 
The frequency is converted into its fourth harmonic by 
two non-linear crystals (marked with (7) in Fig. 1). In 
order to adapt the bunch length at the cathode to the 
charge, one can stretch the laser pulse with an optical 
stretcher consisting of two transmissive gratings with 
4000 lines per cm. With the current setup, we are able to 
vary the distance of the gratings between about 50 to 450 
mm and thus choose an arbitrary pulse duration between 
0.7 to 1.7 ps rms [8]. 

In order to monitor the laser parameters and correlate 
those with the corresponding properties of the electron 
bunch, additionally new diagnostics have been installed. 
These include a set of quadrant diodes to monitor the 
transverse laser stability of single pulses in a train, a UV 
camera to optimize the laser position of all three injector 
lasers available at FLASH and a UV spectrometer [6, 7]. 

SHORT PULSE OPERATION 
First SASE performance using the new photo injector 

laser could be demonstrated in January 2013 at a 
wavelength of 13 nm and a bunch charge of 35 and 80 pC 
[5].  

Another measurement performed in May 2014 will be 
presented in this section. SASE was optimized for a 
bunch charge of 110 pC and afterwards it was stepwise 
reduced down to 55 pC. The laser pulse duration was 
chosen with 1 ps rms, which means the pulse during the 
measurements presented in this section is about six times 
shorter than in standard operation. The transverse 
distribution of the laser at the photo cathode was a 
truncated Gaussian [6, 7, 10] with a diameter of 1 mm. 
These parameters are chosen in such a way that at a bunch 
charge of about 50 pC the charge density at the photo 
cathode is comparable to the density at FLASH standard 
operation. 

The spectral FEL pulse distribution has been measured 
by high resolution monochromator [11, 12]. Figure 2 
shows six randomly chosen examples of single shot FEL-
spectra measured at a bunch charge of 80 pC. The spectra 
typically show a few spikes. An analysis of 1768 events 
has counted in average 3.8 spikes and 2.7 within the 
FWHM.  

An additional measurement of the FEL pulse length 
with the optical afterburner [13, 11] has been performed 
under the same conditions. An analysis of the data led to 
the conclusion, that the upper limit for the pulse duration 
is 30 fs. An exact value could not be determined due to 
low statistics during the measurement. In order to shorten 
the bunch even more, the bunch charge was reduced 
further down to 55 pC; the machine parameters were 
readjusted and the spectrum was measured again. Figure 3 
shows six randomly chosen examples of single shot 
spectra measured at a bunch charge of 55 pC. 
 

Figure 2: Six typical examples of FEL-spectra measured
at FLASH, when the short-pulse laser was applied at a
bunch charge of 80 pC. 

The analyzed spectra at 55 pC show less spikes, than in 
the 80 pC case, typically only one or two of the spikes is 
strongly emphasized. Here an average of 1.5 spikes 
within the FWHM has been determined.  The reduction of 
the number of spikes with the bunch charge in the FEL 
spectra may presume also a reduction of the FEL pulse 
duration. Assuming a bandwidth of 0.4% and a Gaussian 
electron bunch distribution would lead to an rms FEL-
pulse duration of 2.4 +/- 0.2 fs. But a lower bandwidth 
and thus a longer pulse length might be possible. 

According to beam dynamics studies a further reduction 
of the bunch charge should allow the generation of a pure 
single spike. The experiment will be carried on soon. 
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Figure 3: Six typical examples of single shot FEL-spectra 
measured at FLASH, when the short-pulse laser was 
applied at a bunch charge of 55 pC. 

Start-to-End Simulations 
A start-to-end simulation for single spike FEL radiation 

based on real machine settings for standard short pulse 
operation at FLASH is presented in [14]. The results of 
the measurement presented above are currently used as a 
basis for s start-to-end beam dynamics simulation with 
the codes ASTRA, CSR-Track and Genesis 1.3. 
Additionally an optimization of these machine parameters 
is foreseen in order to achieve pure single-spike pulses in 
the next experimental run.  

DIAGNOSTICS 
In order to achieve short bunches and understand the 

beam dynamics of low charge bunches reasonable 
diagnostics elements are mandatory. Therefore different 
types of optics and cameras have been studied in order to 
optimize the readout system of the transverse deflecting 
cavity [15]. Additionally also the bunch arrival time 
monitor [16] and the THz-Spectometer for bunch length 
measurement [17] have been redesigned for the operation 
at low charge. Also the measurements of the duration of 
the FEL pulses are an important challenge which has been 
studied in detail in [11]. 

CONCLUSION 
The generation of short FEL pulses, close to single 

spike in the VUV and soft x-ray range in the SASE-mode 
at the high-gain free-electron laser FLASH using a short 
photo-injector laser pulse has been achieved. At a bunch 
charge of 55 pC the spectra of the SASE pulse with one to 
four spikes only, in average 1.5 spikes with in the FWHM 
has been observed. Taking into account a coherence 
length of about 3 fs (measured at a wavelength of 8 nm) 
at FLASH [18, 19] an FEL pulse duration of only some fs 
can be assumed. With further optimization of low charge 
operation, single spike SASE is within reach.  
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CHARACTERIZATION OF PARTIALLY COHERENT ULTRASHORT FEL

PULSES

C. Bourassin-Bouchet, M.-E. Couprie, Synchrotron SOLEIL, Saint Aubin, France

C. Evain, Laboratoire PhLAM/CERLA, Villeneuve d’Ascq, France

Abstract

The lack of longitudinal coherence, that is shot-to-shot

fluctuations, of Free-Electron Lasers (FEL) has prevented so

far their full amplitude and phase temporal characterization.

To sort out this issue, we propose a solution inspired from

attosecond metrology, where XUV pulse measurement tech-

niques already exist, and from coherent diffraction imaging,

where numerical solutions have been developed for process-

ing partially coherent diffraction patterns. The experimental

protocole implies the measurement of photoelectron spectra

obtained through XUV-laser photoionisation. The spectra

are then processed with an algorithm in order to retrieve the

partially coherent FEL pulse. When applied to SASE FELs,

the technique gives access to the full statistics of the emitted

pulses. With seeded-FELs, the pulse shape becomes stable

from shot-to-shot, but an XUV-laser time jitter remains. In

that case, the technique enables the joint measurement of

the FEL pulse shape (in amplitude and phase) and of the

laser/FEL jitter envelope.

ADAPTING FROG TO FREE-ELECTRON

LASERS

Temporal metrology is a major need for emerging ultra-

short Extreme Ultraviolet and X-ray (XUV) sources, such as

attosecond (1 as = 10−18 s) sources based on high-harmonic

generation [1, 2] or free electron lasers (FEL) [3, 4]. In at-

tosecond metrology, the most mature technique for temporal

characterization is known as the FROG-CRAB technique

(Frequency-Resolved Optical Gating for Complete Recon-

struction of Attosecond Bursts) [5], adapted from the FROG

technique used in conventional near-visible ultrafast laser

metrology [6]. By sending the XUV pulse through a gas jet

in the presence of a laser field, two-color XUV+IR photoion-

isation is induced. Measuring the spectrum of the produced

photoelectrons while varying the IR/XUV delay gives a two

dimensional trace called a spectrogram. Such a spectrogram

can then be processed with a phase-retrieval algorithm in

order to obtain the temporal profile of the XUV pulse.

Ideally, one would like to transpose directly the FROG-

CRAB technique to FELs. However, for FELs relying on

Self-Amplified Spontaneous Emission (SASE), the XUV

pulse changes on a shot-to-shot basis. With seeded FELs,

the pulse shape becomes stable from shot to shot, but the

synchronization of FEL pulses with an external laser source

remains challenging, so that in practice an optical/XUV jitter

of a few tens of femtoseconds is often present. For these rea-

sons, FELs have remained incompatible with FROG-CRAB

measurements so far. The problem can be understood by

considering the XUV pulse as partially coherent, and by

seeing the shot-to-shot fluctuations as the source of deco-

herence in the experiment. As modern ultrafast metrology

relies on the hypothesis that the pulse to measure is fully

coherent, it fails in the presence of partial coherence.

FEL PULSE MEASUREMENT IN THE

PRESENCE OF PARTIAL COHERENCE

To overcome this problem, we propose a solution based

on the recent advances in the domain of coherent diffraction

imaging (CDI). This microscopy technique consists in recon-

structing an object by processing numerically the diffraction

patterns that it produces in the far field. The key is to illu-

minate the object with a fully coherent light beam, and the

imaging quality is rapidly degraded as the degree of coher-

ence decreases. However, strong efforts have been made to

enable sample reconstructions even with a partially coherent

beam [7, 8], simply by adapting the numerical processing

used for the inversion of the diffraction patterns.

By adapting algorithms used in CDI, we have developed

a numerical treatment for FROG spectrograms that enables

the reconstruction of ultrashort pulses even in the presence

of partial coherence [9]. In the case of SASE FELs, the

statistics of SASE waveforms (temporal intensity and phase)

accumulated during the measurement is recovered. More-

over in the case of seeded FELs, this statistics takes a very

specific form, since the waveform is constant from shot to

shot up to a random arrival time. It is then possible to recover

both the XUV pulse shape and the form of the optical/XUV

jitter envelope.

CONCLUSION

This work will also benefit to other domains where the

FROG technique is used. In attosecond metrology, it will

become possible to determine up to which extent the coher-

ence of an optical wave packet, that is the XUV light pulse,

is transferred to the electron wave packet during photoioni-

sation [10]. But FROG is mainly used for the metrology of

near visible pulses. One can for example expect applications

for the coherent control in molecules [11]. This will also

enable one to probe the coherence of complex nonlinear

processes, such as the generation of supercontinuum pulses

from photonics crystal fibers [12].
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W. P. Schleich, Institut für Quantenphysik and Center for Integrated Quantum Science

and Technology
(
IQST
)
, Universität Ulm, D-89069 Ulm, Germany;
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Abstract

We investigate the emergence of the quantum regime of

the FEL when many electrons interact simultaneously with

the wiggler and the laser field. We find the Quantum FEL

as the limit where only two momentum states are populated

by the electrons. Moreover, we obtain exponential gain-per-

pass and start-up from vacuum.

INTRODUCTION

The recent years have seen rising interest in a possible

novel regime of FEL operation: the so-called Quantum FEL.

Bonifacio et al. [1] have proposed the implementation of
this realm – despite experimental difficulties – because they

expect better temporal coherence properties and a narrower

linewidth of the radiation in SASE operation. Due to these

prospects the Helmholtz-Zentrum Dresden-Rossendorf and

Ulm University have started a collaboration to gain deeper

insight into the emergence and the properties of the Quan-

tum FEL. In a single-electron model we have identified the

quantum regime of the FEL as an effective two-level system

for the electron’s momentum states [2] and have established

a connection to the Jaynes-Cummings model [3].

In this article, we examine a situation where many elec-

trons interact simultaneously with the laser and the wiggler

field. Based on collective projection operators we develop

a formalism which allows us to identify the two-level be-

haviour of the Quantum FEL. However, since we are dealing

with many electrons, the suitable analogy is the Dicke [4] –

describing a collection of two-level atoms interacting with a

radiation field – rather than the Jaynes-Cummings model.

In the two-level approximation we find start-up from vac-

uum and exponential gain-per-pass in the short-time limit

which are essential for SASE operation. Moreover, we cal-

culate higher order corrections to this deep quantum regime

and thus find analytical expressions which match the numer-

ical results of [1].

MODEL
We start from the one-dimensional, quantized single-

mode and many-particle Bambini-Renieri Hamiltonian [5,6]

Ĥ ≡
N∑
j=1

p̂2j
2m
+ �g

���âL
N∑
j=1

ei2k ẑ j + h.c.
��� (1)

where � and m stand for the reduced Planck constant and for
the electron mass, respectively and we already have elim-

inated the free dynamics of the laser field. The Bambini-

Renieri frame – in which a nonrelativistic treatment of the

FEL dynamics is possible – is defined by the condition that

the wave numbers of the laser (subscript L) and the wiggler

field (subscript W) are equal, i.e. kL = kW ≡ k [5]. The
position operator ẑ j for the j-th of the N electrons and its
conjugate momentum operator p̂j fulfill the canonical com-

mutation relation
[
ẑ j , p̂j

]
= i�. While the laser field is quan-

tized with the bosonic commutation relation
[
âL, â

†
L

]
= 1

for the photon annihilation and creation operators âL and â†
L
,

the wiggler is treated as an external classical field due to its

high intensity. The coupling constant g ≡ e2ALÃW/(�m)
is given by the product of the amplitudesAL and ÃW of the
vector potentials of the laser and the wiggler field, respec-

tively with e being the elementary charge.
An essential ingredient for recognizing the two-level be-

haviour of the Quantum FEL in the single-particle case is

the occurrence of different time scales in the Schrödinger

equation [2]. This feature stands out by expanding the state

vector of the system in the scattering basis |n + μ,p − μq〉 as
introduced in [7] which is characterized by the number μ of
scattered photons, that is, the number of times the electron

experiences the quantum mechanical recoil q ≡ 2�k with n
being the initial number of photons in the laser field and p
the initial momentum of the electron.

This expansion is not possible in the many-particle case,

since complicated entangled states are created by the Hamil-

tonian Eq. (1) as apparent from the case N = 2(
e2ik ẑ1 + e2ik ẑ2

)
|p1,p2〉 ∼ |p1 + q,p2〉+ |p1,p2 + q〉 . (2)

Therefore, we try to see the occurrence of the relevant time

scales directly in the Hamiltonian and not from a particular
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representation of the state-vector. We achieve this goal by

introducing the collective projection operators

Υ̂p′,p′′ ≡
N∑
j=1

σ̂
( j )
p′,p′′ ≡

N∑
j=1

|p′〉( j ) 〈p′′ | (3)

where |p〉( j ) is the momentum eigenstate of the j-th electron.
With the help of the completeness relation

∑
p′
|p′〉( j ) 〈p′ | = 1 (4)

we rewrite the Hamiltonian Eq. (1) in terms of these collec-

tive operators as

N∑
j=1

p̂2j =
∑
p′

p′2Υ̂p′,p′ and
N∑
j=1

e±i2k ẑ j =
∑
p′
Υ̂p′±q,p′

(5)

where we have made use of ( j ) 〈p′ | p̂2j |p′′〉( j ) = p′2δp′,p′′
and ( j ) 〈p′ | e±i2k ẑ j |p′′〉( j ) = δp′,p′′±q . Note that we do not
sum over the particles any longer, but over the momenta,

which in our formalism are numbers instead of operators.

In order to further simplify our approach we note that

due to the discreteness of the recoil μq each electron can
only be in momentum states separated by the recoil q. As-
suming that initially all electrons have the same momentum

p, i.e. |Ψ(t = 0)〉 = |p,p, ...,p〉 ⊗ |n〉 (with the laser field
being initially in the Fock state with photon number n) we
can change the summation index in Eq. (5) to the integer

number μ according to p′ → p − μq (with p fixed) so that
Υ̂p′±q,p′ → Υ̂μ∓1, μ .
The last step in recognizing the different time scales is to

transform the Hamiltonian into the interaction picture which

yields the expression

ĤInt = ε
���âLeiΔτ

∑
μ

Υ̂μ,μ+1 e
−i2μτ + h.c.��� . (6)

Here, we have introduced the scaled time τ ≡ ωrt, the
coupling constant ε ≡ g/ωr, the recoil frequency ωr ≡
q2/(2m�) and the momentum deviation from resonance
Δ ≡ p/(q/2) − 1. Moreover, we have made the transfor-
mation to the interaction picture with the help of the com-

mutation relation[
Υ̂μ,ν , Υ̂ρ,λ

]
= δν,ρΥ̂μ,λ − δλ,μΥ̂ρ,ν (7)

which can be easily verified using the definition Eq. (3).

We emphasize that we have defined the resonant electron

momentum at p = q/2, which is the reasonable definition
for the Quantum FEL [2] as we will see in the next section.

DEEP QUANTUM REGIME
The Hamiltonian Eq. (6) consists of terms oscillating with

integer multiples of the recoil frequency ωr and a contribu-
tion due to the deviation Δ from resonance. When we choose

the initial momentum p of the electrons in the vicinity of
the quantum resonance q/2, i.e. Δ 
 1, the terms e±iΔτ will
be slowly varying. In contrast, the phase factors with eiμτ

are rapidly oscillating for μ � 0 and we can neglect them
in the weak-coupling limit performing a rotating-wave-like

approximation. This quantum regime is determined by the

quantum parameter [2]

α ≡ ε √N =
g
√

N
ωr

(8)

given by the ratio of the coupling and the recoil frequency

and has to be small to fulfill the weak-coupling condition,

i.e. α 
 1.
If we perform this rotating-wave-like approximation, we

arrive at the Quantum FEL Hamiltonian

ĤQFEL ≡ ε
{
âL e+iΔτΥ̂0,1 + â†

L
e−iΔτΥ̂1,0

}
(9)

which governs the dynamics of the FEL in the deep quantum

regime. Here, the electrons can only have the momenta p
and p − q and we observe the same two-level behaviour as
in the single-particle case [2]. This limit is analogous to

the Jaynes-Cummings model [3] in quantum optics, which

describes the dynamics of a single two-level atom interacting
with a quantized radiation field.

However, the algebra of the collective operators Υ̂ρ,λ with

ρ, λ = 0,1 is more complicated and therefore richer than that
of the Pauli matrices which appear in the Jaynes-Cummings

Hamiltonian. This distinctive difference originates from the

fact that the collective operators create entangled superposi-

tion states as exemplified by Eq. (2) and products of these

operators cannot be cast in a closed form. Indeed, the Hamil-

tonian Eq. (9) is equivalent to the Dicke Hamiltonian [4]

which describes the simultaneous interaction of a collection
of two-level atoms with a quantized electromagnetic field.

Thus, the projection operators Υ̂ρ,λ are equivalent to the

pseudo angular momentum operators of the Dicke model.

The time evolution of the system follows from the Heisen-

berg equation of motion

d

dτ
Ô = i

[
ĤQFEL, Ô

]
(10)

for an operator Ô and we obtain a system of coupled non-
linear differential equations, for which no analytical solution

is known. However, for short times we can linearize this set

of equations in the parametrical approximation [8].

For this purpose, we notice the appearance of the operator

Υ̂z ≡ Υ̂0,0 − Υ̂1,1 in the equations for Υ̂1,0 and âL. This
operator describes a kind of inversion of the number of

electrons in the excited and ground state denoted by p and
p− q, respectively. For an initial state |p,p, ...,p〉 ⊗ |n〉, with
all electrons in the excited state, the expectation value of

Υ̂z gives the number of electrons N � 1. We assume that
for short times comparatively few electrons change to the

ground state and we can replace Υ̂z by its expectation value

at τ = 0, i.e. Υ̂z ≈ 〈Υ̂z〉0 = N . Thus, we arrive at the
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Figure 1: Mean number of photons 〈nL〉 for the Quantum
FEL as a function of the scaled time τ according to Eq. (13)
with α = 0.3 - for resonance Δ = 0 (blue line), Δ = 0.3 (red
dashed line) and Δ = 0.5 (green dashed/dotted line).

linearized set of equations

i
d

dτ

(
Υ̃1,0
ãL

)
= α

(
0 −1
1 κ

) (
Υ̃1,0
ãL

)
(11)

for the operators Υ̃1,0 ≡ Υ̂1,0/
√

N and ãL ≡ âL. Here, we
have already transformed to a frame where the time depen-

dence due to the detuning Δ ≡ κα has been eliminated.
Searching for a solution of the kind ∼ e−iλτ we easily find

the frequencies

λ± =
κα

2
± iα
√
1 − (κ/2)2 . (12)

The non-vanishing imaginary part – which has its maximum

at resonance – leads to an exponential gain-per-pass. Indeed,

the time evolution of the mean photon number

〈n̂L(τ)〉 = 1

1 − (κ/2)2
sinh2

[
ατ

√
1 − (κ/2)2

]
(13)

with the photon number operator n̂L ≡ â†
L

âL confirms this
claim, where we have started with the laser field in vacuum,

i.e. n = 0. Hence, with the start-up from vacuum and the
exponential gain-per-pass we have obtained two important

ingredients for the realisation of a SASE-FEL [9]. In Fig. 1

we show the photon number versus time τ for different detun-
ings from resonance q/2. We note that the photon number
grows more slowly, the further away the electrons are from

resonance.

At resonance, the photon number increases exponentially

with e2αωrt , thus we find the gain length

L(q)
g =

c
2αωr

(14)

for the Quantum FEL where we have used t ≈ z/c with c
being the speed of light .

We have to keep in mind that the length given by Eq. (14)

is measured in the co-moving reference frame and we have

to include the effects of relativistic length contraction to

compute the gain length in the laboratory frame. Note that

the scaling with α−1 is not very different from the classi-
cal regime where L(cl)

g ∼ α−2/3 [10]. However, since in
the quantum regime α 
 1 the gain length L(q)

g is very

large. Hence, the suggestion of an optical undulator in [11],

where more undulator periods can be passed within the same

absolute wiggler length, seems reasonable.

We note that the connection between the Quantum FEL

and the Dicke model – at least for exact resonance – was al-

ready found in [12] starting from a second-quantized Hamil-

tonian [13]. The link to our model can be established by

applying Schwinger’s representation [14] of angular momen-

tum Υ̂1,0 = ĉ†
1
ĉ0 , where ĉ†

1
and ĉ0 are bosonic operators.

In the next section we present the first proof for the two-

level behaviour of the Quantum FEL within a many-electron

model, at least in the linearized regime.

HIGHER ORDER CORRECTIONS
A very useful technique to treat Hamiltonians of the type

Eq. (6) is the Bogoliubov-Mitropolskii method of averaging

[15] which is well-known in non-linear mechanics and has

recently found its application in the field of atomic Bragg

diffraction [16]. Since we now apply this method to the

Hamiltonian and not to the equations of motion, we use a

variation of the original technique: the so-called "Canonical

Averaging" [17].

For this purpose we first cast our Hamiltonian in the form

Ĥ ′(τ) = ε
∑
μ

Ĥμ e
i2μτ (15)

with ⎧⎪⎨⎪⎩
Ĥ0 ≡ âLΥ̂0,1 + â†

L
Υ̂1,0 − κ

√
N n̂L

Ĥμ ≡ âLΥ̂−μ,−μ+1 + â†
L
Υ̂μ+1, μ

(16)

where we have already eliminated the time-dependence due

to the detuning Δ = κα which again is assumed to be small,
i.e. Δ 
 1.
Following the procedure of [17] we search for a trans-

formation of the density operator ρ̂(τ) in the form of

eÂ(τ) ρ̂(τ)e−Â(τ) where Â(τ) itself can be expanded into
a power series of ε and every term of this series again is
expressed as a Fourier series similar to Eq. (15). Using the

Liouville equation

i
d

dτ
ρ̂(τ) =

[
Ĥ ′(τ), ρ̂(τ)

]
(17)

we choose Â(τ) in such a way that all secular growing terms
vanish order by order and we arrive at a time-independent

effective Hamiltonian

Ĥeff = ε Ĥ
(1)
eff
+ ε2Ĥ (2)

eff
+ ε3Ĥ (3)

eff
+ ... . (18)

The first order gives Ĥ (1)
eff
= Ĥ0 in accordance with the dis-

cussion of the preceding section. We do not want to show the

cumbersome expressions [17] for the higher orders. Instead

we sketch the procedure: After calculating the Heisenberg
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equations of motion for Υ̂1,0 and âL up to third order in ε we
again linearize these equations by setting Υ̂0,0 ≈ N . Here,
the largest terms behave as εk Nk/2 = αk for the k-th order.
Keeping only these contributions we arrive at the linear set

of equations

i
d

dτ

(
Υ̃1,0
ãL

)
= α M

(
Υ̃1,0
ãL

)
(19)

with the matrix

M ≡ ��
0 −

(
1 − α

2

8

)
1 − α

2

8
−
(
κ + α

2
− κα

2

4

)�� . (20)

Using again the ansatz e−iλτ we find the expression

Imλ = ±α
√
1 − κ

2

4

⎡⎢⎢⎢⎢⎣1 −
κ/2

1 − κ2

4

α

4

−5 − 3κ
2 + κ4/2(

1 − κ2

4

)2 α2

32

⎤⎥⎥⎥⎥⎥⎦
(21)

for the imaginary part of the frequency which is responsible

for the exponential gain. For α 
 1 terms of higher order
yield only small corrections to Eq. (12). Note, that for exact

resonance κ = 0 the second order term vanishes and we have
to go to the next higher order to see the corrections.

At last we compare our results for the Quantum FEL with

the ones of Bonifacio et al. in [1]. Starting from a description
in terms of collective bunching operators, they have derived

the cubic equation

(
λ2 − 1

)
(λ + 1 + Δ) − 2α2 = 0 (22)

for the frequencies λ, which for α � 1 give asymptotically
the correct results for the classical high-gain FEL [9].

We now study Eq. (22) in the quantum regime α 
 1 by
expanding λ in powers of α, that is

λ = λ (0) + αλ (1) + α2λ (2) + α3λ (3) + ... (23)

and solve the resulting equations order by order. Here, we

have set Δ = κα 
 1. Indeed, we obtain – apart from

an unimportant rapidly oscillating solution – two solutions

whose imaginary part match with Eq. (21).

Hence, we have found a perfect correspondence between

our solution for the Quantum FEL and the one of [1], at least

up to third order in α and a small momentum detuning Δ.
This agreement is shown in Fig. 2 where we compare our

analytical results with the numerical solution of Eq. (22)

for two different values of α. Moreover, we see that the
maximum of Imλ is shifted from p = q/2 to the left for
increasing α. This feature is in accordance with the fact that
for the classical high-gain FEL the resonance is at p = 0 [10].

1st order

3rd order

Ref. [1]

Im
λ

p

q/2

0.9 1 1.1
0.087

0.1
α = 0.1

1st order

3rd order

Ref. [1]

Im
λ

p

q/2

0.25 1 1.75
0.33

0.5
α = 0.5

Figure 2: Imaginary part Imλ of the scaled frequency λ,
which governs the dynamics of the Quantum FEL vs. the

initial momentum p of the electrons in units of q/2. Our
results, first order in the quantum parameter α, Eq. (12),
(black line), and third order in α, Eq. (21), (red line), are
compared with the numerical solution of the cubic equation

Eq. (22) of [1] (blue dashed line) for α = 0.1 (above) and
α = 0.5 (below).

CONCLUSION
We have proposed a many-electron theory of the Quantum

FEL based on collective projection operators. This analysis

brings out most clearly that the underlying dynamics is not

governed by the Jaynes-Cummings but the Dicke Hamil-

tonian. In particular, the linearized Heisenberg equations

of motion for the lowest collective electron operator and

the annihilation operator of the field predict an exponential

gain starting from the vacuum. This result is crucial for

the realization of the SASE-FEL. Moreover, the method of

canonical averaging has allowed us to calculate higher order

corrections which are in complete agreement with the results

of Ref. [1]. A more detailed study of the quantum properties

of the radiation of the Quantum FEL is in preparation.
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QUANTUM FEL I: MULTI-MODE THEORY
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Abstract
The quantum regime of the FEL in a single-mode, single-

particle approximation is characterized by a two-level be-

haviour of the center-of-mass motion of the electrons. We

extend this model to include all modes of the radiation field

and analyze the effect of spontaneous emission. In partic-

ular, we investigate this scattering mechanism to derive ex-

perimental conditions for realizing an FEL in the quantum

regime.

INTRODUCTION
In [1] the existence of the so-called quantum regime of

the FEL was predicted and in [2] a quantum optics approach

to the Quantum FEL (QFEL) was developed. Before we

extend our model of the QFEL to a multi-mode theory, we

briefly recapitulate its essential ingredients.

We start with the Hamiltonian of the FEL, i.e. an electron

of mass m and charge e coupled to a single mode of the
radiation field of frequency ω by the wiggler of amplitude
AW . This Hamiltonian expressed in the Bambini-Renieri

frame [3], which is a comoving non-relativistic frame of

reference reads [4] in the interaction picture

Ĥ ≡ �gâ†L e
−2ik ẑ e−iΔ̂( p̂)t +h.c. . (1)

p

E

q = 2�k

2q = 4�k

qq/2−q/2−q

Figure 1: Momentum-energy parabola of the electron, that is

E = E(p). Only resonant photon transitions are of interest,
the off-resonant ones can be neglected. Higher order photon

transitions are on resonance as well, but they are suppressed

by the quantum parameter α, defined by Eq. (5).

The coupling constant [2]

g ≡ e2

�m

√
�

2ε0Vω
AW , (2)

with the quantization volume V , Planck’s constant �, and the
vacuum permittivity ε0 couples the photon creation operator
â†L to the center-of-mass motion of the electron represented
by the position and momentum operator, ẑ and p̂, respec-
tively, where the detuning

Δ̂ (p̂) ≡ p̂ (2k/m) − ωr (3)

contains the recoil frequency ωr ≡ q2/2m�. The operator
exp [−2ik ẑ] shifts the electron momentum by the recoil

q ≡ 2�k (4)

determined by the wave number k.
At this point the Hamiltonian is exact for a strong classical

wiggler field. In the classical regime the electron recoil is a

negligible quantity, whereas in the quantum domain it enters

in a crucial way into the detuning, which suppresses off-

resonant photon transitions. This effect is illustrated in Fig. 1

where the initial and final momentum on the energy parabola

are on resonance. For a single photon exchange, only the

momentum states|q/2〉 and |−q/2〉 are on resonance.
Higher-order photon transitions, as seen in Fig. 1, are

on resonance for higher momenta as well. However, it has

been shown in [2] that a j-photon transition with j > 1 is
proportional to α j where

α ≡ g
√

n + 1
ωr

(5)

is the quantum parameter and n the photon number.
For α � 1 only the single-photon transition remains,

while higher-order transitions are suppressed. This feature

represents the main criterion for the QFEL and the momen-

tum states |±q/2〉 undergo a Rabi oscillation with the fre-
quency

Ω ≡ g
√

n + 1 . (6)

This frequency determines the timescale on which a QFEL

is operational, and will play a key role in our considerations.
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MULTI-MODE HAMILTONIAN
Since a QFEL behaves very much like a two-level system,

a natural assumption is that spontaneous emission will also

occur similar to that of a two-level atom [5], rather than to

spontaneous undulator radiation in a classical FEL . Hence,

we expect the probability P (p0; t) to find the electron in
its initial momentum state |p0〉 to decay exponentially as a
function of time, that is

P (p0; t) = e−Γt P (p0; 0) . (7)

Our goal is to find an expression for the decay constant

Γ. In order to do so, we extend the Hamiltonian, Eq. (1),

and couple a single electron to all modes. The resulting

Hamiltonian then reads [6]

Ĥsp ≡
∑
j,λ

(
e∗j,λ · eW

) (
�gj
)

â†j e
− i
�
q j ·r̂ e−iΔ̂ j ( p̂)t

+ h.c. , (8)

where e j,λ and eW denote the polarization vectors of the

mode of the radiation field characterized by the mode in-

dices j and λ, and of the wiggler field, respectively, and the
coupling constant gj between the electron and the jth mode.
The Hamiltonian Ĥsp differs from Ĥ, Eq. (1), by the

interaction of the electron with all modes, manifesting itself

in a sum over all modes, and subsequently by the sum over

all possible polarizations for each mode. The recoil

q j ≡ �
(
k j − kW

)
(9)

depends, in contrast to Eq. (4), on the wave vectors k j of the

jth mode and kW of the wiggler. Moreover, the detuning

Δ̂ j ( p̂) ≡ p̂ · q j

�m
−

q2j

2m�
−
(
ω j − ω

)
(10)

is now a slightly more complicated operator with the fre-

quency ω j of the jth mode.
Since in the one-mode Hamiltonian, Eq. (1), the angles

in Δ̂ j between p and q j only take on the values 0 or π it
corresponds to one space dimension Eq. (3). This restriction

is no longer true for Eq. (8) and we have to take into account

the directions of the involved wave vectors. The expression

for the detuning is now dependent not only on the absolute

value of the electron momentum, but also on its direction as

well as the wave vectors k j of all modes.

In order to find a resonance condition, we now simplify

Eq. (10) significantly. The initial momentum is aligned

with the z-axis, i.e. p0 ≡ (q/2) ez = (�ω/c) ez to match
the excited state of the QFEL, as discussed in the first sec-

tion. When we apply the detuning operator Δ̂ ( p̂) defined by
Eq. (10) onto the initial momentum state, we find,

Δ̂ j ( p̂) |p0〉 =
{
�

mc2
[
ω
(
ω j cos δ − ω

)

−
(
ω j − ω

)2] − (ω j − ω
)}
|p0〉 , (11)

pz− q
2

0q′ q′′ q
2

Figure 2: Additional resonances in the quantum regime of

the FEL due to the presence of a reservoir. Whereas in Fig. 1

there is only a single resonance between |±q/2〉 remaining,
with a reservoir any transition where the projection on the

z-axis of the electron momentum p′ ≡ p − q j lies within

±q/2 is possible.

where δ denotes the angle between q and k j .

The term associated with the square brackets scales with

�ω/mc2 � 1 and can therefore be neglected, which means

that the frequency difference
(
ω j − ω

)
between mode and

wiggler will determine the resonance condition. We recall

that in Eq. (1) the electron momentum p determines the de-
tuning and the frequency difference in the detuning vanishes

due to only a single mode being present. This is no longer

the case when many modes are relevant and it is indeed this

frequency difference that dictates the resonance condition.

We can therefore make the approximation

e−iΔ̂ j ( p̂)t |p〉 � ei(ω j−ω)t |p〉 . (12)

These additional resonances can be seen in Fig. 2. Once

the electron has spontaneously emitted a photon and has

therefore a new momentum p′, then there is another mode
on resonance due to Eq. (12), and the electron can sponta-

neously emit another photon, and so on. Indeed, the electron

can spontaneously emit an infinite amount of photons since

the wiggler, which we consider to be a classically device, is

an external field.

When we now try to find the expression for the decay

constant Γ the resulting differential equations will not de-

couple due to this cascade. We therefore have to find the

point where this photon cascade stops.

PHOTON CASCADE
In order to cope with this problem we recall the relevant

timescale of the QFEL as well as the condition for the strong

coupling regime. For optimal gain the electron has to spend

a time τ in the wiggler that allows for half of a Rabi cycle,
that is

Ωτ =
π

2
. (13)

In a conventional atom-reservoir interaction, we have for

the strong-coupling regime the condition [7]

Γ

g
√

n + 1
� 1 , (14)
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which yields with Eqs. (6) and (13) the inequality

Γτ � 1 . (15)

Next we introduce the probability N� for an electron to

spontaneously emit 	 photons. The initial condition is that
at t = 0 there are only electrons with momentum q/2. When

they are coupled to a reservoir, N0 decays exponentially

while N��0 is increasing. For example, for a two-level atom,

denoted with Ñ� , with the decay constant Γat we find [6]

Ñ0(t) = e−Γat t N0(0) ≈ (1 − Γat t) N0(0) (16)

Ñ1(t) =
(
1 − e−Γat t

)
N0(0) ≈ (Γat t) N0(0) (17)

where we have used the condition Eq. (14) for the strong

coupling regime.

Since we are interested in more than a single spontaneous

emission process, we now examine two subsequent sponta-

neous emission processes of the same electron. The respec-

tive set of differential equations read

Ṅ0(t) = −ΓN0 (t) (18)

Ṅ1 (t) = +ΓN0 (t) − ΓN1 (t) (19)

Ṅ2 (t) = +ΓN1 (t) . (20)

Here we have assumed that the decay constant Γ is equal

for all scattering events, which is reasonable since Γ, as we

will show later, depends on the resonance condition which

is independent on the electron momentum Eq. (12).

This set of equations is easily solved and with Eq. (15)

we have exp [−Γτ] ≈ 1 − Γτ, and thus the solution reads
N0(t) ≈ (1 − Γτ) N0(0) (21)

N1(t) ≈ [1 − (Γτ)] (Γτ) N0(0) ≈ (Γτ) N0(0) (22)

N2(t) ≈ (Γτ)2 N0(0) ≈ 0 . (23)

In comparison to Eqs. (16) and (17) we note only a small

difference of the order of Γτ which is not relevant on the
timescale of our problem. This feature can be seen in Fig. 3

where the quantities N0,N1,N2 are solved exactly and are

plotted in comparison to the Rabi oscillations. The differ-

ence to Ñ1, Eq. (17), which represents only one sponta-

neously emitted photon does not matter until the first full

Rabi cycle, but by that time the electron has already left

the wiggler. We therefore conclude that we can neglect all

further spontaneous emissions once the electron has emitted

a photon. This behavior coincides perfectly with the two-

level dynamics of the QFEL since in the quantum regime

the electron can only emit a single photon.

DECAY CONSTANT: EXPLICIT FORM
With this information we now address the Schrödinger

equation for the QFEL in the presence of a reservoir. The

state vector |Ψ(t)〉 contains the electronmomentum p as well
as all possible photon numbers {n} of all modes denoted by
curly brackets, and reads

|Ψ(t)〉 ≡
∫

dp′
∑
n

c
(
p′, {n} ; t) ��p′, {n}〉 (24)

0 1 2 3 4 5 6 7 8

0

0.2

0.4

0.6

0.8

1

t/(2πΩ)

N
0
(0

)

Ωt
N0(t)
Ñ1(t)
N1(t)
N2(t)

Figure 3: Timescale of the random scattering in the QFEL

together with the corresponding Rabi oscillations for com-

parison. The value of the decay constant Γ was set to 1%

of g
√

n + 1, giving rise to the strong coupling regime. The
quantity Ñ1(t)represents only a single scattering event and
is the counterpart of the decay of a two-level atom.

Since we want to connect this state vector to Eq. (7) we

calculate

P (p0; t) = ��c (�kW ez , {0} ; t) ��2 . (25)

With the Hamiltonian, Eq. (8), the simplified detuning,

Eq. (12) as well as the results Eqs. (17), (22) and (23) from

the third section we arrive at the set of differential equations

ċ
(
�kW ez , {0} ; t) = − i∑

j,λ

(
eW · e∗j,λ

)
gj e

i(ω j−ω)t

× c
(
�kW ez − q j , {1} j ; t

)
(26)

ċ
(
�kW ez − q j , {1} j ; t

)
= − i

(
e∗W · e j,λ

)
gj e

−i(ω j−ω)t

× c
(
�kW ez , {0} ; t) (27)

which can be solved by formally integrating Eq. (27) and

substituting it into Eq. (26). The integral over time will

result in a Dirac delta function that allows us to evaluate the

sum. The resulting differential equation reads [7]

ċ (p0, {0} ; t) = 2πg2 (ω)D (ω) c (p0, {0} ; t) (28)

with the mode density D (ω) ≡ ω2/
(
π2c3
)
of the electro-

magnetic field [7].

The coupling constant g, defined inEq. (2), and the classi-

cal electron radius [8]

re ≡ e2

4πε0mc2
(29)

together with the reduced Compton wavelength [8]

� ≡ �
mc

(30)
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allows us to express Eq. (28) as

ċ (p0, {0} ; t) = −2
3

re
�

a20ω · c (p0, {0} ; t) (31)

with the wiggler parameter [2]

a0 ≡
√
2e

mc
AW . (32)

Hence, we finally obtain the explicit expression

Γ ≡ 1

3

re
�

a20ω (33)

for the decay constant appearing in Eq. (7).

DECAY CONSTANT: ESTIMATES
Expression Eq. (33) suggests that we can tune the decay

rate Γ by the wiggler parameter a0. In order to have a low
decay the QFEL is best operational with

a0 < 1 . (34)

Moreover, we have to ensure that we are in the strong cou-

pling regime, that is the approximations from the third sec-

tion hold true. Since Γ = Γ(a0,ω) and g = g(α,ω) we can
directly calculate this ratio which reads

Γ

g
√

n + 1
=

a2
0

α

1

ω
· 8.3 × 1015 1

s
. (35)

However, we have to keep in mind that this ratio is still

expressed in the Bambini-Renieri frame. We now connect

this condition to the quantities in the laboratory frame and

recall the transformation [3]

ω =
2πc√
λLλW

. (36)

of the resonance frequency to the laboratory system with the

wiggler and laser wavelength, λW and λL , respectively.
The latter one is given by the identity [9]

λL =
λW

2γ2

(
1 + a20

)
(37)

with the Lorentz factor

γ =
E

mc2
, (38)

which is determined by the electron energy E.
Whenwe now combine Eqs. (36), (37) and (38) in Eq. (35)

and evaluate all constants of nature we arrive at the condition

χ ≡ a20

√
1 + a2

0

λW
E
� α14.5 mm

GeV
(39)

for the QFEL being in the strong coupling regime.

We compare the condition Eq. (39) in Table 1 for three

FELs and see that none of them can fulfill it even for α � 1.

For an electron accelerator operating in the GeV regime,

one does need at least a wiggler wavelength in the order of

micrometers.

Table 1: The parameter χ defined by Eq. (39) providing
the condition for a strong coupling regime of the QFEL

for the FEL ELBE [10] at the HZDR as well as for the

LCSL [11] at Stanford University. If χ exceeds the value of
α14.5mm/GeV with α � 1, the coupling to the reservoir is

too strong. The parameters a0 and λW have been set to their

possible minimum values and E to its possible maximum.

Even if these devices are capable of reaching the quantum

regime, none of them succeed at operating in the strong

coupling regime.

FEL χ in [mm/GeV]

ELBE U27 75.4
ELBE U100 82.2

LCLS 110.6

SUMMARY
In our previous model [2, 4] the ratio of the coupling

constant g and the recoil frequency ωr , i.e. the quantum

parameter α, has served as the condition for the quantum
regime of the FEL.

We are now in the position to incorporate decoherence

due to a reservoir reflecting spontaneous emission as well.

This extension has allowed us to derive a condition under

which one does not only reach the quantum regime, but also

the strong coupling regime of the QFEL which is best suited

for a stable laser output.
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Abstract
An amplifier Free electron Laser (FEL) including two

orthogonal polarized undulators with different periods and

field intensities is able to emit two color radiations with dif-

ferent frequency and polarization while the total length of

device does not change respect to usual single color FELs.

The wavelengths of two different colors can be changed by

choosing different periods, while variation in the magnetic

strengths can be used to modify the gain lengths and satura-

tion powers.

INTRODUCTION
Recently generation of free-electron laser radiation with

two or more simultaneous colors opens new promising chap-

ter in applications [1, 2] and in the study of the underlying

physics. The packets contain two different spectral lines with

adjustable time separation between them. Applications exist

over a broad range of wavelengths involving pump-probe

experiments, multiple wavelength anomalous scattering, or

any process where there is a large change in cross section

over a narrow wavelength range [3].

In order to produce this type of radiation several schemes

have been proposed, and many promising theoretical pro-

posals have been so far investigated. Some of the initially

proposed designs were based on the use of staggered undula-

tor magnets having different values of deflecting parameters

to achieve lasing at two distinct wavelengths [4–7]. In this

way, the length of the FEL undulator is essentially doubled

and a complex scheme is required to reach saturation and

power levels comparable with the single color configura-

tion. A different technique involving the use of either a

chirped or a two-color seed laser, is recently demonstrated

at the FERMI soft X-ray FEL. It initiates the FEL instabil-

ity at two different wavelengths within the modulator gain

bandwidth [8, 9]. Another option is relying on injection

of multi-energy electron beam in the FEL undulator [10]

resonating at two different wavelength, allowing the control

of frequency and time separation ranges of the FEL pulses,

while maintaining similar saturated power levels and min-

imal undulator length [11, 12]. In this configuration, the

SASE lasing occurs from separated and nearly independent

electron distributions [13].

Recently a new proposal with a further different scheme

has been presented in reference [14, 15]. In this case the

∗ najmeh.mirian@ipm.ir

FEL emission is obtained from two orthogonally polarized

undulators with different polarized and field intensities. The

two radiations have not only different frequencies, but also

different polarizations, while the total length of the device

does not change with respect to usual single color FELs.

Producing two waves with orthogonal polarizations with

comparable intensities is very important because it opens

various possibilities to get insights into and to control the

internal organization and orientation in space of molecules,

taking advantage of the selective excitation of the molecular

fluorescence by differently polarized beams.

This paper presents a brief overview over the main the-

ory of the production and properties of two-color radiation

generated by two orthogonal undulators.

MODEL EQUATION IN AN AVERAGED
AND NON AVERAGED SVEA

TREATMENT
The FEL undulator is assumed to be composed by two

linear undulators orthogonally polarized with periods given

respectively by λ01 and λ02. and deflection parameters

K1,2 =
���eB1,2λ01,02/mc2���. The undulator magnetic field,

in the paraxial approximation, is described by the following

expression

Bw = −Bw2 sin(k02z)êx + Bw1 sin(k01z)êy , (1)

where k01,02 = 2π/λ01,02 .
Following the Colson’s analysis [16], the zero order di-

mensionless velocity components can be written as

βx,y = −K1,2

γ0
cos(k01,02z) ≈ −K1,2

γ0
cos(ω01,02t), (2)

βz = −1
4

⎡⎢⎢⎢⎢⎣
(

K1

γ

)2
cos(2k01z) +

(
K2

γ

)2
cos(2k02z)

⎤⎥⎥⎥⎥⎦ + β0
(3)

with βx (y), j = vx (y), j/c and β0 = 1/
√
1 − γ2

0
. From Eq (3)

the following resonance conditions can be found.

λ1,2 =
λ01,02

2γ2
0

(1 + K2
1/2 + K2

2/2). (4)

The trajectories of the electrons inside the undulator takes

the form:
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r = β0ctêz − K1

k01γ0
sin(ω01t)êx − K2

k02γ0
sin(ω02t)êy (5)

− λ01
16π

K2
1

γ2
0

sin(2ω01t)êz − λ02
16π

K2
2

γ2
0

sin(2ω02t)êz .

The longitudinal motion at zero order is described by:

z = β0ct − ξ1
k1

sin(2ω01t) − ξ2k2
sin(2ω02t), (6)

with ξ1,2 =
K 2
1,2

4(1+K 2
1
/2+K 2

2
/2)
.

The the proportional one-dimensional vector potential is

assumed as

A = −i
[
A1ei (k1z−ω1t ) êx + A2ei (k2z−ω2t ) êy

]
, (7)

A1,2 are slow complex amplitudes, k1,2 = 2π/λ1,2 . In the
following, we will assume nλ01 = mλ02; in this way, we
will treat both the case of an harmonic relation between λ1
and λ2, and the case where m/n is a generic rational number,
describing all other situations.

In order to write the FEL equation in universal scaling

notation [17], we define the normalized fields as a1,2 =
ω1

ωp
√
ρ1γ0

eA1,2

mc2
where

ρ1,2 =
1

γ0

[
ωpK1,2F1,2
8ω01,02

]2/3
(8)

is the FEL parameter and ωp is the plasma frequency. In

terms of the scaled quantity Γi =
γi−γ0
ρ1γ0

, and, the phases

θ1,2 = ω01,02t + k1,2 βzct −ω1,2t the equations are therefore:
dΓi
dτ
= eiθ1i a1 +

F2
F1

K2

K1

kw2
kw1

eiθ2i a2 + cc. (9)

∂a1
∂ζ
+
1

c
∂a1
∂τ
=
∑

e−iθ1i . (10)

∂a2
∂ζ
+
1

c
∂a2
∂τ
=

K2kw1
K1kw2

F2
F1
∑

e−iθ2i , (11)

where F1,2 = J0( k1,2ξ2,1k2,1
)[J0(ξ1,2) − J1(ξ1,2)] are the Bessel

factors modified for the case of two undulators. The phases

in field equations are

dθ1i
dτ
= Γi ,

dθ2i
dτ
=

k02
k01
Γi . (12)

Therefore the gain length of the two polarization, when

m � n are

Lg1 =
λ01

4π
√
3ρ1
= (
λ01
λ02

)1/3(
F2
F1 )2/3Lg2. (13)

In a non averaged orbit approximation, Lorentz force equa-

tions are employed directly. Then the electron momentum

equations for j th electron are

dpx,y

dt
= eβzB1,2sink01,02z− ek1,2(1− βz )[A1,2eiα1,2 + cc]

dpz
dt
= −eβyB2sink02z − ek2 βy [A2eiα2 + cc] (14)

−eβxB1sink01z − ek1 βx [A1eiα1 + cc]

where α1,2 = k1,2z−ω1,2t. By writing the transverse current
in terms of the particle density n̄ as Jx,y = −∑ ecβx,y n̄δ(z−
z j ) in Maxwell’s equation and by using the Slowly Vary-
ing Envelope Approximation (SVEA), we obtain the two

following independent differential equations

∂

∂z
A1,2 +

1

c
∂

∂t
A1,2 =

2πen
k1,2

∑
βx (y), jδ(z − z j )e−iα1,2

(15)

TWO PULSES SASE FEL EMISSION
In the approximation of the time independent scheme, the

set of non averaged (14-15) and averaged (9-12) equations

have been integrated numerically with independent codes.

Both codes employ the forth-order Runge-kutta method to

demonstrate the evaluations of FEL system. In non averaged

code the Runge-Kutta step size must be small enough to

demonstrate the particles motion in the wiggler. At the

first step the particles are assumed to be unbunched and

monoenergytic.

The parameters chosen for the simulations, similar to the

SPARC’s [18,19], are: λ01 = 2.8 cm, K1 = 2.1, γ0 = 300 ,
and the electron current I has been fixed at 100 A, for a value
of ρ1 = 5.47 × 10−3. In simulation thermal and diffraction
effect are ignored.

The comparison between the solutions of averaged (blue

curves) and non averaged (red curves) equations is demon-

strated in Fig. 1 for (a) λ02 = 1.5λ01, (b) λ02 = 2λ01 and (c)
λ01 = 10λ02, with the two magnetic strengths fixed at the
same value K1 = K2.

The agreement is indeed significant along all the growth

up to the onset of saturation. Discrepancies arise, instead,

once that the saturation is reached, particularly when the

two waves have similar intensity (case (a)), probably due

to the differences in the sets of equations and to the differ-

ent method of integration. Black curves, labeled with (T),

indicate the logistic map proposed in [20], and given by

P1,2 =
P01,2A1,2e(0.223t/Z1,2)

(1 + P01,2

Ps1,2
(A1,2 − 1))

. (16)

A1,2 = (
1

3
+
2

9
cosh(

t
Lg1,2

)+
4

9
cos(

√
3t

2Lg1,2
) cosh(

t
2Lg1,2

))
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Figure 1: Power P(W ) in the x (solid curves) and y (dashed curves) polarizations vs z(m). Comparison between non
averaged (red curves) and averaged (blue) model for (a) n/m = 1.5 and (b) n/m = 2 and (c) m/n = 10. The black line is the
logistic map, Eq (16). In green σE/E, as given by Eq (18). Green starts: energy spread computed by the phase spaces

0 2 4 6 8 10 12 14
0

0.5

1

1.5

m/n

L g1
/L

g2

Figure 2: Ratio of gain length of both pulses vs m/n , K1 =

K2 = 2.1

with Z1,2 = 1.066Lg log(9 Ps1,2

P01,2
) and Ps1,2 = 1.42ρ1,2Pb ,

being the saturation power as a function of the beam power

Pb . As can be seen, formula (16) fits very accurately lethargy,

growth and gain lengths of both waves, while the saturation

value is of the same order only for one of the two polariza-

tions. This is due to the interaction between the two waves

occurring when the power in the two polarizations is large

enough, an effect which is not accounted in Eq (16). In

fact, through electron interaction an induced increase in the

energy spread σE occurs, as can be seen in Fig. 1, where

the relative value σE/E , computed by the phase space, is

presented together with the analytical formula [20]

σE

E
=

√ [
σ1
E

]2
+

[
σ2
E

]2
(17)

where:

σ1,2

E
=
3

2

√
ρ1,2P01,2

Pb

√√
A

1 + 1.24
P01,2

Ps1,2
(A1,2 − 1)

. (18)

The growth of the energy spread continues up to the value

of ρ2, and then, saturates, producing also the anticipated
saturation of the radiation with the longer gain length.

The graph of the coefficient Lg1/Lg2 versus different

value of the m/n while the two magnetic strengths are fixed
at the same value K1 = K2 is shown in Fig. 2. It shows from

m = 1 to about m = 9 the largest frequency wave has a

0 0.5 1 1.5 2 2.5 3 3.5 4
0.5

1

1.5

2

2.5

3

3.5

4

K2/K1

L g1
/L

g2

m/n=0.5
m/n=2
m/n=5

Figure 3: Ratio of gain length of both pulses vs K2/K1 , for

different values of m/n.

shorter gain length, while for m larger than 9 the opposite

occurs.

Figure 3 shows the ratio of gain length of both pulses

versus K2/K1with fixed m/n = 0.5, 2, 5. The slop of the
ratios increases as well as the value of the m/n increases.

As a result the wavelengths of two different colors can

be changed by setting different periods, while variations in

the magnetic strengths have the effect of modifying the gain

lengths.

According to general FEL theory the saturation power and

length are dependent on the FEL parameter ρ1,2, however
the numerical simulations show that the interaction between

the two waves can change the level of the saturation power.

When one wave reaches saturation, the electrons are strongly

influenced by its electric field, so the growth of the other

one is affected. In order to balance the level of the power

in the two different polarization at the end of the undulator,

the magnetic strength of one of the two waves can be varied.

We fixed the vertical undulator properties (K1 = 2.1 and
λ01 = 2.8cm ), while K2 is varied for different n/m. The
ratio of the power of the pulses at the first saturation point is

reported vs K2 in Fig. 4 for various values of n/m between

0.5 and 2. When n/m = 2, since ρ1 > ρ2, the first wave
going in saturation was the x-polarization and the power

amount of Ps1 = 168 MW is reached in zs = 7.2m . The

power of the y-polarization in this same point can be varied

by using different values of K2. In the case n/m = 1.5,
both x and y-polarizations saturate at z1s ≈ 6m, and the
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Figure 4: The power ratio of x-polarization to y-polarization

for different value of n/m, while K1 = 2.1 and λ01 = 2.8cm.

x-polarization reaches the value Ps1 = 168 MW . In the

case n/m close but not equal to 1, the waves saturate in close

positions, the saturation length does not depend strongly

on K2, while, instead, the power ratio depends on it. For

n/m = 1, the gain length follows

Lg1 = Lg2 =
λ01

4π
√
3(1 + ( F2F1

K2

K1
)2)1/3

(19)

and the ratio between the powers has a different trend. For the

cases n/m < 1, since the ratio between the FEL parameters is
less than one (ρ1/ρ2 < 1), the first wave going to saturation
is the y-polarization. If m/n is integer (as, for instance the
case n/m = 0.5) the waves saturate in different points. In
otherwise (like n/m = 0.75 ) both waves saturate in same
position but in different power levels.

CONCLUSION
Emission of two pulses from two orthogonal undulators

with different polarizations and periods have been discussed.

Non averaged and averaged equations have been present. The

agreement between these two models as regards lethargy,

growth and gain length of the radiation, with discrepancies

appear in saturation have been demonstrated. The advantage

of this kind of device is production of two color radiation

with an easy control of the frequencies and opposed polar-

izations, while the total length of the device does not change

respect to usual single color FELs. The possibility of chang-

ing independently the strength of the two magnetic fields

allows to control the final power and the saturation length.
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SPECTRAL LIMITS AND FREQUENCY SUM-RULE OF CURRENT AND
RADIATION NOISE MEASUREMENT∗

R. Ianconescu, University of Tel-Aviv, Tel-Aviv and Shenkar College, Ramat Gan, Israel
A. Gover, A. Nause, University of Tel-Aviv, Tel-Aviv, Israel

Abstract
The current noise spectrum of an electron beam is gen-

erally considered white and expressed by the shot-noise
formula (eI0). It is possible to control the spectral energy
of a random electron beam current by longitudinal space
charge micro-dynamics and dispersive transport. Both noise
suppression (relative to eI0) and noise enhancement have
been demonstrated, exhibiting sub/super-Poissonian particle
distribution statistics, respectively. We present a general
theory for the current noise of an e-beam and its radiation
emission in the entire spectrum. The measurable current
noise spectrum is not white. It is cut-off at high frequen-
cies, limited by the measurement length and the beam axial
momentum spread (fundamentally limited by quantum un-
certainty). We show that under certain conditions the current
noise spectrum satisfies a frequency sum-rule: exhibiting
noise enhancement in one part of the spectrum when sup-
pressed at another part and vice versa. The spontaneous
emission (radiation noise) into a single radiation mode or
single direction in any scheme (OTR, Undulator etc.) is
sub-radiant when the beam current is sub-Poissonian and
vice versa, but the sum-rule does not apply.

INTRODUCTION
Electron beam current-noise is an inherent property of

any particulate current resulting from the microscopic dis-
continuity of charge flow in a charged particles beam. The
conventional assumption regarding the current noise in an ac-
celerated electron beam is that it is limited by the Shot-Noise
formula:

SIshot = eI0 (−∞ < f < ∞), (1)

where I0 is the average current of a continuous coasting elec-
tron beam and SI ( f ) is the power spectral density (PSD) of
the current. This expression is a direct consequence of the
assumption that the beam particles positions are random un-
correlated uniform variables, so that the number of particles
in each interval satisfies the Poisson statistics.

It has been known [1] that as an electron beam propagates,
the Coulomb interaction between the particles results in
correlation between the particle positions and therefore, the
particles statistics, as well as their current PSD may deviate
from the shot-noise formula (1). In particular it has been
shown that Eq. (1), is not even a lower limit for random
electron beam noise, and taking advantage of the Coulomb
interaction effect, or the longitudinal space charge (LSC)
interaction of random bunching, it is possible to suppress
∗ This research was supported by a grant from the United States-Israel
Binational Science Foundation(BSF), Jerusalem, ISRAEL

the current noise below the shot-noise level (current noise
suppression) at least in part of the spectrum.

Recently it has been shown theoretically [2–8] and exper-
imentally [9, 10] that shot-noise suppression is possible in
high quality e-beams at optical frequencies. This noise sup-
pression process can be achieved by transport of the beam
along a drift section of quarter plasma oscillation length [9]
or by transport through a drift section and a subsequent dis-
persive section [10]. In the later case, if the dispersion effect
(presented by the parameter R56) is large, the opposite effect
- noise gain - is achieved, at least in part of the spectrum
(micro-bunching instability [11]).

Current noise is the source of incoherent spontaneous
emission of radiation (radiation noise) in all electron-beam
radiation sources, and in particular Undulator radiation and
SASE (Self Amplified Spontaneous Emission) in FEL [8].
For this reason controlling radiation noise is one of the rea-
sons of interest in controlling electron-beam current noise at
short wavelengths. In innovative temporally coherent seed-
injected FELs [12] incoherent SASE radiation limits the
coherence of the FEL output and imposes stringent demands
on the power level of the seed radiation source [8]. Hence
current noise suppression of the e-beam before injection into
the wiggler is desirable. On the other hand, control over the
e-beam current shot-noise can also be useful for the opposite
purpose: enhancing SASE radiation [13]. This process has
been recently demonstrated by Marinelli et al [14] and may
possibly be used to produce high power radiation in SASE
FELs with shorter wigglers.

MEASUREMENTS OF CURRENT-NOISE
SPECTRUM

Determining the spectral limits of noise-control, and par-
ticularly noise-suppression, is a task of prime interest in
connection to electron-beam transport in applications of
electron beams for emission of coherent radiation (FEL). Of
primary importance is the short wavelength limit, as there is
significant interest in developing coherent (low noise) X-UV
FELs.
The short wavelength limit of current noise suppression

by drift over a quarter plasma wavelength is the Debye con-
dition: λ > λD , where the Debye wavelength λD is deter-
mined by the axial velocity spread of the beam due to finite
emittance or energy spread [15]. A similar condition applies
also to the drift/dispersion noise suppression scheme where
the dispersive section enhances the optical phase-spread at
short wavelength [15]. The LSC noise-suppression effect is
also limited at low frequencies (though this limit is of less
interest). The low frequency limitation of LSC interaction
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is due to the 3-D fringing effect in a finite cross-section
beam [3].

While the shot-noise formula (1) predicts a “white noise”
spectrum for a continuous uncorrelated electron beam as
a direct result from the assumption of Poisson statistics,
the noise-suppressed (or noise-enhanced) electron beam is
governed by more complex statistics, and its spectrum is
certainly not “white”. To understand the nature of this spec-
trum we take a close look into the derivation of the current
noise formulae, and in particular pay attention to physical
limitations associated with the measurement of the spectrum.
Since optical frequency current cannot be measured di-

rectly, the only way to measure the current optical frequency
noise spectrum is by measuring the radiation that the e-beam
current emits in any kind of radiation scheme, in which the
optical radiation spectrum is proportional to the current noise
spectrum. Most measurements of this kind were done using
Optical Transition Radiation (OTR) [16]. Another obvious
scheme is Undulator radiation, which is the spontaneous
emission radiation of an FEL. In any case it is important to
point out that any physical measurement is done during a
finite time, which in the present case is the transit time of the
electron through the radiation device Ttr = Ltr/(βc), where
Ltr is the radiative emission length, namely the formation
length L f = βγλ in the case of OTR and the Undulator
length Lu in the case of Undulator radiation.

The finite measurement time and the finite radiation emis-
sion length have implications on the applicability of the
current noise spectral measurement of a correlated electron
beam as well as an uncorrelated electron beam (shot-noise):
the interaction length must be short enough in order to make
sure that one measures spontaneous emission only and not
SASE, and that the current noise stays constant along the
transit length, and that transition of current noise to veloc-
ity noise though LSC micro-dynamic processes [8, 15] is
negligible.
Under these limiting assumptions, a general formulation

was presented in [17] for the calculation of the spectral ra-
diation energy emission by a finite pulse of Ne electrons
entering the radiative interaction region at ordered times
(pre-bunched) or random times. The current of the electron
pulse is represented by:

I (t) = −e
Ne∑
j=1

δ(t − t0 j ), (2)

where t0 j is the time at which electron j is at z = 0. Its
spectral components are

Ĭ ( f ) = −e
Ne∑
j=1

ei2π f t0 j (3)

where we define the Fourier transform

Ĭ ( f ) =
∫ ∞

−∞

dt I (t) exp(i2π f t), (4)

The energy spectral density (ESD) of the finite pulse is

pI ( f ) = 〈| Ĭ ( f ) |2〉 = e2
〈�������

Ne∑
j=1

ei2π f t0 j
�������

2〉
, (5)

here 〈〉 represents statistical average over the arrival times
t0 j . For a continuous coasting beam one usually defines the
power spectral density (PSD) by SI ( f ) = lim

T→∞

1
T 〈| ĬT ( f ) |2,

where ĬT ( f ) is the Fourier transform in the time window T ,
which reduces for the case of a rectangular finite pulse of
time Tb to

SI ( f ) =
1

Tb
〈| Ĭ ( f ) |2〉 =

pI ( f )
Tb

, (6)

The spontaneous emission formulation [17] is based on
a modal expansion of the radiation field in terms of any
complete set of eigenmodes, where the set may be discrete
or continuous modes of free space (plane-waves).

The derivation leads to a general proportionality relation
of the ESD of the emitted radiation energy per mode (in units
of Joule/Hz) and the ESD of the current. The proportionality
factor can be calculated specifically for any free electron
radiation scheme like Undulator radiation and OTR [9,17]
then be used for the calculation of the current ESD as long
as one measures the radiation energy per mode, or in the
case of free space plane waves - the far field radiation ESD
per unit solid angle.
As shown in the next sections the detailed analysis of

the current noise and the consequent radiation noise shows
that the ESD of the current and the radiation deviate from
the simple white shot-noise of formula (1) even when the
e-beam is random and uncorrelated. At low frequencies
(long wavelengths)

f < 1/Tb (7)

(where Tb is the pulse duration) one expects enhancement
of the current noise due to the coherent contribution (DC
part) of the pulse shape function to the Fourier transform.
This effect gives rise to supper-radiant emission at low fre-
quencies [17].
Another effect colors the measurable spectral energy of

the current noise, and cuts it off at high frequencies. This
effect is associated with the inherent uncertainty in the par-
ticle position during the measurement of the current noise.
Because noise measurement is never instantaneous and be-
cause there is always inevitable uncertainty in the position
σ or crossing time σt = σ/(βc), of the particles either
because of initial axial velocity spread, or fundamentally,
because of quantum (Heisenberg) momentum uncertainty,
the position of each particle in the calculation of the current
ESD (5) must be averaged over the probability function of
the position uncertainty (or t0 j ). This is done in the follow-
ing sections, and also resolves the problem of a seemingly
infinite noise energy when one integrates the ESD of point
particles (5) over all frequencies.
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An interesting observation, that was noted by Alex Chao
[18] for current-noise spectrum, suggests a “sum-rule theo-
rem”, namely that the integral of the noise spectrum stays
constant even when the noise is suppressed or enhanced in
some part of the spectrum. This theorem and its limitations
are examined in the following sections, using our finite noise
energy model. Simple examples for noise suppression or
enhancement (sub-Poissonian or super-Poissonian distribu-
tions) are examined.

THE DERIVATION OF THE SHOT-NOISE
FOR A CONTINUOUS COASTING BEAM

OF POINT CHARGES
We consider a bunch of particles, each one of charge e,

all moving with a uniform velocity v = βc in the ẑ direction.
The bunch length is Lb → ∞, the number of charges is
Ne → ∞, so that Ne/Tb is finite, resulting in the average
DC current I0 = eNe/Tb . Each charge is uniformly dis-
tributed in the interval [0,Lb], i.e. has equal probability to
be located anywhere in the bunch. To each space coordinate
we associate a time interval coordinate, so that Tb ≡ Lb/v
is the time interval of the entire bunch. Hence counting
charges in a space interval ∆z at a given time is equivalent to
counting charges that pass through a given point z during a
time interval ∆t = ∆z/v. The bunch length Tb is divided in
sub-intervals ∆t, so that the current measured in the interval
∆t is I = en/∆t, where n is a random variable representing
the number of charges in the given interval ∆t.

The probability to find a charge in an interval δt � ∆t is
p = Neδt/Tb . Because the probability p is extremely small,
one may neglect the possibility of having 2 or more charges
in the interval δt, considering the occurrence of the event of
having a charge in δt as N = ∆t/δt Bernoulli trials, so that n
is binomial distributed with N trials and probability p, with
average mn = N p and variance σ2

n = N p(1 − p). Because
N is very large and p is very small, n may be approximated
by Poisson distribution with parameter λ = N p = Ne∆t/Tb ,
so that its average and variance are mn = σ

2
n = λ.

It follows that when the location is distributed uniformly,
the number of charges in any interval ∆t is Poisson dis-
tributed, i.e. having the mean equal to the variance.
So if one measures the current I in a time interval ∆t,

one obtains I = en/∆t, so that the current is the random
variable n multiplied by e/∆t. Therefore the average cur-
rent is mI = emn/∆t = eλ/∆t ≡ I0 and its variance is
σ2

I = (e/∆t)2σ2
n = (e/∆t)2λ = eI0/∆t. Considering

∆t = 1/(2B) to be the Nyquist interval, where 2B is the
two-sided bandwidth, we obtain σ2

I = 2eI0B. For point
charges, the current at time t is independent from the cur-
rent at time t + τ, so the auto-covariance matrix is diag-
onal CI (τ) ≡ CI (t )I (t+τ) = eI0δ(τ) and its Fourier trans-
form is eI0 having the area of σ2

I in the bandwidth range
−B < f < B. Therefore the auto-covariance function is

CI (τ) = eI0δ(τ), (8)

and from random processes theory, the auto-correlation func-
tion is the DC square plus the auto-covariance function:

RI (τ) = I20 + eI0δ(τ), (9)

and the PSD is the Fourier transform of the above

SI ( f ) = I20 δ( f ) + eI0 ≡ I20 δ( f ) + SIshot , (10)

where the flat spectral density is SIshot in formula (1).
We saw in this section that if the charges are uniformly

distributed over the interval Tb , the number of charges is
Poisson distributed in each sub-interval ∆t. The opposite
is not necessarily true: if the number of charges is Poisson
distributed in a sub-interval ∆t we only know that it is also
Poisson distributed in any sub-interval bigger than ∆t (i.e.
for frequencies smaller than 1/(2∆t)), but about smaller
intervals (higher frequencies) we don’t know anything, and
this depends on how the charges are distributed inside ∆t. It
is to be mentioned that the beam drift dynamics establishes
the distribution of the charges locations and this location
distribution establishes the statistics of the current, i.e. the
statistics of the random variable n. In this work we do not
use beam dynamics, but we would examine how changes in
the statistics of n influence the spectrum.

THE FINITE PULSE ESD AND THE SUM
RULE

Expression (10) describes an ideal Shot noise PSD, for a
coasting beam. In this section we analyze the energy spec-
tral density (ESD) for a finite beam of duration Tb and the
connection to the coasting beam PSD.

Expanding Eq. (5), we get

pI ( f ) =e2
〈 Ne∑
j=1

Ne∑
k=1

ei2π f (t0 j−t0k )
〉
=

e2Ne + e2
〈 Ne∑
j=1

Ne∑
k=1
k, j

ei2π f (t0 j−t0k )
〉

(11)

The first part of the result was obtained by summing over
j = k and represents the independent frequency ESD Shot
noise term:

pI (shot) ≡ e2Ne = TbeI0, (12)
which results in the PSD Shot noise term eI0 in Eq. (10)
if divided by Tb . The second part should average to 0 for
f , 0, but it has a contribution for f ' 0. This contribution
may be approximated for Ne � 1 by replacing the sum by
an integral on dt and setting dt ' Tb/Ne , as follows

e2
〈 Ne∑
j=1

Ne∑
k=1
k, j

ei2π f (t0 j−t0k )
〉
'e2

�����
Ne

Tb

∫ Tb

0
ei2π f tdt

�����

2

=

I20T2
b sinc

2( f Tb ). (13)

This part, divided by Tb represents the δ( f ) in Eq. (10),
given that lim

Tb→∞
Tb sinc2( f Tb ) = δ( f ).
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In addition, as mentioned before, there is always uncer-
tainty in the particle axial momentum - either because of
technical momentum spread of the electron beam, or fun-
damentally because of quantum limits (Heisenberg’s uncer-
tainty principle). Therefore we shall consider the size of the
charge to be finite, so that δ(t − t0 j ) in Eq. (2) is replaced by

1√
2πσt

exp
(
−

(t−t0 j )2

2σ2
t

)
, so that σt represents the uncertainty

in the arrival time of a charge.
Repeating the Fourier transform on the current for

charges of finite size, the exp(i2π f t0 j ) are replaced by
exp(i2π f t0 j ) exp

[
− 1

2 f 2(2πσt )2
]
, so that the Fourier trans-

form of the current should be multiplied by the factor
exp

[
− 1

2 f 2(2πσt )2
]
.

This implies that the ESD in Eq (5) should be multiplied
by the square of the above term: e− f

2 (2πσt )2 , so that the ESD
of the current is described by:

pI ( f ) = e2[N2
e sinc2( f Tb ) + Ne]e− f

2 (2πσt )2 . (14)

This means that very close in time measurements of cur-
rent are dependent. For this purpose let us consider the
Tb sinc2( f Tb ) ' δ( f ) in Eq. (14), divide by Tb and inverse
Fourier the non delta part. This gives a more accurate auto-
covariance function

CI (finite size charges)(τ) = eI0
1

2
√
πσt

exp
(
−τ2

4σ2
t

)
, (15)

which means that neighbor measurements of current done
on time intervals of the order of the arrival uncertainty σt

are dependent.

The sum rule
The total energy in the ESD may be analyzed using Par-

seval theorem. If f (t) and f̆ ( f ) are a Fourier transform
pair ∫ ∞

−∞

| f (t) |2dt =
∫ ∞

−∞

| f̆ ( f ) |2df (16)

Averaging on both sides and using the ESD definition in
Eq. (5), we obtain from Parseval theorem〈∫ Tb

0
I2(t)dt

〉
=

∫ ∞

−∞

pI ( f )df = 2
∫ ∞

0
pI ( f )df (17)

where the last equality uses the fact that the ESD is an even
function. For point particles (canceling e2 on both sides) it
becomes:〈∫ Tb

0

*.
,

Ne∑
j=1

δ(t − t0 j )
+/
-

2

dt
〉
= 2

∫ ∞

0

�������

Ne∑
j=1

exp(i2π f t0 j )
�������

2

df

(18)
This sum rule, was noted by Alex Chao [18]. It implies

that the LHS is insensitive to particles positions (being δ2
for point particles), hence the RHS must be constant, and
therefore if there is noise suppression (homogenization) in
one part of the spectrum, there must be noise enhancement
in another part.

However, the problem for point particles is that the above
constant is infinite, because the δ2 function is ill defined.
The solution: any physical measurement of current noise
spectrum (OTR, Undulator radiation) takes place during
a finite beam transit time, so that during the measurement
there is inherent uncertainty in the particle location (σ) either
because of momentum spread or fundamentally because of
quantum (Heisenberg) principle. This consideration sets the
constant to be finite, but sets a limit on the validity of the
sum-rule (particles overlap).
Therefore the sum-rule is valid under the limitations of

the overlap condition, and we may evaluate both sides of
(17) for the case of finite size charges. The LHS of Eq. (17)
results in〈∫ Tb

0
I2(t)dt

〉
=

∫ Tb

0
dt *.

,

Ne∑
j=1

e2
√
2πσt

exp *
,
−

(t − t0 j )2

2σ2
t

+
-

+/
-

2

'
Nee2

2
√
πσt

, (19)

for any realization of I (t), provided the gaussians do not
overlap, i.e. if

σt � Tb/Ne . (20)

or using the definition of I0 the condition becomes

I0 � e/σt , (21)

hence is valid for low currents. The RHS of Eq. (17) results
in

2
∫ ∞

0
pI ( f )df ' e2Ne

(
1

2
√
πσt

+
Ne

Tb

)
, (22)

provided the Tb sinc2( f Tb ) in Eq. (14) is narrow enough to
be approximated by δ( f ) and hence not to be affected by the
Gaussian decay e− f

2 (2πσt )2 . Indeed the results in Eqs (19)
and (22) coincide if condition (20) is satisfied. It is easy to
check that one full overlap of 2 charges increases the area
by 1√

πσt
, so that partial overlaps increase by less than that.

SIMULATIONS OF THE SUM-RULE
CONSERVATION

In Figure 1 we calculate the normalized ESD
pI ( f )/pI (shot) vs normalized frequency f Tb for a
bunch of Ne = 500 charges, where the bunch duration
is Tb = 500 time units and the arrival uncertainty is
σt =

Tb/Ne

80 = 0.0125.
Next we examine sub and super Poissonian distributions.

The interval Tb is divided into M sub-intervals, so given
Ne = 500 the average number of charges in each sub-interval
is Ne/M . Choosing for the number of charges in each sub-
interval a Poisson random variable with average Ne/M , or a
Gaussian random variable with average Ne/N and standard
deviation

√
Ne/M, and spreading the charges by uniform

distribution inside the sub-interval, gives a Poissonian re-
alization. The PSD is calculated with Eq. 6, and the aver-
aging is done over 200 realizations, resulting in Poissonian
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Figure 1: The normalized PSD of the current pI ( f )/pI (shot).
The location for each charge is randomly chosen by uni-
form distribution in the interval [0,Tb], hence the number
of charges in each sub-interval is Poisson distributed. The
ESD is calculated with Eq. 5, and the averaging is done over
200 realizations. In the flat region we get 1 by definition. At
f Tb = 1 we see the first 0 of the sinc2 behavior for low fre-
quencies, and for f Tb → 0 (left to the plot) the normalized
ESD tends to I20T2

b
/pI (shot) = Ne . At f Tb = Tb/(2πσt ) the

normalized ESD decays to e−1. The total area under the
curve is 11392, which compares well with Nee

2

2
√
πσt
= 11284.

PSD, which is identical to the PSD in Figure 1. Using the
same procedure, with a Gaussian distribution of standard
deviation 2

√
Ne/M or 0.5

√
Ne/M , results in the super and

sub-Poissonian PSDs. Because the number of charges in an
interval cannot be negative, we cut the distribution below
0, and to keep the correct average we also cut the distri-
bution over 2Ne/M. Therefore the variances obtained are
not exactly the ones chosen. The sub and super-Poissonian
behaviors are in sub-intervals bigger or equal the basic sub-
interval Tb/M (but not too big to compare with Tb !), i.e. for
frequencies smaller than M/(2Tb ) but not 0.
Those sub and super-Poissonian PSDs are implemented

in Figures 2 and 3 for M = 50 and 100 respectively.
In Figure 4 we check how the sum rule described above

is satisfied. When creating sub or super-Poissonian distri-
bution for frequencies below some threshold, to satisfy the
sum rule, the distribution should be of the opposite type in
the complementary range. Unfortunately, this is not easy to
show, because for the super-Poissonian cases created here,
the overlap between charges increases, hence increasing the
total area under the PSD. In addition the frequency regions
for the sub and super-Poissonian are very narrow (below nor-
malized frequency f Tb = 25 or 50 for the cases described
in Figures 2 and 3 respectively), relative to the whole nor-
malized spectrum range of about f Tb = 10000, described
in those cases. Hence in the complementary region one gets
the opposite case, but very close to Poissonian. Also, the
small fluctuations of the PSD make the comparison diffi-
cult. To show how the sum rule works we created a “very”
sub Poissonian distribution in sub-intervals Tb/50, having

0.01

0.1

1

10

100

1 10 100 1000 10000

p
(f

)/
p

I 
(s

h
o

t)

fTb

Sub and super Poissonian in intervals Tb/50

Poissonian
super-Poissonian
sub-Poissonian

Figure 2: Super and sub-Poissonian statistics in sub-intervals
Tb/50. The interval Tb is divided into 50 sub-intervals, so
given Ne = 500 the average number of charges in each
sub-interval is 10. The Poissonian, super-Poissonian and
sub-Poissonian PSDs are shown by the blue, green ad red
curves respectively. The standard deviation for the super-
Poissonian case is 1.8

√
10 instead of the chosen 2

√
10,

while the sub-Poissonian case has a standard deviation very
close to 0.5

√
10. The sub and super-Poissonian behavior

are for frequencies f Tb < 50/2 = 25 (marked with vertical
line), and the super and sub Poissonian PSD values are estab-
lished by the relative variances, i.e. 1.82 and 0.52. The areas
under the spectra are 11523, 11392, 11396 for the super-
Poissonian, Poissonian, and sub-Poissonian, respectively.

a standard deviation close to 0 and compared it with the
Poissonian distribution. The comparison required to smooth
the lines, hence the crossing point is not accurate. We show
the difference between the sub-Poissonian PSD and the Pois-
sonian PSD around the crossing point. Left to the crossing
point, the value is negative and right to the crossing point
the value tends to be small positive.

CONCLUSION
We presented in this work a statistical and spectral analysis

for the current of an electron beam. We showed that even
for random and uncorrelated distribution of the electrons
locations, the ESD is not exactly the shot-noise, but has
supper-radiant properties at low frequencies, and is cut off
at high frequencies due to the uncertainty in the arrival time
of the electrons. The last conclusion solves the “infinite”
energy dilemma of the shot-noise.

We showed that under some conditions, the ESD satisfies
a sum-rule, so when noise is suppressed in some spectral
region it is enhanced in another region. However the validity
of the sum-rule is limited to low current beam electron only
(21), such that the overlap of the uncertainties of the particles
location during transit is smaller than the average spacing
between the particles.
We calculated ESD for different cases of sub or super

Poissonian, and checked the sum-rule, i.e. the (partial) con-
servation of the total energy.
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Figure 3: Super and sub-Poissonian statistics in sub-intervals
Tb/100. The interval Tb is divided into 100 sub-intervals,
so given Ne = 500 the average number of charges in each
sub-interval is 5. The Poissonian, super-Poissonian and sub-
Poissonian PSDs are shown by the blue, green ad red curves
respectively. The standard deviation for the super-Poissonian
case is 1.54

√
10 instead of the chosen 2

√
10, while the

sub-Poissonian case has a standard deviation very close to
0.5
√
10. The sub and super-Poissonian behavior are for

frequencies f Tb < 100/2 = 50 (marked with vertical line)
and the super and sub Poissonian PSD values are established
by the relative variances, i.e. 1.542 and 0.52. The areas
under the spectra are 11599, 11392, 11315 for the super-
Poissonian, Poissonian, and sub-Poissonian, respectively.
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Figure 4: The difference between the PSD for a sub-
Poissonian distribution (at low frequencies) and a Poissonian
distribution. Because of the sum rule, sub-Poissonian spec-
trum becomes higher than the Poissonian spectrum at high
frequencies.
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AN ANALYSIS OF OPTIMUM OUT-COUPLING FRACTION FOR 
MAXIMUM OUTPUT POWER IN OSCILLATOR FEL 

Jia Qika#, NSRL, University of Sicence and Technology of China, Hefei, 230029, China 

Abstract 
The effect of the out-coupling fraction on the output 

power in oscillator FEL is analyzed. The formulas of the 
optimum out-coupling fraction and the corresponding 
maximum output power are given. They are dependent on 
the initial small signal gain and the passive loss rate of 
the light in the optical cavity. The initial comparison 
show that the result given by the formula agree well with 
the results in references. 

INTRODUCTION 
The basic working modes of free-electron lasers 

(FELs) include the amplifier,  the oscillator and  the self- 
amplified spontaneous emission (SASE). The oscillator 
FEL work in the low gain regime with the multi-
amplifying. For oscillator FEL one main goal of the 
design and optimization is to achieve the maximum 
output power. An important work is to optimize the out-
coupling fraction of the light. It has been discussed by 
several authors [1-3], in this paper we analysis the 
optimization of the out-coupling fraction for maximum 
output power,  here we don’t consider what specific  way  
of the out-coupling is used.  

ANALYSIS 
By expanding FEL equations and taking some 

approximation, the optical field gain at the pass n can be 
given as [4] 

1

1
1 /

ss

ss

g

n g
n c

eg
e P P

,                        (1) 

where Pn-1 is the optical power at the pass n-1,the power 
of the optical pulse at the undulator exit during the nth 
passage, gss is initial small signal gain: 

0

2
3

2
'

sin ( / 2)(2 )
( / 2)ss u

xg k L
x x ,    (2) 

where is FEL parameter, ku and L is the wave vector 
and length of the undulator, 0 'x L , the angular 
bracket represents the average over the electron’s initial 
phase velocities (i.e. the tuning parameter) 0’; and  

ss
c e

gP P .                         (3)

  
Pe is electron beam power and [4, 5]  
 

0

7 2 2
7

2
'

1(2 ) { (6 )sin 4(1 ) cos

3 1 5 21sin 2 ( ) cos 2 }
2 2 2 4

uk L x x x x x
x

x x x x

. (4) 

When the power equal to Pc, i.e. 1n cP P , from Eq. 1 it 
has  

1 cth( ) / 2
1 2

ss

ss

g
ss

n ssg
geg g

e
. 

Therefore Pc is the value of the intensity halving the 
small signal gain of the device. The profiles of the 
angular bracket parts in the expressions of gss ( q. 2) and 

q. 4) are given in Fig. 1, from which we have  
4/ ~ 100 / (2 )ss ug k L . Therefore we can estimate the  

value of  Pc : 4~ 100( 3 / )c g eP L L P , for low gain 
regime  L<3Lg, thus we have ~ 10c eP P .  Notice the 

saturation power s cP P  (Eq. 7), we can know that the 
saturation power of oscillator FEL is larger than that of 
SASE FEL(~ Pe   

-10 -8 -6 -4 -2 0 2 4 6 8 10

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

'L

~gss

*100

 
Figure 1: the angular bracket parts of gss and  in q. 2 
and 4. 
 

The intra-cavity power at pass n is 

1(1 )(1 )n n nP P g 0
1

(1+ )(1 )
n

i
i

P g ,  (5)  

where is the total loss ratio in optical cavity including 
the output coupling fraction and the passive loss.  P0 is 
the initial emission power, i.e. the spontaneous emission 
power [6]: 

 ____________________________________________  

#jiaqk@ustc.edu.cn 
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2
0

,

1(2 )u e
e s

P k L P
N

.                      (6)

 
Nes is the number of electrons in the slippage distance.  

As the optical field intensity increase, the gain 
decrease, when the net gain equal to zero, it has gn 
= , the system reaches equilibrium, namely the 
optical field reaches saturation. From Eq. 1 we obtain the 
saturation power in cavity 

1 ssg

s c
eP P

 

ss
c

g P .         (7) 

The saturation powers given by Eq. 7  agree well with the 
one-dimensional numerical results [1].  

With Eq. 7 the gain at the pass n (Eq. 1) can also be 
written as  

1

( 1)
[ 1 ) 1] /

ss

ss

g

n g
n s

eg
e P P

.          (8) 

The time required to reach saturation can be estimated 
as 

04 ln( / )
( )

c s
e

ss ss

L P PT
c g g

,                  (9) 

where Lc is the length of optical cavity, We denote the 
output coupling fraction and the passive loss of the cavity 
as oc and lo , respectively, and from 1  

(1 )(1 )lo oc , we have lo oc oc lo . Then 

the output power is 1 )out s l ocP P . For a given 
intra-cavity optical power of oscillator FEL, the larger 
out-coupling fraction gives a larger fraction of the out-
coupled power. But the larger out-coupling fraction 
means the smaller net gain, which leads to the optical 
field saturated earlier, i.e. the lower intra-cavity power. 
Therefore there exists an optimum output coupling 
fraction for maximum out-coupled power (Fig. 2). 
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Figure 2: the output power with output coupling fraction 
for different cavity loss, the initial gain is 0.3. 

Using Eq. 7 we differentiate the output power Pout with 
respect to oc, and set the derivative equal to zero, then 
we get the optimum out-coupling fraction 

, ( ) / (1 )

( (1 ) ) / (1 )ss

oc m lo lo

g
lo lo loe

.     (10) 

We can see that the optimal output coupling is determined 
by the passive losses and the initial small signal gain (Fig. 
3).  
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Figure 3: the variation of optimum out-coupling fraction 
with the cavity loss for different initial gain. 
 

The corresponding maximum output power is: 

2
, ) ( 1 )ssg

out m l s lo cP P e P .   (11) 

For comparison, an example of the output power with 
the out-coupling fraction is shown in Fig. 4, it is from 
ref. [2]. the optimum out-coupling fraction in the figure 
is 6%, while using Eq. 10 it is 5.8%.  Comparing with 
the results in references [1,3], the results  given by our 
formula (Eq. 10)  are also in good agreement with them.    

 

 
Figure 4: From ref. [2], the outcoupled intensity is shown as a 
function of the number of roundtrips calculated for different 
output couplers. The small-signal gain was assumed to be 25% 
and 5% losses were assumed. 
 

The Eq.10 gives optimum out-coupling fraction 5.8%. 
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SUMMARY 
In summary a simple formula is given for the optimum 

out-coupling fraction and the corresponding maximum 
output power of an oscillator FEL, it will be helpful to 
design and optimization of an oscillator FEL. The 
obtained formula show that the optimum out-coupling 
fraction is related with initial gain and the passive loss of 
the light in the optical cavity.  

It should be pointed out that when we get the formula, 
we assumed that the passive loss is not varied with the 
out-coupling fraction, which holds under certain 
conditions. For example, in the hole-coupling mode when 
the hole is small. But if the hole is too large, the optical 
field mode will be changed that will have effect on the 
passive loss. Another assumption is that the initial gain is 
the small signal gain, which is applicable to the case of 
the undulator length less than the three gain length, i.e. in 
the low gain regime.  

The results from the formula agree well with the results 
in the references. The more detail comparison with 
numerical simulation will be carried out to check the 
extent of its validity. 
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A SIMPLE METHOD FOR GENERATING A FEW FEMTOSECOND 
PULSES IN SEEDED FELS* 

Li Heting#, Jia Qika, He Zhigang 
NSRL, University of Sicence and Technology of China, Hefei, 230029, China 

Abstract 
We propose a simple method to generate a few 

femtosecond pulses in seeded FELs. We use a 
longitudinal energy-chirped electron beam passing 
through a dogleg where transverse dispersion will 
generate a horizontal energy chirp, then in the modulator, 
a seed laser with narrow beam radius will only modulate 
the centre part of electron beam and short pulses in high 
harmonics will be generated in the radiator. Using a 
representative realistic set of parameters, we show that 30 
nm XUV pulse with duration of 8 femtoseconds (FWHM) 
and peak power of GW level can be generated from a 180 
nm UV seed laser with beam waist of 75 m. 

INTRODUCTION 
There is a rapidly growing interest in the availability of 

extremely short pulses, which have facilitated the rapid 
development of ‘‘ultrafast science’’, including structural 
studies of single biomolecules, femtosecond chemistry, 
etc [1]. In recent years, free-electron lasers (FELs) 
researchers have explored various ways to produce high-
power, ultrashort pulses at XUV and shorter wavelengths 
with a particular emphasis on temporal synchronism with 
external lasers to facilitate pump-probe experiments [2]. 

A definition of the ultra-short X-ray pulses in Ref. [3] is 
the pulse duration of the order of few femtoseconds and 
shorter. A rather natural way to obtain such pulses is to 
use ultra-short electron bunches. However, most of short 
pulse schemes rely upon manipulating one or more 
properties of an ultrashort temporal portion of a much 
longer electron bunch, such as transverse emittance, 
energy or current [4-7]. These manipulations generally 
use a few-cycle, near-IR laser pulse to energy-modulate 
the e-beam so that, when combined with other transport 
elements such as chromatic chicanes, foils, specially 
tuned undulators, the FEL emission will predominately 
arise from the modulated portion.  

In this paper, we propose a new simple method to 
generate a few femtosecond pulses in seeded FELs. A 
both longitudinal and transverse energy-chirped electron 
beam is obtained from a dogleg section and modulated by 
a seed laser with a narrow beam radius, thus only the 
short centre portion of electron bunch is modulated and 
then generate short pulses emission in the radiator. This is 
an easy-to-implement scheme for an existed seeded FEL 
configuration. 

METHODS 
Our scheme, as shown in Fig. 1 in which we place a 

high-gain harmonic generation (HGHG) configuration as 
an example for seeded FELs, does not require any other 
hardware or special properties of electron beam. The 
unique difference is the use of dogleg, however, there 
usually be one or several doglegs in the transport line 
between the linac and undulators.  This scheme can be 
combined with other kinds of seeded FELs, such as echo-
enabled harmonic generation (EEHG) [8], phase-merging 
enhanced harmonic generation (PEHG) [9] and so on. 

 

 
Figure 1: A schematic of the proposed scheme for short 
pulse production. 

We assume an energy-chirped beam at the exit of 
Linac. The energy chirp parameter  

dh
dz

                                     (1)  

is defined such that, for positive sign of h, electrons in the 
head of the bunch have larger energy than those in the 
tail, where  is the relativistic factor and z is the bunch 
length coordinate. Using the electrons with the average 
energy  as the reference particles, for an electron (x0, z0), 
after passing through the dogleg with a momentum 
compaction R56 and a transverse dispersion , we have its 
new coordinates (x, z) as 

0 56 0 0 56 0( ) (1 )z z R hz hR z          (2) 

0 0 0 0( )x x hz hz                  (3) 
Here, we use the condition that the initial slice energy 
spread 0 is much smaller than the chirped energy 
deviation and the initial beam transverse size is much 
smaller than that after dogleg. This approximation is 
reasonable because here the dogleg has a considerable 
dispersion strength and, to obtain short pulse, we need to 
extend the transverse size to an enough big level.  

In this case, we can give the RMS bunch length and x-
plane beam size after dogleg as 

56 0(1 )z zhR                             (4)  ___________________________________________  

*Work supported by Major State Basic Research Development Program 
of China (2011CB808301) and the Fundamental Research Funds for the 
Central Universities of China (WK2310000045) 
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Figure 2: The longitudinal phase space of the electron 
bunch after modulated by a seed laser with narrow waist.  

0x zh                                         (5) 
where z0 means the RMS bunch length prior dogleg. 
In addition, the peak current of electron beam changes  

0
56

1
(1 )p pI I

hR
                            (6) 

Till here the situation is very similar to that in Ref. [1] 
where a slotted foil will be used next and the manipulated 
electron beam will be accelerated again, while in our 
scheme, next the electron bunch will be sent through the 
HGHG configuration. 

We assume a seed laser with a small beam radius of rs 
to modulate the electron bunch. The transverse beam size 
of the seed laser is much smaller than the electron beam’s, 
therefore only the electrons that locate in the optical field 
of the seed laser will be modulated as Fig. 2 shows,  and 
then bunch at the fundamental wavelength and its 
harmonics after passing a chicane. The length of the 
modulated portion bunch can be written as 

mod 56(1 ) s
z

rhR
h

                              (7) 

In fact, we do not need a very accurate energy chirp 
from Linac, especially for the bunch head and tail. A 
roughly energy-chirped electron beam also can achieve 
that only the centre portion of bunch is modulated by the 
seed laser. 

SIMULATIONS 
To show the feasibility of the proposed scheme, as 

mentioned above, we take an HGHG scheme to generate 
XUV short pulses as an example. We consider a set of 
parameters based on Hefei soft x-ray FEL proposal [10]: 
E=800 MeV, Ip=600 A, n=2 mm mrad, slice energy 
spread: =0.01%, RMS bunch length z0=0.5 ps, and 
initial energy chirp:  h=67 at the exit of Linac. The 
HGHG process is simulated by the GENESIS code [11]  

Assuming a dogleg with a momentum compaction 
R56=-7 mm and a transverse dispersion m, after 
passing the dogleg, the electron bunch is compressed by a 
factor of 1.875, therefore, the peak current becomes to be 
about 1125 A. We have roughly designed the dogleg 
settings using the transport matrix method and the 

assuming is reasonable and easy to be implemented. In 
addition, it is worth pointing out that we do not expect to 
compress the chirped bunch too much through the dogleg, 
because when the compression factor is large, the slice 
energy spread will grow dramatically and a large energy 
modulation will be needed, thus, a very powerful seed 
laser will be needed as the modulator is very short. 
Therefore, the bunch is only compressed by a factor less 
than two. The current profiles before and after the dogleg 
are given in Fig. 3. The elements R51 and R52 of the 
transport matrix are neglected here, as these two elements 
can be optimized to a very small level by adding one or 
several quadrupoles in the dogleg and we will discuss the 
affection in the next part.  

 

-400 -200 0 200 400
0

400

800

1200

 I p (A
)

s ( m)  
Figure 3: The current profiles at the entrance(dash line) 
and exit (line) of dogleg. 

To generate short pulses, a 180 nm seed laser with a 
narrow beam waist of 75 m is used. The rayleigh length 
of seed laser can be calculated as:  

2
0r sz                               (8) 

where 0 is the radius of the optical beam waist. Here, zr 
is about 0.1 m. Obviously, this short Rayleigh length will 
lead a rapid growth of the laser beam radius in the 
modulator. Considering this, we use a short undulator 
with 6 periods and period length u=5.4 cm to provide 
period magnetic field for energy modulation. The waist 
position of the seed laser is the centre of the modulator. 
On this condition, the laser beam radius at the entrance 
and exit of the modulator is about twice beam waist. This 
will lead a spread of the length of the modulated portion. 
However, as the electrons in different transverse position 
will obtain different energy modulation, we can suppress 
this spread effect by carefully optimizing the dispersive 
strength of the chicane. The following simulation results 
imply that the modulated portion is much longer than that 
from Eq.(7), but when after chicane the bunched portion 
and radiation pulse have a nearly equal length with that 
from Eq.(7). 

According to Eq.(7), we can roughly calculate the 
length of the modulated portion to be zmod=1 m (3.3 fs) 
and the FWHM length 7.8 fs. We take the sixth harmonic 
for the HGHG scheme. Figure 4 shows the bunching 
factor of 6th harmonic along the electron bunch at the exit 
of chicane.  From Fig. 4, it can be found that the FWHM 
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length of the bunched portion is about 8 fs that is a little 
longer than the result of analytical calculation. We give 
the 30 nm radiation pulse in Fig. 5. The FWHM length of 
the radiation pulse is about 8 fs. The peak power is about 
0.9 GW. 

These results agree with the analysis very well. The 
little extending of radiation pulse length should be 
attributed to the rapid variation of the seed beam radius. 
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Figure 4:  The bunching factor of 6th harmonic along the 
electron bunch at the entrance of radiator. 
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Figure 5: Pulse structure of 30 nm radiation. The pulse 
length is 8 fs (FWHM). 

DISCUSSIONS 
Obtaining the electron bunch chirped in both 

longitudinal and transverse directions is a critical issue in 
this scheme. The initial energy chirp is easy to be 
achieved from the Linac and as mentioned above, it does 
not need to be very accurate. We only care the properties 
of the centre portion bunch. When passing through the 
dogleg, the transport matrix elements R51 and R52 may 
extend the centre portion length by z= R51x+ R52x’, and 
we should control z<< zmod. In a two-dipole dogleg, 
usually the first term is very small enough to be ignored, 
but in the second term, the element R52 is equal to  and 
this may lead a degradation of the quality of the centre 

portion bunch. We have simulated the physical process in 
the dogleg with full matrix, and the results show that it 
does not degrade the FEL performance too much with 
above parameter settings. However, one should optimize 
the transport matrix to minimize R52 for experiments. 

Another important point is controlling the beam radius 
of seed laser, which directly determine the radiation pulse 
length. Limited to the seed wavelength, the seed beam 
radius is also limited since the rayleigh length will be too 
short if the seed beam radius is too small. Besides, due to 
the low up-frequency conversion efficiency, the radiation 
wavelength of the single stage HGHG scheme is limited 
and this may finally lead that the radiation pulse length 
can not be much shorter than the single spike condition. 
Maybe if we combine this scheme with the EEHG 
scheme, the radiation pulse length can be sub-
femtosecond level.  

CONCLUSION 
In conclusion, we have described a simple scheme for 

generating sub 10 fs pulse in seeded FELs. This scheme is 
easy to be implemented because for an existing seeded 
FEL facility, the hardware requirement is already 
satisfied. An extra demand is a seed laser with narrow 
beam waist. Using the HGHG scheme as an example, we 
have shown that 30 nm XUV pulse with duration of 8 fs 
(FWHM) and peak power of GW level can be generated 
from a 180 nm seed laser with beam waist of 75 m.  
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NUMERICAL SIMULATION OF A SUPER-RADIANT THz SOURCE
DRIVEN BY FEMTOSECOND ELECTRON BUNCHES∗

R. Chulkov, B.I. Stepanov Institute of Physics, NAS, Minsk, Belarus
V. Goryashko, Department of Physics and Astronomy, Uppsala University, Uppsala,

V. Zhaunerchyk, Department of Physics, University of Gothenburg, Sweden

Abstract
We summarize our studies for a super-radiant source op-

erating in the THz frequency range. In particular, we focus
on a single-pass planar undulator comprising no guiding
structure. Using a numerical code that supports 3D time-
dependent modeling of radiated fields as well as statistical
properties of electron bunches, we analyze influence of elec-
tron bunch parameters on generated THz radiation and re-
veal some surprising results. More specifically, for the con-
sidered undulator configuration, we predict degradation in
the angular divergence and spectral broadening of the gen-
erated radiation as the electron bunch emittance decreases.
We also demonstrate how electron bunch lengthening asso-
ciated with the electron energy spread can be suppressed.

INTRODUCTION
Pulsed THz free-electron lasers (FELs) are typically

driven by radio-frequency linear accelerators (rf Linacs)
able to produce intense electron bunches with a duration
in the picosecond or even in the femtosecond range. When
the bunch length is much shorter than the resonant wave-
length of an excited electromagnetic field in an undulator,
the bunch radiates like a point-charge giving rise to the so-
called super-radiant regime of an FEL [1]. In this case, out-
put intensity scales as a squared number of all electrons
at the FEL start-up while for SASE (self-amplified spon-
taneous emission) it scales with a number of electrons [2].
The super-radiant regime enables realization of a relatively
compact high-power THz FEL facility based on a single-
pass undulator configuration. At the same time, the oper-
ation efficiency of such a super-radiant source is strongly
affected by the quality of a driving electron bunch such that
the source design requires a numerical modeling, which
should take into account general statistical properties of
electron bunches as well as the THz field diffraction. Be-
low, we present results of such a modeling for a single-pass
THz super-radiant source comprising a planar undulator.

MODEL DESCRIPTION
Our numerical model describes a single-pass interaction

geometry without any guiding structure for generated THz
field. A numerical code accounts for a non-zero bunch emit-
tance and an electron energy spread and enables 3D model-
ing of radiated fields when electron bunches are comparable
to or shorter than the FEL resonant wavelength. The key ap-
proach of the model is the expansion of a THz field into com-
∗ Work supported by the Swedish FEL center

plete sets of mutually orthogonal Hermite-Gaussian modes.
The fast-varying field in a time domain is calculated via in-
verse Fourier transform of the frequency components. De-
tails of our approach can be found in Refs. [3–8]. The model
considers only a single linear polarization of the THz radi-
ation lying in the plane of the wiggling motion of electrons.
We also assume that the injected electron bunch is not astig-
matic and its waist is located at the undulator center in the
ballistic approximation. Then, the initial rms (root-mean-
squared) bunch width σx,y can be written as [9]:

σx,y =

√
ε

(
β0 +

L2
u

4β0

)
, (1)

where ε is the rms bunch emittance, β0 is the geometrical β-
function and Lu is the undulator length. An initial distribu-
tion of macroparticles in an electron bunch was simulated
using a charge weighted algorithm based on the temporal
Poisson statistical properties of electrons [10]. A Gaussian
statistics is used to produce an initial energy spread and
transverse distribution of the macroparticles. Their initial
transverse velocities

[
v0x j ,v0y j

]
have been taken according

to the relations [9, 11]:

v0x j = −ϑx0 jv0z j , v0y j = −ϑy0 jv0z j , (2)

ϑ =
1
β0

(
Lu

2β0
+

2β0

Lu

)−1
, (3)

where
[
x0 j , y0 j

]
are the initial transverse coordinates of the

macroparticles. The numerical code has been implemented
in the double precision arithmetic. The finite-difference in-
tegration scheme of the equations for electron motion as
well as the equations for the Fourier amplitudes is the 4-th
order Bashforth-Moulton predictor-corrector [12] with rel-
ative tolerance control on each integration step. Parameters
of the simulations are listed in Table 1.

Table 1: Parameters of the Simulation

resonant frequency, THz 0.3 1.0 3.0
bunch charge, nC 1.0 1.0 0.5
mean e-energy, MeV 9.0 9.31 16.5
bunch duration, fs 150 150 100
bunch β0-function, m 3.0 3.0 3.0
magnetic flux, T 0.31 0.14 0.14
undulator period, cm 11.0 11.0 11.0
number of periods 9 9 9
undulator parameter Ku 2.26 1.0 1.0
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Figure 1: (Color online) The output energy of THz pulses
as a function of εn for different δ-values at fR=0.3 THz (a)
and fR=3.0 THz (b). The relative THz power is analytically
evaluated for fR=3.0 THz (c).

RESULTS
Figure 1a shows the output energy ETHz of THz pulses

calculated as a function of the normalized bunch emittance
εn for different values of the relative energy spread δ and
resonant frequency fR=0.3 THz. As one can see, the output
energy ETHz is highly sensitive to both the bunch emittance
and energy spread. For the high-quality electron bunch with
εn <1 mm·mrad and δ <1%, the model predicts an out-
put energy up to 1 mJ that corresponds to the conversion
of the electron bunch energy into radiation of more than
10% . This value is approximately an order of the mag-
nitude higher than typical conversion efficiencies of short-
pulse THz FEL oscillators [7, 8]. We explain this by the
fact that in a super-radiant source, electrons lose their en-
ergy coherently as long as the bunch length is far less than

the resonant wavelength. Under these conditions, the elec-
tron energy loss results in shift of the resonant wavelength
to lower frequencies according to the FEL resonant condi-
tion. This is the case of low emittance and energy spread.
However, when the bunch quality degrades, the scatter in
the longitudinal velocities of electrons leads to the bunch
lengthening when electrons in different parts of the bunch
oscillate with a different phase. The relative electron phase
reaches π-value when the bunch length approaches a half
of the resonant wavelength or exceeds it. Under such con-
ditions, the mutual coherence between different part of the
bunch gets broken and the output energy drops drastically
(Fig. 1a). Thus, ETHz<100 μJ for εn>50 mm·mrad regard-
less of the δ values. For εn ≈5 mm·mrad, the same ETHz
values are also predicted when δ>13%.

For resonant frequency fR=1.0 THz, our model predicts
nearly the same level of the peak output energy, ETHz>0.8
mJ. However, in this case, the energy is more sensitive to
the bunch quality. This is because of a shorter resonant
wavelength and more stringent requirements to a tolerable
scatter in electron velocities. For fR=3.0 THz, we did not
observe any noticeable output for a bunch duration of 150
fs since, under such conditions, the bunch length was close
to the FEL resonant half-wavelength. Figure 1b shows nu-
merical results obtained for 100 fs bunch duration. In com-
parison with the data shown in Fig. 1a, there is a notice-
able decrease in ETHz, that does not exceed 0.3 mJ even
if the super-radiant source is driven by high-quality elec-
tron bunches. For moderate-quality bunches (δ = 4% and
εn = 20 mm·mrad), predicted ETHz value is only ∼8 μJ.

A comparison of the numerical data with the prediction
of the analytical theory [14] (Fig. 1c) indicates that the nu-
merical model is more sensitive to εn but it is less suscep-
tible to δ. Specifically, the calculated output energy drops
8.2 times whereas the theoretical power does 2.3 times as εn
increases from 0.5 to 32 mm·mrad. When δ increases from
0.2 to 6.4%, the calculated energy and the theoretical power
gain drops 3.3 and 8.3 times, respectively. The discrepancy
between the numerical and theoretical dependencies can be
explained by the fact that at relatively low εn values, the
electron bunch lengthening caused by a non-zero electron
energy spread can be suppressed (Fig. 2). Such suppres-
sion is directly related to the bunching effect of the gener-
ated THz wave, which tends to group electrons in such a way
that they are pulled into regions of the peaks of the electric
field. This bunching enhances electromagnetic emission at
low εn when the electron current density is relatively high.
However, at high εn or low current density, the intensity
of the THz field is insufficient for electron bunching, see
Fig. 2(a).

Figure 3 shows the normalized THz spectra calculated at
fR=3.0 and 1.0 THz. The undulator parameter Ku is equal
to 1.0 for all the cases presented and no evident high-order
spectral harmonics are observed. As is seen, all the spec-
tral distributions are extended from the resonant frequency
towards the low-frequency side. The resonant frequency ap-
pears as a cut-off value above which spectral intensities di-
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Figure 2: (Color online) The density maps of electron tra-
jectories in a coasting frame calculated for εn=64 mm·mrad
(a) and εn=4 mm·mrad (b) when δ=1% and fR=1.0 THz.

minish to almost zero. Causes of such spectral extension to
low-frequencies will be discussed below and here we just
mention that an increase in duration of a driving electron
bunch leads to additional broadening of the spectrum and
frequency down shift of its peak intensity. For instance, at
fR=3.0 THz the relative width of a super-radiant pulse ex-
ceeds 100% when the bunch duration is greater than 100 fs
(Fig. 3a). The spectral broadening with an increase in the
bunch duration is due to enhanced contribution of SASE
for which an effective interaction length with the electron
bunch is less than the undulator length due to diffraction
walk-off out of the interaction region. Similar broadening
is also observed when δ grows. In this case, however, the
shift of the peak spectral intensity is negligible (Fig. 3b).

The spectral changes due to the variation in εn require a
more detail discussion. Figure 3c demonstrates that a de-
crease in εn leads to both the shift in the peak intensity and
spectral broadening. However, the cause of such a broad-
ening is quite different from the above two cases. It turned
out that this spectral behavior is directly related to spatial
properties of the generated radiation. In order to reveal its
physical origin, we calculated the output transverse energy
density distributions of the THz radiation for low and high
εn values, which are shown in Fig. 4a and Fig. 4b, respec-
tively. The former exhibits a broad halo of more than the
50 mm width. In the second case, the THz beam width is
several times narrower (∼10 mm, FWHM) and despite pro-
nounced astigmatism in its transverse profile, it is close to a
Gaussian distribution both in vertical and horizontal direc-
tions. The spatially broadened THz field at the undulator
output at the low εn value is due to the enhanced off-axial
field contribution. This contribution grows with an increase
in the diffraction angle αd = c/ (2π f w0), which is in in-
verse proportion to the transverse width w0 of the region
where electrons emit coherently.
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Figure 3: (Color online) The scaled output spectra calcu-
lated for different bunch durations at fR=3.0 THz, δ=1%,
and εn=4 mm·mrad (a); for two δ values at fR=1.0 THz
and εn=8 mm·mrad (b); for two εn values at fR=1.0 THz
and δ=1% (c).

The off-axial FEL resonant condition shifts fR to the
lower values with an increase in the angle between obser-
vation direction and the undulator axis [13]. Thus, when
εn decreases, the w0 value decreases as well (Eq. 1c) giv-
ing rise to the spatial divergence of the THz radiation that
leads to enhanced off-axial intensity and spectral broaden-
ing. Such a conclusion is supported by comparison of the
THz spectra calculated at εn=4 mm·mrad over the trans-
verse region of 80 × 80 mm and a paraxial part, which is
confined by 10 × 10 mm. The paraxial spectrum is con-
siderably narrower and its peak intensity is close to the fR
value (Fig. 3c).

The spectra of the super-radiant THz radiation shown
in Fig. 3 are given for the undulator parameter Ku = 1
such that no evident high-order harmonics are recognized.
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Figure 4: (Color online) The density map of a transverse
distribution of radiated energy calculated for fR=1.0 THz,
δ=1%, εn=4 mm·mrad (a) and εn=64 mm·mrad (b).

Meanwhile Fig. 5 demonstrates the spectrum calculated for
fR=0.3 THz and Ku ≈ 2.3. One can clearly see both
odd and even frequency harmonics in the spectrum. Note
that the paraxial spectrum is enriched by odd harmonics
whereas even harmonics are more intensive in the integral
spectrum. This observation agrees with the FEL theory for
the off-axial light generation [13].
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Figure 5: (Color online) The scaled output spectra of the
whole super-radiant pulse and only of a paraxial region cal-
culated for fR=0.3 THz, δ=1%, εn=4 mm·mrad.

CONCLUSION
We have analyzed radiation properties of an single-pass

super-radiant THz source having a simple undulator with
plane magnets. The comparison of the analytical and nu-
merical results indicates that our numerical model predicts

the radiation output to be more sensitive to the bunch emit-
tance but less susceptible to the electron energy spread. The
discrepancy is related to the bunching effect of the THz field
on electrons that enhances the FEL output at low emittance
values. We have also investigated the impact of the electron
bunch quality on spectral and spatial properties of the THz
radiation and shown that the increase in the bunch duration
and electron energy spread leads to the spectral broadening.
The cause of such a spectral broadening is the enhanced con-
tribution of SASE. For the considered interaction geometry,
we predict degradation in angular divergence of the gener-
ated radiation and its spectral broadening as the electron
bunch emittance decreases. Such degradation and broaden-
ing have been shown to be directly related to the diffraction
and the FEL resonance condition for off-axis light genera-
tion.
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X-RAY SMITH-PURCELL RADIATION FROM A BEAM SKIMMING A 
GRATING SURFACE 

D.Yu. Sergeeva, A.A. Tishchenko*, NRNU “MEPhI”, Moscow, Russia 

Abstract 
X-Ray Smith-Purcell radiation, i.e. the radiation from a 

beam of charged particles moving above a periodical 
target parallel to its surface, is considered for the case 
when a part of the beam crosses the target. The radiation 
arising is the superposition of Smith-Purcell radiation 
and transition radiation (TR) from the grating. The 
analytical expression for spectral-angular distribution of 
radiation is obtained. It is shown that characteristics of 
radiation in this case differ considerably from the 
characteristics of radiation for the bunch with uniform 
distribution. The incoherent form-factor of bunch with 
Gaussian distribution of particles has been obtained; it is 
proved to provide a considerable increase of the radiation 
intensity in conditions when bunch skims the grating. 

INTRODUCTION 
Smith-Purcell radiation as a base of Free Electron 

Lasers is actively studied experimentally and theoretically 
in recent years [1]-[3]. Usually the beam is supposed to 
move at some distance above the target surface. In 
practice this distance is chosen to be minimal in order to 
broaden the spectrum of radiation to high frequencies, 
therefore the beam passes very close to the target surface. 
Along with that, experimental data contains the 
information about grating heating, which is apparently 
caused by interaction of the beam with the grating. For 
example, authors of article [4] suppose that the beam 
skims the grating surface. There has been no theory of 
Smith-Purcell radiation for such conditions yet. We give 
the analytical description of X-Ray radiation arising when 
the beam of charged particles moves above the periodical 
target and a part of the beam crosses the target. The 
radiation arising is the superposition of Smith-Purcell 
radiation and transition radiation (TR) from the grating. 
This radiation determines the process of beam bunching 
and, consequently, gains of radiation. 

Talking of SPR in this article we shall mean that this is 
the special case of DR – Diffraction radiation for 
periodical target, i.e. grating. So, sometimes we shall 
mention DR, meaning that lion share of the bunch goes 
above the target surface, and sometimes mention TR, 
when considerable part of the bunch intersects the edges 
of the target. 

FIELD OF RADIATION 
We consider Smith-Purcell radiation from the bunch of 

N  particles. The grating consists of stN  strips with 
________________________  
*tishchenko@mephi.ru 

dielectric permittivity � �� �  and vacuum between the 
strips. The width of a strip is a , the grating period is d . 
We assume that each particle has the charge e  and moves 
uniformly with the constant velocity � �, ,0 ,x yv v�v �  is 
the angle between the beam velocity and axis x , see 
Fig. 1. The center of the bunch is at a distance h  above 
the grating surface � �0h �  or under the surface � �0 .h 	  

The radius-vector of m-th particle is � �, , .m m m mx y z�r  
We would like to emphasize that these coordinates can be 
negative. To find the field of radiation we use the method 
of polarization, described for single-particle radiation in 
more detail in monograph [5] and developed for the 
radiation from the bunch in [6], [7]. 

 

 
Figure 1: Bunch skimming a grating surface generates 
radiation (a) side view; (b) top view. 

In X-Ray frequency range the dielectric permittivity 
has the form: 

1 ,i� 
 
� ��� � �         (1) 

where 2 2 ,p
 � �� �   p� �p� , p�  is the plasma 
frequency. Now we consider non-absorbing medium i.e. 

.
 
�� � .
�
  

 

  
  

  

  
  

    

  

 

  

        
  

  

  

  

TUP013 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

378C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Theory



 
 

The Coulomb field of each particle polarizes the target 
and due to it the radiation is generated. The polarization 
current density has the form: 

� � � �� � � �0, 1 , .
4 i
�� � � �
�

� j r E r   (2) 

Here � �0 ,�E r  is the Coulomb field of the bunch. Its 
Fourier image can be written as: 

� � � �
2

0 2 2 2 2
1

, .
2

m

N
i

m

ie с e
q c

�� � �
� �



�


�  

� qrq vE q qv   (3) 

The field of radiation is defined by polarization current 
density [1]: 

� � � �3
2, , .

ik r
i

V

i e d r e
c r
�� �

�
� �

� �� �
� � � �� � �� �

� �� �� �
� k rE r n n j r  (4) 

Here � � c� � �� ��k n  and the prime means the value in 
the medium. In Eq. (4) it is integrated over the area of 
generation of the radiation, i.e. over the volume of the 
target .V  

It should be noticed that if the problem contains the 
interference and coherence phenomena then it is needed 
to take into account the law of refraction even in high-
frequency region [6]. In this paper we allow it for the 
upper edge: 

� � � �� �1
22 , , 1 ,x y zn n n� � � �� �  �n   (5) 

� �, ,x y zn n n�n  - the unit vector of the wave-vector in 

vacuum: c��k n . It is easy to see that the minimal 
value of zn  exists: 

� �min 1 ,zn � ��    (6) 

for which the waves incident to the target edge are 
ordinary plane waves. For min

z zn n	  the incident waves 
are evanescent. In this paper we shall consider only case 
of comparatively big angles min ,z zn n�  because the case 
of radiation at grazing incidence needs more the case, so, 
we have the limit for defined by Eq. (6).  

Thus, after integrating in Eq. (4) using Eqs. (2), (3) and 
taking into account the law of refraction Eq. (5) one can 
obtain the field of Smith-Purcell radiation from the bunch 
skimming a grating surface: 
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INCOHERENT AND COHERENT FORM-
FACTORS 

Knowing the field Eq. (7)  one can obtain the spectral-
angular distribution of radiation: 

� � � � 22,
, .

dW
cr

d d
�

�
�

�
�

n
E r   (8) 

Angle brackets ...  mean the averaging over the 
locations of all the particles. Eq. (8) can be written as  

� � � � 2 2
2 2

12

, 11 ,
137 2 st

x

dW
F F G

d d c
� � � �
� ��

 !
� " #

� $ %

n
� 137

�   (9) 

where  

� �
22

2
1

.y mm z m

N
ik yi x ik z

m
m

G e e e
c

��  � 

�

� �� �� � �� n n L   (10) 

The factor G  determines the radiation from the bunch, 
that is why we will call it form-factor; however, it differs 
from what is usually called form-factor (see Eq. (19) or 
monograph [5] in more detail). The reason to use this new 
denomination is that in our case it is impossible to 
separate from G  the multiplier usually contained in the 
spectral-angular distribution of the single particle. In the 
limiting cases of “pure” DR and TR our form-factor G  
(Eq. (10)) turns into the production of usual form-factor 
and the part of single-electron density of radiation. 

Factor 2
stF  defines the dispersion relation of Smith-

Purcell effect in Diffraction radiation (which is usually 
called mere Smith-Purcell radiation, SPR): it has sharp 
maxima at 

2 , 1,2,...SP SPd n n� �� � , (11) 

where  

� � .xv� �� kv   (12) 

Using properties of sum and averaging in Eq. (10) one 
can obtain the form factor as the sum of coherent and 
incoherent form-factors (see also [6]-[10]): 

 

� �1 .inc cohG NG N N G� �                (13) 
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Let us consider the bunch of non-interacting particles 
with Gaussian distribution. In this case the distribution 
function is 

  

� � � � � �22 2

22 2

sin coscos sin

3 2 ,

m mm m m

yx z

x yx y z h

x y z

e e ef
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&& &

� & & &

 ��  

�    (14) 

where h  is z-position of the bunch center, which can be 
both positive and negative. After some calculations it is 
possible to find cohG  and incG  from Eq. (10): 
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where � � 2

0

2 x
tx e dt

�
' � �  - is the Laplace function, * - 

means conjugate complex value; 
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We would like to draw reader’s attention to the 
exponents in Eqs. (15) and (16) which are proportional to 

the square of the radiation frequency (which is contained 
in � , for example). It may seem that these exponents 
increase indefinitely with � () . However, it is known 
that for x ()  the asymptotic form of Laplace function 
is 

� �
2

1 .
xex

x �



' ( ) *    (17) 

Thus, cohG  and incG  decrease with growing of frequency 
(one can see it above in Fig. 2). Also, considering the 
limiting cases � () , 0h �  (Diffraction radiation) and 
� () , h ()  (Transition radiation) it is useful to 
keep in mind that � � � �x x'  � ' . The results obtained 
(Eq. (9) with Eqs. (13), (15) and (16)) for radiation of a 
single charged particle turn into results of article [11] in 
case of 0h �  (DR), and into results of [12] in case of 

0h 	  (TR). 

ANALYSIS 
 To plot the figures we put: 

sin cos ,
cos ,

sin sin .

x

y

z

n
n
n

+ ,
+

+ ,

�
�

�

            (18) 

In all figures with the exception of Figs. 2 and 4 the 
length of the bunch is too big to observe the coherent 
radiation and this is the incoherent radiation that makes 
the main contribution. 

Figure 2 demonstrates the coherent and incoherent 
form-factors for Gaussian distribution of the particles in 
the bunch in dependence on the wavelength of radiation. 
It is plotted for parameters of SLAC (FACET, 

20E GeV� ). To compare this two function we have to 
choose very short bunches ( 10x nm& � ). Had we not use 
that order of the bunch length, the coherent form-factor 
would have been too small to be noticeable. This 
functional behaviour is different for the bunch with 
uniform distribution of the particles [6]. Moreover, as 
opposed to the uniform distribution of the particles in the 
bunch, the incoherent form-factor dominates starting from 

x- & x&  and less, see Fig. 2. Nevertheless, both for 
Gaussian and uniform distributions the incoherent part of 
form-factor should be taken into account (see comparison 
between incoherent form-factors for Gaussian and 
uniform distributions in Fig. 3). Figure 3 is plotted until 
value of wavelength corresponding to 3 .p� ��  

In Fig. 4 the dependence of coherent and incoherent 
factors on � is demonstrated. It is plotted for value of �  
satisfying to the Eq. (6). The values of viewing angles 
satisfy the third maximum from Smith-Purcell dispersion 
relation ( 3SPn � ). One can see that the more the angle 
between the beam velocity and the rulings direction is, the 
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more intensive radiation can be obtain. We would like to 
stress that in case 0� .  the radiation is distributed over 
the cone surface [13] with cone angle 

� �1arccos sin+ � �� . The features of this case demand 
the separate consideration. For clarity, all figures 
hereafter will be plotted at 0� � , excluding Fig. 4.  

 
Figure 2: The coherent (solid black) and incoherent 
(dashed red) form-factors for Gaussian distribution of the 
particles in the bunch. Here 26.3p eV� � 26.p� � (beryllium), 

44 10/ � 0 (energy of FACET, SLAC), 1010 ,N �  0,� �

6,, ��  60 ,h m1�  10 ,x nm& �  5 .y z m& & 1� �  

 
Figure 3: The incoherent form-factor for uniform (dashed 
red, results from [6]) and Gaussian (solid black) 
distribution. Here 26.3p eV� � 26.p� � (beryllium), 44 10/ � 0  

(energy of FACET, SLAC), 1010 ,N �  0,� �  6,, ��  
60 ,h m1� 20 ,x m& 1�  15 .y z m& & 1� �  

The spectral-angular distribution of Smith-Purcell 
radiation for different values of impact-parameter is 
shown in Fig. 5. Our results permit to see the transition of 
diffraction radiation (DR) into TR and, moreover, they 
describe the case when one half of the bunch is above the 
target surface, while the other is under it (see the black 
solid curve in Fig. 5).  

 
Figure 4: The coherent (solid black) and incoherent 
(dashed red) form-factors for Gaussian distribution of the 
particles in the bunch depending on � . Here 

26.3p eV� � 26.p� � (beryllium), 9.1 nm- � , 44 10/ � 0

(energy of FACET, SLAC), 1010 ,N �  60 ,h m1�  

10 ,x nm& �  5 ,y z m& & 1� �  � �1arccos sin ,+ � ��

3,SPn �
� �cos 21arccos .

sin
SPcn d� � ��

,
� +

� �
� � �

� �
  

 

 
Figure 5: The spectral-angular distribution of radiation 
from the bunch when its center is above the target surface 
(dashed red), under it (dotted blue), on the surface (solid 
black). Here 7stN � , 0.9d m1� , 2a d�  and other 
parameters as in Fig. 3. 
 

The spectral-angular distribution of the radiation from 
the bunch moved under the target surface for 
comparatively low energy of electrons is shown in Fig. 6. 
With growing of the distance between the bunch center 
and the target surface the differences in intensity of 
radiation becomes insignificant and goes to the 
distribution of TR from the infinity strips. 
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Figure 6: The spectral-angular distribution of radiation 
from the bunch when its center is under the target surface 
(dashed red and dotted blue) and on the surface (solid 
black). Here 26.3p eV� � 26.p� � (beryllium), 20/ �  (energy 

of LUCX (KEK, Japan)), 7,stN �  1010N � , 0,� �  
6,, ��  30 ,x m& 1�  10 ,y z m& & 1� �  0.9 ,d m1�

2.a d�  

 
 Usually, the spectral-angular distribution of radiation 
from the bunch is written in the following form:  

� � � � � �1, ,
1 ,coh

dW dW
N N N G

d d d d
� �
� �

�� � � �� �� �
n n

d d� �d d
� � ��� �N N N�N N N�

dd
  (19) 

where � �1 ,dW d d� ��n �  is the spectral-angular 
distribution of radiation from a single particle; the 
designation cohG�  with prime is used in order to indicate 
that it does not coincide with the coherent form-factor 

cohG  from our expression (see Eqs. (13) and (16)). 
We would like to stress, that form of Eq. (19) is, 

generally speaking, not correct. There are two reasons for 
this. First is that in Eq. (19) the incoherent form-factor 
has not been taken into account. Second, using Gaussian 
distribution we always deal with the polarization 
radiation, which is the mixture of Diffraction radiation 
and Transition radiation – there are the “tails” of 
distribution that are on the other side of the upper edge of 
the target. Therefore, we can tell about TR or DR only in 
limiting cases, when bunch is distant enough from the 
upper edge of the target.  

In Fig. 7 we plot the correct distribution (solid black 
curve) and distribution from Eq. (19). As one can see, the 
difference can be considerable.  

The spectral-angular distribution depending on impact-
parameter is shown in Fig. 8. The angle ,  corresponds to 
the third peak of SPR. Black solid curve corresponds to 
our results, red dashed - to the results obtained by usual 
way (see Eq. (19)). One can see that for impact-parameter 

zh &2  they are very close to each other, but for negative 
h  situation changes.  

 
Figure 7: The spectral-angular distribution of incoherent 
radiation for correct (black solid, incG  from Eq. (15)) and 
incorrect (red dashed, 1incG � ) calculation of the form-
factor. Here 7,stN �  0.5 ,d m1�  2,a d�  3 ,p� ��

17h m1�  and other parameters as in Fig. 3.  

 
 
Figure 8: The spectral-angular distribution depending on 
impact-parameter: DR for 0h � , TR for 0h 	 . Black 
solid curve corresponds to our results, red dashed - to the 
usually considered results (see Eq. (19)). Here 7,stN �  

0.5 ,d m1�  2,a d�   24.6, � 3  ( 3SPn � ) and other 
parameters as in Fig. 3. The curves are plotted for 

3 p� �� , i.e. 20x m- & 1�x& 20x , which corresponds to 
incoherent radiation. 

CONCLUDING REMARKS 
The existence of incoherent form-factor was denoted 

more than a decade ago [9], [10], but for the first time it 
has been obtained in analytical form and analyzed only 
recently [6] for uniform distribution of the electrons in 
bunch.  

In this work we obtain the incoherent form-factor for 
Gaussian distribution, along with the coherent one. It is 
proved, that for the case considered (particles of the 
bunch go both through the target and above it), spectral-
angular distribution of radiation has the features both 
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resonant DR and resonant TR. Therefore, the resulting 
intensity of radiation coincides with habitual Eq. (19) in 
case of incoherent X-ray TR only when 4h /�- �� , 

and in case of DR only when 4 5min , 4zh & /�- ��  - see 
Fig. 8. It is interesting to see, that Fig. 8 demonstrates the 
strong effect of the edge, and along with that shows the 
peak of transition radiation caused by incoherent form-
factor. 

The theory developed is valid for arbitrary energies of 
the particles, for Gaussian distribution and for UV and X-
ray domain of photon energies ( p� �p� , which in 

practice stands for 3 p� �� ).  
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FORWARD X-RAY AND ULTRAVIOLET SMITH-PURCELL RADIATION 
FOR FEL 

A.A. Tishchenko*, D.Yu. Sergeeva, NRNU “MEPhI”, Moscow, Russia 

Abstract  
Smith-Purcell radiation in X-Ray and UV frequency 

range is investigated. The particle is supposed to move at 
arbitrary angle to the rulings direction parallel to a grating 
surface. The radiation going both through the upper and 
forward target edges is taken into account. Spectral and 
angular characteristics of the forward radiation are 
discussed. The influence of oblique incidence of the 
particle to the grating in on the intensity of radiation is 
analyzed. 

INTRODUCTION 
The scheme of Free Electron Lasers based on Smith-

Purcell effect is well known to describe the process of 
interaction between an electron beam and evanescent 
wave, which bunches this beam. In this work we 
concentrate on the process of generation of the radiation 
propagating at small angles. In terms of approach 
described in detail in [1]-[3], we investigate the Smith-
Purcell radiation at oblique incidence of a single charged 
particle for X-Ray and UV frequency region. This 
forward radiation propagates through all region of the 
beam moving, whereas the usual surface waves existing 
in FELs [4] decrease exponentially with distance from 
the surface. Therefore, the forward radiation considered 
in this article is able to provide more close interaction 
between the beam and the radiation, than the surface 
waves.  

FIELD OF RADIATION 
Let the charge e  moves with constant velocity 

, ,0x yv vv  at a distance h  above the upper edge of a 

target. The target consists of N  strips with dielectric 
permittivity  with air between strips. The period of 

the grating is d . The size of a strip is , ,a b (see Fig. 
1). We find the radiation field using the polarization 
current method. The essence of this method is following. 
The Coulomb field of a moving particle 0 ,E r  acts 
upon material of the target and excites dynamically 
changed polarization currents in it. This leads to arising of 
the radiation determined by Fourier-image of the current 
density ,j r : 

0, 1 , .
4 i

j r E r  (1) 

For X-Ray frequency region  

p           (2)  

 

the dielectric function of a medium can be written as: 

 

 
Figure 1: The geometry (a) side view, (b) top view. 

 

1 ,i   (3) 

where 2 2
p , p  is the plasma frequency, which 

is usually in the range of 15 - 35 eV, in dependence on the 
target material. The case of absorbing medium can be of 
interest, for example, to deal with X-ray Cherenkov 
radiation [5], [6]; now we restrict our consideration to  
non-absorbing mediums only, i.e. . However, as 
the absorption in X-ray region plays a role mainly near 
narrow lines, our results remain valid in rather wide range 
of parameters. 

The radiation field is determined by current density as 

3
2, , ,

ik r
i

V

i e d r e
rc

k rE r n n j r  (4) 

where it is integrated over the region of existence of 
polarization currents, i.e. over the target volume V ; the 
prime in the designation of wave vector 

ck n  stands for the value inside the matter.   
To obtain the field of forward radiation we should take 

into account the refraction of radiation at two target 
edges: the upper one and the forward one (see the red 
lines in Fig. 1). Allowing for the law of refraction is 
important here because of periodicity of the target. The 
matter is that, despite the weakness of the effect of the 
refraction in X-ray range, for numerous periodic sources 
of radiation the effect of refraction is accumulated and 
becomes prominent. 

TUP014 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

384C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Theory



In brief, we divide the effective area of integration V  
into two parts 1V  and 2V  in z-direction by plane

z xz n x a sd n . Here s  is the number of the strip. 

So, the radiation generated in the volume 1V  refracts at 
the upper edge, the radiation generated in the volume 2V  
refracts at the forward edge. 

The refraction laws for upper and forward edges give 
us the relations for the unit wave-vectors 1n  and 2n of 
radiation propagating in 1V  and 2V  - inside the target, 
and n  - out of the target: 

1 2 2
1

1 2 2
2

, , 1 ,

1 , , .

x y z

x y z

n n n

n n n

n

n
  (5) 

Generally speaking, there are two different situations 
when the laws of refraction are allowed for:  

I. without taking into account inhomogeneous plane 
waves; 

II. taking into account only inhomogeneous plane 
waves. 

The case I is realized if 2 1zn ; then z-
component of the wave-vector in medium 1zn  is real, 
which corresponds to the ordinary plane waves. The case 
II takes place if 2 1zn ; then z-component of the 
wave-vector in medium 1zn  is imaginary and it 
corresponds to the inhomogeneous evanescent waves. 

The same situation can arise with the x-component of 
wave-vector, but it will give radiation mainly at the big 
angles. Our goal in this work is to analyse forward 
radiation, which accompanies and acts upon the moving 
beam during a considerable part of its way. So, below the 
condition 2 1xn  is thought to be always satisfied. 

Let us start with the first more general case of 
2 1 .zn After integrating in Eq. (4) the total field 

of radiation takes the form: 

1
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cL A e k

A
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  (7) 

Indexes 1, 2 are used for radiation generated in 1V  and 

2V correspondingly. Variable without the index means it 
is the same for radiation generated in 1V  and 2V . Using 
well-known expression for spectral-angular distribution  

22, ,dW d d cr En r  

we get: 
2 2 4

1 2 32 4

, 1 1 .
137 4

h
j j j

x

dW e q q q
d d c

n
 

Here index I, IIj  corresponds to the cases I and II.  
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Now let us consider the second case. Here 
2 1zn , i.e. the wave in the matter is evanescent. 

The total field of radiation has the form of Eq.(6), the 
spectral-angular distribution has the form of Eqs.(8), but 
here: 

1 1
1 1 1 1 1 1

1 1

, ,z z
z z z

x x

m mn im y x m
n c n

2
II 1

1 2 2
11

22
1 11

2 2
1 1 1

1 11 1 1 1

1 1 1

sin 2
sin 2

4sin 24sin 2

sin 28sin 2
cos ,

2

z

N dQq
dm c

y x aa

y x

y x aa x y a
y x

 
II I

2 2q q  and 2x , 2y  are the same as in first situation. 
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ANALYSIS OF THE RESULTS
 To analyse the results we put  

sin cos ,
cos ,

sin sin .

x

y

z

n
n
n

  (9) 

Moreover, we choose the value of angle 
1arccos sin ,  because for it the exponent 2 he  

in Eq. (8) has maximum, and the maximal radiation is 
distributed near the cone surface with the cone opening 
equal 1arccos sin  (in more detail see [7], [8]). 

 
Figure 2: The total spectral-angular distribution of Smith-
Purcell radiation. Here 26.3p eV (beryllium), 

44 10 (energy of FACET, SLAC), 7,N 30 ,
1arccos sin , 1.5 ,d m 4,a d 0.15 ,b m

60h m , 6.75 m , arcsin 1 sincr . For 

cr  there are inhomogeneous evanescent waves in the 
medium, for  cr  there are usual plane waves in the 

medium. For arctans b d a  it is needed to 
take into account the radiation refracted on the forward 
edge of the strip and propagating through the next strips. 
 

Figure 2 demonstrates the spectral-angular distribution 
of the radiation depending on the angle .  It represents 
the set of peaks like usual Smith-Purcell radiation. The 
value of ,dW d dn  for 0  is maximal and 
equals 19.8  for parameters taken. Obtaining Eq. (8), we 
suppose rather big grating period: 

     2 2 .z xd a n n b       (10) 

We do so in order not to consider the radiation generated 
in one strip and going through the next strips, which 
would require much more complicated calculation. 

Solving the inequality (10) relative to  with help of 
Eq. (9), it is easy to get the restriction 

  arctan .s b d a  (11) 

The minimal value s  is shown in Fig. 2 as red dashed 
line with arrow. To consider the area of s  one 
should take into account the radiation refracted on the 
forward edge of the strip and propagating through the 
next strips. As we said above, there is some critical value 

1cr
zn  or, using the third of Eqs. (9), there is 

  arcsin 1 sin .cr   (12) 

For cr  there are inhomogeneous plane (evanescent) 
waves in the medium, for  cr  there are usual plane 
waves in the medium. The value cr  is shown in Fig. 2 as 
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thin red line with arrow. Figure 2 is plotted up to the 
value  

 
1

min arccos ;arctan .
sinmax

b
a

  (13) 

The first quantity in braces arises from the inequality 
2 1xn , the second one arises from the condition 

 2 2 ,z xb a n n       (14) 
which is of common sense for thick enough strips; for 
thin strips the independent calculations are required. 
 

 
Figure 3: The total spectral-angular distribution of the 
Smith-Purcell radiation depending on . Here 

0.2 rad  and other parameters the same as in Fig. 2. 

Figure 3 demonstrates the spectral-angular distribution 
in dependence on the angle between trajectory of the 
particle and the grating rulings. We would like to notice 
that with the growing of  the angle 

1arccos sin  changes. This graph shows the 
radiation in the plane perpendicular to the xz-plane and at 
constant angle to the grating plain.  One can see that for 
fixed value of viewing angle  and for 0  the 
radiation is not maximal. It is possible to observe more 
intensive radiation turning the grating relative to z-axis. 
The different maxima in Fig. 3 correspond to the peaks of 
Smith-Purcell radiation (different diffraction orders). 

CONCLUSION 
We developed theory for the radiation from the single 

particle moving parallel to the grating surface at arbitrary 
angle to the rulings direction. Refraction of radiation on 
both target edges proves to influence significantly on 
Smith-Purcell radiation spectrum in UV and soft X-ray 
ranges of frequency. 

It was shown that for fixed value of observation angle 
and for particle moving perpendicular to the ruling 
direction the radiation is not maximal: it is possible to 
observe more intensive radiation turning the grating 
relative to z-axis. 

REFERENCES 
[1] A. P. Potylitsyn et al., Diffraction Radiation from 

Relativistic Particles, Berlin: Springer-Verlag, 2011. 
[2] D. Yu. Sergeeva et al., “UV and X-ray diffraction 

and transition radiation from charged particles 
bunches,” Nucl. Instruments and Methods B, vol. 
309, p. 189, 2013. 

[3] A. A. Tishchenko et al., “Diffraction radiation from 
an ultrarelativistic charge in the plasma frequency 
limit,” Phys. Rev. E, vol. 70, p. 066501, 2004. 

[4] H. L. Andrews et al., “Reconstruction of the time 
profile of 20.35 GeV, subpicosecond long electron 
bunches by means of coherent Smith-Purcell 
radiation,” Phys. Rev. ST AB, vol. 17, p. 052802, 
2014. 

[5] W. Knulst et al., “High brightness, narrowband, and 
compact soft x-ray Cherenkov sources in the water 
window,” Appl. Phys. Lett., vol. 83, p. 4050, 2003. 

[6] A. A. Tishchenko et al., “X-ray diffraction radiation 
in conditions of Cherenkov effect,” Phys. Lett. A, vol. 
359, p. 509, 2006. 

[7] A. A. Tishchenko et al., “Backward Smith-Purcell 
Radiation,” in Proc. of RREPS 2013, Erevan, 
Armenia, 2013. 

[8] O. Haeberle et al., “Smith-Purcell radiation from 
electrons moving parallel to a grating,” Phys. Rev. E, 
vol. 55, p. 4675, 1997. 

 

Proceedings of FEL2014, Basel, Switzerland TUP014

FEL Theory

ISBN 978-3-95450-133-5

387 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



RADIATION AND INTERACTION OF LAYERS IN QUASI-PLANE 
ELECTRON BUNCHES MOVING IN UNDULATORS 

N. Balal, Ariel University, Ariel, Israel *, V.L. Bratman, Ariel University, Ariel, Israel and Institute 
of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia  

Abstract 
A simple general 1-D theory of coherent spontaneous 

undulator radiation from dense bunches allows easily 
taking into account both Coulomb and radiation 
interaction of the particles in the bunches with arbitrary 
densities, velocity distributions and energy chirps. The 
theory can be applied for estimations of THz radiation 
sources.  

RADIATION OF A MOVING PLANE 
Generating powerful coherent THz radiation from 

dense and relatively low-energy electron bunches formed 
in compact laser-driven photo-injectors [1-8] is a fairly 
complicated task because of strong Coulomb repulsion of 
“insufficiently heavy” particles. To overcome it, one can 
apply energy chirping [6, 8] or/and formation of quasi-
plane bunches with increased transverse size [4, 7]. The 
main properties of radiation and dynamics for such 
bunches may be found from the simplest 1-D model 
representing a bunch as a set of moving charged planes. 
The field of a plane that consists of electrons moving 
synchronously along arbitrary identical trajectories ( )r t

  

can be written in the form [3] 

1
2 , 2 ( )[1 ( )] , .

z z
E s E t s t H s z E

   
        

   
 

Here,   is a surface charge density, /v c 
   is the 

normalized electron velocity, sgn[ ( )]s z z t  , t is the 

retarded time. Unlike the Lienard-Wiechert field of a 
point charge, the field of the plane is finite at the charges 
and determine both the self-action of the charged plane 
and its radiation. If the particles oscillate in the plane and 
move with a ultrarelativistic translational velocity

z , the 

plane generates coherent spontaneous radiation that is 
contracted/stretched and increased/decreased by amplit-
ude in the passing/counter z directions, respectively. 

The motion of electrons in a linearly polarized undulator 

field 0 cos(2 / )uH y H z d
 

 and own field of the charged 

plane is described by self-consistent equations  

2

2
cos - , - cos - , .

1
x x z x x

z z x z

dp p dp p p d
K q K q

d p d p p d p

  
  
  


 

Here, 2 , 2z d ct d      are the normalized axial 

coordinate and current time, ,p  
  are the 

normalized electron momentum and energy, 

22K eH mc , 2q e d mc are the undulator and space 

charge parameters, respectively. For particles with the 
same energy and zero transverse velocities at the entrance 
into the undulator field the initial conditions are as 
follows 

2
00, 1, 0.x zp p     

 

For electron with ultrarelativistic axial velocity the 
transverse electric and magnetic radiation self-forces 
almost completely compensate each another, and because 
of it the transverse electron momentum differs from its 

unperturbed value 
sinxp K 

 only on terms of the 
order of small parameter 

0/q  . In the first approximation 

both the energy and Doppler up-conversion factor for 
radiating particles averaged by undulator oscillations 
linearly decrease along the axial coordinate:  

1
0 0(1 ), (1 ) (1 2 ),z             

where 

0 0= ( ) ( 1)        

is the efficiency of radiation, 2
0( / )(1 1/ 1 )q K    . 

The radiation field from the plane presents a signal with 
duration 

02r N d    and linear modulation of both 

amplitude, 1E   , and frequency, 0E   (Fig. 1):  

0 02 ( ) sinxE K E      

where 
0 0 0(2 / ), ( )c d          are the non-perturbed 

radiation frequency and the phase at the point of 

observation, (1 )     is the retarded coordinate. 

The above formulas provide very good coincidence with 
numerical calculations even for fairly large space charge 
parameters and undulator lengths. For example, using for 
the radiating plane the typical parameters of the Israeli 
THz source (currently under development) [8]: electron 
energy 

0E 5.5MeV , surface density 2
0 0.1 nC/mm   

and K=0.47 demonstrates coincidence of analytical and 
numerical results with high precision; in order to show the 
differences the density in Fig.1a has been increased up to 

03 .   

 ___________________________________________  
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Figure 1: Radiation pulse (a) and electron axial 
momentum (b) for one plane: analytical (blue) and 
numerical (red) solutions.  

INTERACTING LAYERS 
The transverse electron momenta of the particles in a  

dense moving layer of a finite thickness is also basically 
determined by the undulator field, but strong axial 
Coulomb repulsion of sub-layers can quickly increase the 
axial electron momenta and size of the bunch. In order to 
mitigate this effect rear particles should be accelerated in 
a stronger RF field than the front ones during the bunch 
formation [6, 8] (energy chirp, 

0 0  ). The averaged 

axial motion of particles in the combined undulator field
 and fields of all sub-layers is close to the relativistic 

uniformly
 

accelerated motion. If longitudinal electron 
masses in sub-layers are close to each other, the particle 
separation is described by a quasi-nonrelativistic formula. 
Thus, in the case of two planes  

2( )
0 1 2 .

0 3 32
0 0

q q 
  

 

 
      

For example, the change in separation between two planes 
with electron energy 

0E  and densities 
0 2  is 0.1 mm at 

the length of 20 cm. The separation can be significantly 
decreased and then returns back to the initial value at the 
energy chirp 

0 1  .  

Coulomb and radiation forces change the kinetic and 
potential energy of the particles. The radiation flux is 
equal to the change in the surface density of the total 
energy, 

1 1 2 2 1 2 1 2( 1) ( 1) ( )w q q q q         ,
 

and for two planes one has the approximate equation  

2

2 2
2 21 1 2 2 2
1 1 2 22 2 2

11 2 2

2 ( ) .
1 1 1

x x x x

x z x

p p p pdw
q q q q

d p p p


 
   

  
 

Here, 
2  is the retarded time corresponding to the 

radiation of the second plane which acts on the first one at 
the moment . If the separation between the planes is 
much smaller than the characteristic radiation wavelength, 
the planes radiate coherently. For significantly changing 
separations, regions of constructive and destructive 
interference quickly replace one another.   

The front plane is decelerated by the self-radiation and 
accelerated by the Coulomb and radiation forces from the 
back plane. If the separation between them changes 
quickly, the latter force can be neglected. Then the self-
radiation force for the first plane can compensate its 
Coulomb repulsion by the second plane and stabilize the 
axial velocity of the first plane if 2

2 1(1 1 / 1 )q K q    

(Fig. 2a). In this case, the radiation of the first plane can 
be powerful and narrowband while the radiation of the 
decelerated second plane provides a low-frequency part of 
the spectrum (Fig. 2b). 

 
Figure 2: The Lorentz-factors and radiation spectrum for 
two planes with space charge parameters 1q  (blue) and 

2q  (red). Coulomb acceleration of the front plane in the 

field of the rear one is compensated by the radiation 
deceleration. 

In order to simulate radiation and dynamics of a quasi-
plane electron bunch it is needed to provide a sufficient 
number of the electron sub-layers (moving planes) in each 
axial area with the scale of the order of the radiation 
wavelength at any time. If the initial thickness of the layer 
is much smaller than the wavelength and its changes 
during the motion in the undulator field are small, the 
resulting radiation is certainly close to that from one 
plane. However, at the layer surface density of the order 
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of 
0  and particle energy of the order of 

0E  without 

energy chirping the Coulomb repulsion increases the layer 
thickness many times (even for short interaction length). 
At the initial layer thickness 0.1 mm and fairly large 
optimum chirp 0 2.7   the minimum thickness is very 

small (Fig. 3).  

 
Figure 3: Change in the normalized pulse length of a 
moving layer with the surface density 

0  and initial 

duration 0.3 ps (uniform initial charge distribution; red -
without energy chirp, blue -

0 2.7  ). 

Then the thickness increases up to the initial value at 11 
undulator periods when the radiation is saturated with 
efficiency close to 1% (Fig. 4a). The corresponding 
radiation energy, pulse duration and power flux are 
0.5 mJ/cm2, 3.5 ps and 140 MW/cm2, respectively. This 
radiation is distributed over a fairly broadband frequency 
spectrum with the central frequency 3.7 THz and width of 
the order of 30% (Fig. 4b). 

 

 
Figure 4: Current efficiency and radiation spectrum for a 
moving layer with initial duration 0.3 ps. 

CONCLUSION 
The developed 1-D approach for coherent spontaneous 

undulator radiation based on using the field of a moving 
charged plane is much simpler than the existing exact 3-D 

methods which take into account finite transverse sizes of 
the bunches, transverse non-homogeneity of the undulator 
fields and influence of electrodynamic systems 
(waveguides) on the radiation. Due to compensation of 
transverse radiation forces there exists a small parameter 
of the problem even in the case of a very large charge 
density. Correspondingly, the field of a dense bunch 
weakly changes transverse undulator particle oscillations, 
and the particle dynamics can be easily studied using 
simple averaging of equations by undulator oscillations. 
The same method can be also used for essential 
simplification of equations in a 3-D approach. Though the 
1-D approach provides only estimations and obviously 
overestimates the influence of the Coulomb particle 
repulsion, it gives a clear physical picture and 
demonstrates the problems associated with maintaining 
coherence and narrowband spectrum of the radiation for 
large charges and relatively low electron energy. 
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QUASI-OPTICAL THEORY OF TERAHERTZ SUPERRADIANCE FROM 
AN EXTENDED ELECTRON BUNCH* 

N.S. Ginzburg, A.M. Malkin, A.S. Sergeev, I.V. Zotova, V.Yu. Zaslavsky,  
Institute of Applied Physics RAS, Nizhny Novgorod, Russia 

Abstract 
We consider the superradiance of an extended 

relativistic electron bunch moving over a periodically 
corrugated surface for the generation of multi-megawatt 
terahertz pulses. To study the above process we have 
developed a three-dimensional, self-consistent, quasi-
optical theory of Cherenkov stimulated emission which 
includes a description of the formation of evanescent 
wave over a corrugated surface and its excitation by RF 
current induced in the electron bunch. 

INTRODUCTION 
In recent years, significant progress was gained in the 

generation of electromagnetic pulses in the centimeter and 
millimeter wavelength ranges based on the Cherenkov 
superradiance (SR) of high-current subnanosecond 
electron bunches with particle energies of 300–400 keV 
[1–5] propagating in periodically corrugated single-mode 
waveguides. In these frequency ranges SR pulses of 
subnanosecond duration with record-breaking gigawatt 
peak power were obtained by means of compact high-
current accelerators. Typical duration of bunches 
employed in these experiments was, on the one hand, 
large compared to the wavelength and, on the other hand, 
it was limited by the so-called coherence length within 
which coherent emission of a single electromagnetic pulse 
from the entire bunch volume is possible due to the 
slippage of radiation relative to the particles. This SR 
emission includes electron self-bunching, and the peak 
power of SR pulse is approximately proportional to the 
square of the total number of particles in the electron 
pulse.  

A natural continuation of this research is a development 
of Cherenkov SR sources operating at shorter wavelength 
values, including the terahertz frequency range. 
Technological advancements in the fabrication of spatially 
periodic microstructures also encourage such studies. In 
order to generate powerful single pulses in the THz range, 
it is necessary to reduce the duration of the electron 
bunches to several tens of picoseconds with 
corresponding increase in their densities. In turn, to obtain 
stable transverse focusing of dense electron bunches, it 
would be necessary to increase the particle energy up to 
several MeV. This increase is also a positive factor in 
view of improving the impedance of coupling to a surface 
wave. It should be recalled that for the Cherenkov 
radiation mechanism the spatial scale of the transverse 
field decay  2L ~   (where  

1 22
01

/
  is the 

relativistic Lorentz factor) increases with the particle 
energy due to a decrease in the requirements for the 

waves deceleration. High brightness electron bunches 
generated by photoinjectors [6, 7] can satisfy the above 
conditions.  

We should emphasize that the methods used for the 
theoretical description of stimulated Cherenkov radiation 
from relativistic electron beams in the short wavelength 
range must differ significantly from the approach 
developed previously for the microwave range. The 
existing theory of relativistic Cherenkov radiation sources 
operating in the regimes of both long-pulse (quasi-
stationary) [8-10] and short-pulse (SR) [1-3] generation 
was based on an assumption that the transverse size of the 
microwave system is comparable to the radiation 
wavelength. Under these conditions, the Cherenkov 
radiation was described using a formalism according to 
which the electron beam interacted with a spatial 
harmonic of the volume waveguide mode possessing a 
fixed transverse structure. 

For wavelengths shorter than one millimeter, the 
conditions of ensuring the electron beam transport and 
reducing Ohmic losses imply the use of oversized (or 
open) slow-wave systems. Accordingly, it is necessary to 
take into account the diffraction effects and to use a quasi-
optical approach for the description of Cherenkov 
radiation from relativistic electron beams moving over 
periodically corrugated surfaces. In the case of a quasi-
stationary electron beam such an approach was developed 
in [11] for consideration of surface-wave oscillators. In 
this letter we demonstrate that a similar method can be 
effectively used for analysis of stimulated emission of 
extended electron bunches moving above a corrugated 
surface. The validity of our consideration is confirmed by 
direct particle-in-cell (PIC) simulations based on CST 
STUDIO 3D code. 

BASIC MODEL 
We consider a three dimensional (3D) model of the 

Cherenkov SR from an extended electron bunch that 
moves rectilinearly at a velocity of 0 0c  along 

guiding magnetic field 0 0 0H H z  over a plane with a 
shallow periodic sinusoidal corrugation  

1b z b cos hz ,  (1) 

where 1b d  is the corrugation amplitude, d  is the 

period, and 2h d . We assume that an electron bunch 
has finite dimensions e

x ,y ,zl  in three space coordinates 
(Fig. 1a).  

Radiation field near the corrugated surface can be 
presented as a sum of two counter-propagating TM-
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polarized wave beams with the following components of 
magnetic field  
 

Figure 1: (a) Principal scheme of generation of SR 
pulses by an extended electron bunch moving over a 
periodically corrugated surface. (b) The dispersion 
diagram of the normal surface wave and resonance point 
in the case of a relativistic rectilinear electron beam. 

 
Re , , , , , ,i t kz i t kz

xH A z x y t e A z x y t e ,(2) 

k c . Correspondingly, the electric field satisfies the 

Maxwell equation E i k rotH  and possesses 
components: 

 
Re ,

Re .

i t kz i t kz
y

i t kz i t kz
z

E A e A e

A AiE e e
k y y

   (3) 

Under the Bragg resonance condition 2h k  coupling 
and mutual scattering of the counter-propagating 
wavebeams (2) takes place. To describe the waves 
coupling on the periodic structure located at 0y  we use 
the surface magnetic currents concept [12,13]. In the 
planar geometry under consideration, the surface current 
can be written as 

4 4
ym

x z x

b z E b zc cj E i H
z c

.   (4) 

In general form, field excitation by the surface 
magnetic m

xj  and volume electric e
zj  (see below) currents 

is described by the wave equation:  

 
2

2 2 2

1 4 4m e
x x z

x
H j j

H y
t c yc t c

.   (5) 

Here, y  is the delta function. In (2) and (3) we chose 

carrier frequency equal to the Bragg frequency 2hc . 
Taking into account the Bragg resonance condition after 
substituting the fields (2), (3) and the magnetic currents 
(4) into Eq.(5), we obtain a system of coupled parabolic 
equations (here we take  0e

zj ) 
2 2

2 2

A A A Ai i i A y
z c t x yh h

,  (6) 

where  1 4hb   is the coupling parameter.  
To demonstrate that Eqs.(6) describe formation of 

surface waves, let us derive a dispersion relation for 
normal wave propagating near the infinite corrugated 
surface. For simplicity we consider here a 2D model, 
neglecting the radiation diffraction in the x direction. We 
should present the solution of the above equations in the 
region 0y  as ~ expA i t z g y , where 

g i h c  are the transverse wave numbers. 
Taking into account the boundary conditions on the 
corrugated surface 

0
0

y
A y hA  which follow 

from Eqs. (6) we get the dispersion equation: 
2 2g g h   or  

2
2 2 4

2 h
c

.                   (7) 

As seen from Fig. 1b, a dispersion curve of the normal 
wave is located below the light cone and corresponds to 
an evanescent slow-wave with exponential decay of 
amplitude along the vertical y coordinate. For ultra-
relativistic electrons and shallow corrugation the typical 
crossing point of the dispersion curve of the normal 
surface wave and the electron beam line 0c  
belongs to the slope where the group velocity of the 
surface wave is co-directed with the electron longitudinal 
velocity. 

Under the conditions of Cherenkov interaction, the 
microbunching of electrons takes place under the action 
of the longitudinal electric field component zE . This 
process is described by the equations  

2

0

1 Re iA
e

Z Y
    (8) 

 
0 0 00

0 0

cos , 0, 2 , 1,

1 ,

Z

Z

r r

Z

   (9) 

where t z c  is the phase of electrons relative to 

the co-propagating partial wave A , 2 hG . The 
microbunching induces a high frequency electron current 
that can be presented in the form: 

 0
0 , ,z

Q
j f z t x y J

V
,  (10) 
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where 0

2
1, , exp( )

0

J z x y i d , Q  is the bunch 

total charge, V  is its volume, and the function , ,f z x y  
defines the unperturbed bunch profile. 

Substituting (10) in Eq.(5) we get equations that 
describe the excitation of a surface wave by the electron 
bunch:  

2 2

2 2

0

2 2

2 2

, , ,

.

A A A Ai i Y A
Z X Y

i Y A JF Z X Y
Y

A A A Ai i Y A i Y A
Z X Y

(11) 

Self-consistent system (8), (11) was written using the 
following normalization:  
Z G z c , 2X G x c , 2Y G y c , G t , 

3 3/ 2
02A eA mc G , 2 G , 

1 2
2

0
3 3

0

QeG
Vmc

 is the gain parameter. Below we 

assume for simplicity that the electron density has 
uniform distribution over all three space coordinates. It 
should be noted that in Eqs.(11) the Ohmic losses are also 
taken into account through being characterized by the 
parameter  2k G  , where  is the skin depth. 

In the simulations we have used the following boundary 
conditions. In the longitudinal direction we assume that 
the corrugation has a finite length L G l c  and 
electromagnetic energy fluxes from outside are absent: 

0
0, 0

Z Z L
A A . In the vertical y direction we 

take into account that in practice the electron bunch 
should be transported in the vacuum channel formed by 
the planar waveguide. In this case Eqs.(11) should be 
supplemented by an additional boundary condition at the 
second regular plate of the waveguide: 0

Y B
A Y , 

where 2B G b c  is the normalized gap between the 
plates. If this gap is sufficiently large ( 1B ) the 
position of the second plate does not affect the 
characteristics of the electron-wave interaction due to the 
exponential decay of the surface wave in the y direction. 
Nevertheless it allows us to present the solution of 
Eqs.(11) as a sum of the modes of the regular planar 

waveguide 
0

, , cosn

n
A A Z X n Y B  for the 

numerical simulation. In the horizontal x direction we 
used the artificial cyclical boundary conditions which 
were imposed at a large distance from the bunch. 

SIMULATION RESULTS 
Simulations of the Cherenkov SR were performed in 

the terahertz range for an electron bunch with a length of 
e
zl =1.2 cm, transverse dimensions of e

xl 0.45 mm and 
e
yl 0.3 mm, particle energies of 1.4 MeV and a total 

bunch charge of 2.2 nC. These parameters can be 
obtained for the electron bunches generated by 
photoinjectors [6,7]. The bunch was propagating over a 
plane with a corrugated region of length 13 m, a 
corrugation period of 0.15 mm and a corrugation 
amplitude of 22 m. For a copper surface the skin depth 
in the terahertz range is 0.07 m . These physical 
parameters correspond to the normalized quantities 

33.5 10G , 5.5 , 10.5 , 9.7L , 0.8e
xL , 

0.53e
yL , 0.9e

zL , 0.035 . We used the initial 
small electron density fluctuations governed by the 
parameter  1r   as initial conditions. 

The results of these simulations showed that the main 
fraction of the radiation is emitted in the form of a short 
SR pulse in the positive direction of the axis z , i.e., in the 
direction of propagation of the electron bunch. The 
temporal dependence of the total radiation power 

2 2 5 22 0
2

0 032
m cP G A Z L dXdY

e
 is shown in 

Fig. 2. The process of pulse formation is illustrated by 
Fig. 3, where spatial structures of the partial waves are  

Figure 2: SR pulse temporal profile. 

 
Figure 3: Spatial structures of the partial waves 

,A Y Z  that corresponds to formation of normal 
surface wave ( 0X , 10 ). 

presented. One can see that the amplitudes of both partial 
waves exponentially decay in the direction of the y axis 
with increasing distance from the corrugated surface. In 
Fig. 4, spatial profiles of the electric field on the cross-
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section 0.6Y  are shown in consecutive moments of 
time. As follows from the dispersion diagrams Fig. 1b the 
electron velocity in the resonance point exceeds the group 
velocity of the normal wave. It leads to formation of wake 
fields behind the electron bunch that is clearly observed in 
Fig. 4. The peak power of the SR pulse amounted to 3.5 
MW at a pulse duration of ~100 ps.  

Results obtained in the framework of a quasi-optical 
model were confirmed by direct CST STUDIO PIC 
simulations. Figure 5a,b shows the SR pulse and its 
spectrum with a central frequency of 0.8 THz obtained for  

 
Figure 4: Formation of wake field after electron bunch. 
Profiles of electric field ,A X Z on the surface 

0.7Y  in consecutive points in time. 

the physical parameters of the periodic system and 
electron bunch indicated above. The total estimated 
radiation power was about 3.7 MW. The fields had the 
structures corresponding to a surface evanescent wave 
located near the corrugated surface. Figure 5c demonstrates 
the formation of the wake-field. 

Figure 5: Results of 3D direct PIC simulations of 
Cherenkov SR in terahertz range for an electron bunch 
formed by a photoinjector gun. (a) – SR pulse, (b) – 
radiation spectrum, (c) – formation of wake field. 

 

CONCLUSION 
Thus, the results of our analysis show the possibility of 

generating single high-power terahertz pulses using the 
phenomenon of Cherenkov superradiance of extended 
electron bunches that move in free space over a 
corrugated surface. We believe that it is expedient to 
study the possibility of moving to still shorter 
wavelengths, which can be achieved by decreasing the 
period of the diffraction gratings and increasing the 
density and energy of the particles in the electron 
bunches. 
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USING LORENTZ TRANSFORMATIONS FOR SIMULATIONS OF 
WIGGLER SUPERRADIANCE FROM THE PICOSECOND ELECTRON 

BUNCHES* 
A.M. Malkin, I.V. Zotova, Institute of Applied Physics RAS, Nizhny Novgorod, Russia 

N.S. Ginzburg, A.A. Golovanov, Institute of Applied Physics RAS, Nizhny Novgorod, Russia 
and Nizhny Novgorod State University, Nizhny Novgorod, Russia 

V.P. Tarakanov, Joint Institute for High Temperatures RAS, Moscow, Russia 

Abstract 
In this paper we present a theoretical analysis of 

superradiance (SR) from picosecond electron bunches 
wiggling in periodical undulator field based both on the 
method of averaged ponderomotive force and on a direct 
numerical PIC (particle-in-cell) simulation. Within both 
approaches the analysis takes place in the reference frame 
co-moving with electrons which allows simplifying the 
procedure of simulation significantly due to the fact that 
all the spatial scales including the radiation wavelength, 
the length of the beam and the length of the pump field 
pacet into which the undulator field is transformed are of 
the same order. We show that in the reference frame the 
SR effect can be interpreted as a formation of the 
distributed Bragg mirror in the bulk of the electron beam 
which is effectively reflecting (scattering) the pump wave. 
A possibility of generation of multimegawatt pulses in 
terahertz and far infrared wave ranges is demonstrated. 

INTRODUCTION 
Recently, a significant progress has been achieved in 

generation of ultrashort electromagnetic pulses in 
centimeter and millimeter waveband based on 
superradiance (SR) of high-current electron bunches [1]. 
Generated pulses are characterized by record-breaking 
(gigawatt) peak powers. As it was shown both 
theoretically and experimentally at particle energies of 
~300 keV, currents ~1 kA and the bunch durations ~ 1 ns 
the most effective mechanism of SR pulses generation is 
the Cherenkov one, realized in a periodic slow-wave 
structure.  

The advancement of SR sources further into short wave 
ranges can be obtained by using the emission of electron 
bunches moving in the undulator field. In this case the 
particles energy should be increased up to 4-5 MeV and 
the bunch duration should be about several picoseconds. 
The bunches formed by photo-injection guns possess the 
necessary characteristics [2]. In this paper under 
assumption that the electron bunch propagates in a planar 
waveguide a theoretical analysis and KARAT PIC code 
simulations of above process were performed. In both 
approaches we analysis SR effects in the co-moving with 
electrons reference frame K [3]. In particular, this allows 
to simplify the numerical simulation procedure 

significantly, because at relativistic factor values ~10 
the length of undulator of about several meters according 
to Lorentz transformations turns into several tens of 
centimeters, whereas the length of picosecond electron 
bunch in the rest reference frame stretches up to several 
centimeters (see Fig. 1). Besides the radiated wavelength 
transforms from the submillimeter to millimeter range. 
Proportionality of all scales, including the transverse size 
of the bunch, allows us to simulate the processes without 
using significant computational resources, finding then 
the parameters of radiated pulses in the lab frame using 
again the relativistic transformations. 

SIMPLIFIED MODEL 
We consider here a two-dimensional model assuming 

that an electron bunch with a length of l  moves in a 
planar waveguide with the gap between plates 0b  (See 
Fig. 1). Electrons oscillate in a planar undulator field with 
vector potential:  

0, Re expu uA z t y A ih zA R A iexp ,             (1) 
____________________________________________  

*Work supported by Russian Foundation for Basic Research, grant 
No.12-02-01152 

Figure 1: Scheme of generation of superradiance pulse (a) 
in the lab reference frame and (b) in the co-moving 
reference frame. (1) - electron beam, (2) - undulator, (3) - 
planar waveguide, (4) - electromagnetic TE wave, into 
which the undulator field transforms. 

a) 

b) 
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where uhd 2  is the undulator period, uA is an 
amplitude. Further analysis will be conducted in the co-
moving reference frame where the undulator field 
transforms into propagating pump wave 

0, Re expuA z t y A i t ih zA A iiexp ie p ,         (2) 

where uhV|| , uhh . In K  the electron bunch 

(layer) of finite length l  can be divided into a set of 
macroparticles differing by initial location 0z . 
Radiated field in the planar waveguide with a gap of b 
between the plates can be presented as a sum of TE 
modes with a frequency determined by the electron 
oscillations frequency and with different longitudinal 

wavenumbers 2 2 , 2 1n n nh k g g n b :  

 0Re cos ni t ih z
n n

n

y A z g x eR AsA      (3) 

Mode amplitudes excited by one oscillating macro-
particle in the instant of time when its coordinate is 

0z z  can be found from Helmholtz equation: 

0

2
2

02 4 nih z zn
n n u n

d A
h A e z z z

dz
,   (4) 

where 
2

2

2 cosn nb g x dx . Solution of (4) can be 

presented as a composition of two components 
propagating in z  directions:  

 0 02, nih z z ih z z z
n u n

n

A x z e
ih

             (5) 

Fields (5) acting together with (1) lead to the 
emergence of the averaged ponderomotive force 

2
2

22pond

e
F A

mc
 acting from one of the 

macroparticles on the other one. This force can be 
presented in the form: 

2
0

,

cos ,

cos( ), 0 ,

cos( ), 0,

pond

u n n n
n n

n n n

n n n

F x z

k
e f k z z z g x

h

f

f

       (6) 

 
where n nh h k , ck  This force is sign-
variable and attracting near the particle. It is depicted in 
Fig. 2 for different values of the gap between the plates. 
We also take into account the Coulomb forces which can 
be written as: 
 

1

4 ,

1 2

C C

m
C

m

F e f z

z mb mb mb
f z R R R R

z z z z

 

 
 

Thus the dynamics of particles can be described by the 
following equations: 

0
0

0

2
2 2

0 0 0 0
0

2
0 0

0 02
0

,
, ,

, ˆ ˆ , (7)

ˆ

, , ,
4 2

, ,ˆ .

pond C

pond

L
p

n u n
n n

L
p

C C

Z Z
P Z

P Z
F F

F

b
Z f Z Z Z Z dZ

ch

Z Z Z Z
F Z f dZ

k

0 ,0Z f Z Z Z Z dZZ f Z Z Z ZZ Z0 0 00 0000Z f Z Z

ZZ
0 .Z f dZC0

Z Z Z Z0 0 ,0Z Z00 0 ,0Z Z0 Z ZZ ,00 ,0Z

where czZ , czlL , mcpp~ , t , 

mep
24 , 2mcAe ui . At initial moment all 

of the electrons are uniformly distributed over the 
longitudinal coordinate in the interval B,0 . Normalized 
amplitudes of the component of scattered field which is 
radiated in the direction which is opposite to direction of 
pump wave are given by 

     
B

ip
s ZdZiZ

i

0
002

2
~~2exp

2
. 

a) 

 

b) 

 

c) 

 

Figure 2: Dependence of the ponderomotive (solid line) 
and Coulomb (dotted line) forces on the longitudinal 
coordinate for a waveguide with one propagating mode 
(a, b=0.4 cm), with two propagating modes (b, 
b=0.7 cm) and in the free space (c, b=60 cm). 
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Figure 4: (a) Interaction space geometry and the initial
position of the electron bunch. Arrow is the direction of
the pump pulse propagation. (b) Electron bunch focusing
under the transversely inhomogeneous pump field. 

 

RESULTS OF SIMULATION WITHIN THE 
AVERAGED MODEL 

Simulations of Eqs. (7) show that due to attracting 
feature of pondermotive force (6) the bunching of 
particles developed (Fig. 3a). Correspondingly at some 
instant of time (Fig. 3b) coherent summation of fields 
radiated by most of particles takes place and the generated 
field constitutes a short SR pulse. Initial level of signals 
corresponds to the level of radiation of the bunch without 
modulation and in fact is determined by the front edges of 
electron pulse. This radiation in the case under 
consideration is a seed initiating the further development 
of SR process. 

We simulated the radiation of the electron bunch with 
particles energy of 5 MeV, with a length of ~4 mm, 
charge of 5 nC/cm (linear current density of 375 A/cm) 
and the transverse size ~2 mm oscillating in the field of 
undulator with period of 4 cm and field amplitude of 
0.19 T. The radiation was assumed to take place in a 
planar waveguide with the gap between plates of 7 mm. 
In the rest frame K  the length of the bunch was 4 cm. 

The undulator field transforms into a wave with a 
wavelength of 4 mm and the power density of 
5.6 MW/cm. 

As follows from Fig.3b the peak radiation power 
density is 0.17 MW/cm and the pulse duration of 120 ps. 
By means of Lorentz transformations we obtain the 
power density of the radiation of the forward propagating 
wave in the lab frame of 70 MW/cm. Radiation frequency 
is about 1.5 THz and the pulse duration decreases down 
to 6 ps. Note that in the rest frame the pump pulse was 
about 20 wavelength. In the lab frame it corresponds to 
20 period undulator with a total length of about 0.8 m.  

RESULTS OF PIC SIMULATIONS IN CO-
MOVING REFERENCE FRAME  

The analysis of SR process within the model that 
employed the averaged ponderomotive force approach 
does not account for a number of important factors, 
including transverse inhomogeneity of the undulator field 
along the transverse coordinate. Another significant 
simplification is the assumption of relatively small 
undulator field leading to weak relativism of the electrons 
movement in co-moving reference frame. Thus, our semi-
analytical consideration was supplemented by a direct 
PIC simulation in the rest frame, where, as we stated in 
the Introduction, different dimensions of the system are of 
the same scale.  

We simulated the system dynamics using the KARAT 
PIC-code [4]. In the co-moving frame we simulated the 
situation when a pump pulse incidents on a stationary 
plasma bunch. Initial geometry of the interaction space is 
presented in Fig. 4a. Note that transverse stability pf the 
beam is provided by transverse inhomogeneity of the 
unudulator field which is illustrated by Fig. 4b where also 
the spatial modulation of the beam width with a period 
inversely proportional to the amplitude of the pump wave. 

Simulation parameters correspond to those used in 
previous Section, although we took the larger undulator 
parameter 0.9u . Fig. 5a shows the SR pulse having in 
the rest frame power density 90 kW/cm and duration of 
100 ps. Radiation spectrum is presented in Fig. 5b with a 
central frequency of 48 GHz. The frequency is 

a) 

 

b) 

 

c) 

 

Figure 3: Simulation of the undulator SR process based 
on Eqs. (7): (a) bunching of electrons and time 
dependence of integral powers radiated forward and 
backward, (b) temporal dependencies of mode intensities 
with different transverse indices, (c) spatial distribution of 
a field at the instant of time corresponding to the peak 
amplitude. 63L , α 0.7u , ε 0.29b , 
ω ω 0.024p  
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downshifted with respect to the pump frequency. This 
effect emerges due to the decrease of the average 
translational velocity with the rise of bounce oscillations. 

After transformation into the lab frame the center 
frequency of the forward-radiated pulse increases up to 
0.9 THz. It's power increases 4γ2=400 times reaching 
36 MW/cm and the pulse duration decreases γ=10 times 
down to 10 ps. It is interesting to note that the time of 
development of the process in the rest frame is about 200-
300, still the bunch moving with a velocity close to the 
speed of light passes the distance of about 1 m. Thus the 
simulation conducted is an example of unconventional 
use of relativity theory in applied problems. 

CONCLUSION 
Thus the analysis undertaken demonstrates the 

possibility of using the undulator SR for generation of 

powerful (multi-MW) pulses in THz wave range based on 
bunches formed by photo-injecting guns. Obviously, 
increasing the particles energy leads to the radiation 
frequency increase alongside with peak power increase. 
One of the important results of the work is the 
development of approaches giving the general physical 
picture and allowing detailed simulation. 

Note also that instead of the undulator field the 
wiggling of electrons can be provided by an 
electromagnetic wave in RF or optical range., In the 
electrons' rest frame the processes of stimulated scattering 
are close to the processes of undulator radiation. 
Correspondingly, the models developed here can be 
applied to the scattering problem. 
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Figure 5: Results of PIC simulation of the undulator SR in 
co-moving reference frame: (a) pulse of superradiance 
propagating in the positive direction of the z axis, (b) it's 
spectrum. 
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SENSITIVITY STUDY OF A TAPERED FREE-ELECTRON LASER
A. Mak∗, F. Curbis, S. Werin, MAX IV Laboratory, Lund University, Sweden

Abstract
The output power of a free-electron laser (FEL) can be

greatly enhanced by tapering the undulator line. In this

work, a sensitivity study of a tapered FEL is presented. The

study is conducted using the numerical simulation code

GENESIS and a taper optimization method. Starting from

a possible case for the future X-ray FEL at the MAX IV

Laboratory in Lund, Sweden, a number of parameters are

varied systematically and the impact on the FEL power is

investigated. These parameters include the electron beam’s

initial energy, current, emittance, energy spread, as well as

the seed radiation power.

INTRODUCTION
In a single-pass free-electron laser (FEL), the technique of

undulator tapering involves the decrements in the deflection

parameter aw along the undulator line, thereby maintain-

ing the resonance condition as the electrons lose energy to

the radiation. This can increase the output power and the

energy extraction efficiency, as has been demonstrated by

experiments at the LLNL [1] and the LCLS [2].

The effectiveness of this technique relies on the proper

optimization of the tapering profile aw (z). Two methods
are the multidimensional scanning method by Jiao et al. [3]

and the GINGER self-design taper algorithm [4] based on

the Kroll-Morton-Rosenbluth (KMR) formalism [5]. In a

previous work [6], we presented another method based on

a modification of the KMR formalism and demonstrated,

with numerical simulations, its higher efficiency of energy

extraction than the GINGER algorithm.

Utilizing this method of taper optimization, we conduct

a sensitivity study to determine the impact of various pa-

rameters on the power of a tapered FEL. The results shall

provide insights into the development of an X-ray FEL at the

MAX IV Laboratory [7], which is part of the laboratory’s

long-term strategic plan. The plan includes an extension

of the MAX IV linear accelerator to 4–6 GeV, enabling the

production of hard X-ray.

METHOD
Sensitivity Study
We carry out the sensitivity study using the numerical

simulation code GENESIS [8] in the steady-state mode. The

starting point is a possible case for the future X-ray FEL at

the MAX IV Laboratory, with main parameters as shown in

Table 1. We use this as the reference case for the purpose of

our sensitivity study.

Based on the reference case, we vary five parameters

systematically, one at a time. The parameters are the electron

∗ alan.mak@maxlab.lu.se

Table 1: Main Parameters for the Reference Case

Parameter Value
Electron beam energy E 4GeV

Beam current I 4 kA

Normalized emittance εx,y 0.4mm mrad

Average beta β̄ 20m

Energy spread σE/E 1 × 10−4
Undulator period λw 20mm

Radiation wavelength λ 4Å

Seed radiation power Pin 5MW

beam’s energy, current, emittance, energy spread and the

seed radiation power. For each parameter value, we apply

our taper optimization method, so as to obtain the highest

possible FEL power at the end of a 200-metre undulator line.

Finally, we examine the impact that the variation of each

parameter has on the FEL power.

Taper Optimization
The taper optimization method used in this sensitivity

study is the Modified KMR Method, which has been eluci-

dated in a previous work of ours [6]. The method considers

a reference particle with phase-space coordinates (ψR , γR )
subject to the following constraints:

γR (z) =

√
λw
2λ
[1 + a2w (z)]

ψR (z) = gz for some g > 0.

The energy γR is always on resonance throughout the undula-
tor line, while the phase ψR is made to increase linearly with
distance z along the undulator line at some desired gradient
g. Imposing these constraints on the particle’s equation of

motion results in a taper profile aw (z). In numerical sim-
ulations, we scan over different values of g to obtain the

maximum FEL output power.

RESULTS AND DISCUSSIONS
Sensitivity to Beam Energy
The initial energy of the electron beam is 4 GeV in the

reference case. We examine the effects of increasing the

energy from 4 GeV to 5, 6 and 7 GeV. For each energy, we

apply the taper optimization method to maximize the final

FEL power at z = 200m. The resulting FEL power curves
and the corresponding taper profiles are shown in Fig. 1. The

optimum g-values resulting from the taper optimizations are

specified in the figure legend.

The reference case, with initial beam energy 4 GeV, pro-

duces a final FEL power of 1.6 TW. Upon increasing the

initial beam energy, the FEL power shows a higher growth

Proceedings of FEL2014, Basel, Switzerland TUP018

FEL Theory

ISBN 978-3-95450-133-5

399 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



� �� �� �� �� ��� ��� ��� ��� ��� ���

�

�

�

�

�

�

�

� �� �� �� �� ��� ��� ��� ��� ��� ���

�	�

�	�

�	�

�	�

�	


�	�

�	�

�	�

�
�
�
�
�
�
�
	

�
�


� ���

� ���� � � �	� 
���


� ���� � � �	� 
���


� ���� � � �	� 
���


� ���� � � �	� 
���


�
�
	�

�
���
�
�
�
�

� ���

� ���� � � �	� 
���


� ���� � � �	� 
���


� ���� � � �	� 
���


� ���� � � �	� 
���


Figure 1: The FEL power curves (top) and the corresponding

taper profiles (bottom) for different initial energies of the

electron beam. In all the taper profiles, the aw parameter is

normalized to its initial value.

rate, hence a larger final value at z = 200m (see Fig. 1). For
every 1-GeV increase in the initial beam energy, there is at

least an 1-TW increase in the final FEL power. In particular,

an increase of initial beam energy from 4 GeV to 6 GeV

results in an increase of final FEL power by 1.6 times.

Sensitivity to Beam Current
The initial current of the electron beam is 4 kA in the

reference case. We vary the current around the reference-
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Figure 2: The FEL power curves (top) and the corresponding

taper profiles (bottom) for different initial currents.

case value, from 3.0 kA to 5.5 kA at intervals of 0.5 kA. The

FEL power curves and the corresponding taper profiles are

shown in Fig. 2.

As seen in Fig. 2, a higher initial current results in a more

rapid growth of FEL power. Also, the final FEL power at

z = 200m increases almost linearly with the initial current.

Sensitivity to Emittance
The initial emittance of the electron beam is 0.4mm mrad

(for both the x- and y-directions) in the reference case. We
vary the emittance around the reference-case value. In par-

ticular, we decrease it to 0.2 and 0.3 mm mrad, and increase

it to 0.6, 0.8 and 1.0 mm mrad. The FEL power curves and

the corresponding taper profiles are given in Fig. 3.

The results show that a lower initial emittance yields a

more rapid growth of FEL power. Also, the final FEL power

at z = 200m increases almost quadratically with the initial
emittance. Reducing the initial emittance from 0.4mm mrad

to 0.2mm mrad doubles the final FEL power.
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Figure 3: The FEL power curves (top) and the corresponding

taper profiles (bottom) for different initial emittances.

Sensitivity to Energy Spread
The initial relative energy spread of the electron beam is

1 × 10−4 in the reference case. We examine the effects of
increasing the value to 5 × 10−4, as well as decreasing the
value to 5 × 10−5 and 1 × 10−5. The FEL power curves and
the corresponding taper profiles are shown in Fig. 4.

There are two observations. First, increasing the energy

spread from the reference-case value to 5× 10−4 reduces the
final FEL power almost by half. Second, decreasing the en-

ergy spread from the reference-case value has no appreciable

impact on the FEL power.
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Figure 4: The FEL power curves (top) and the corresponding

taper profiles (bottom) for different initial energy spreads.

Note the overlapping of the curves for energy spread values

1 × 10−4, 5 × 10−5 and 1 × 10−5.

Sensitivity to Seed Power

The seeding of an FEL can be achieved by various meth-

ods [9], of which one example for hard X-ray FELs is self-

seeding [10]. In this subsection, we study the sensitivity of
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Figure 5: The FEL power curves (top) and the corresponding

taper profiles (bottom) for different seed powers. The inset

shows a magnification of the power curves for z < 35m.

the FEL performance to the seed radiation power, regardless

of the seeding method.

In the reference case, the seed power is 5MW. We exam-

ine the effects of changing the seed power to the following

values: 50 kW, 500 kW, 50MW and 500MW. The result-

ing FEL power curves and the corresponding taper profiles

are shown in Fig. 5.

Upon varying the the seed power, the FEL power curves

exhibit the expected behaviours in the region of initial ex-

ponential growth (see inset of Fig. 5). With a higher seed

power, the initial exponential growth and the initial satura-

tion of FEL power occur within a shorter distance z down
the undulator line. The higher is the seed power, the higher

is the FEL power at the initial saturation.

While the seed power has a strong influence on the initial

saturation power, its impact on the final FEL power at z =
200m is relatively small (see Fig. 5).

Taper Optimization
In each taper optimization, we scan over g for an op-

timum value that maximizes the final FEL power at z =
200m, where g is the gradient of the linearly increasing

phase ψR (z) = gz of the reference particle. This subsection
summarizes some general observations regarding the taper

optimizations.

In general, a larger g leads to more rapid power growth

beyond the initial saturation. However, the final saturation

occurs at a lower power and at a smaller z. In contrast, a
smaller g leads to slower power growth beyond the initial

saturation. However, the final saturation occurs at a higher

power and at a larger z, which is often beyond the undulator
line simulated. The phase gradient g therefore serves as an

independent adjustment knob for the final saturation power

and the final saturation length of a tapered FEL. The opti-

mum value of g depends on the length of the undulator line

and the electron beam parameters.

From the sensitivity results presented in the previous sub-

sections, we can also examine the dependence of the opti-

mum g-value on the various parameters. First, the optimum

g-value is largely unaffected by the seed power. Second,

it remains the same for initial energy spread values below

the reference-case value. Third, it decreases almost linearly

with the initial beam current.
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Figure 6: The dependence of the optimum g-values on the

initial beam energy (left) and emittance (right).
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However, it is worth taking a closer look at the dependence

on the initial beam energy, as well as the initial emittance. As

seen in Fig. 6, the optimum g-value has a local maximum at

some initial beam energy and a local minimum at some initial

emittance. The significance behind these turning points is

unknown. Further investigation is needed to understand the

physical meaning behind these g-dependences.

CONCLUSION
We have presented a sensitivity study on a tapered FEL,

based on a reference case for the future X-ray FEL at the

MAX IV Laboratory [7]. Using of the numerical simulation

code GENESIS [8], we apply theModified KMRMethod [6]

to optimize the taper profile aw (z) in a 200-metre undulator
line. In this method, the phase gradient g of the reference

particle acts as an independent adjustment knob for the final

saturation length and the final saturation power.

We have examined the dependence of the FEL output

power on the initial beam energy, current, emittance, energy

spread and the seed power. The results show that final FEL

power increases with the initial beam energy and current,

but decreases with the emittance. Meanwhile, the initial

energy spread and the seed power have very little influence

on the final FEL power.

Beyond this work, we shall further our sensitivity study

by considering the effects of break sections in the undulator

line, which are required for beam focusing and diagnostics.

We shall also explore the possibility of fine-tuning our ta-

per optimization method by considering quadratic or cubic

functions for the reference particle’s phase ψR (z).
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UPDATE ON THE FEL CODE GENESIS 1.3

S. Reiche, Paul Scherrer Institut, Villigen, Switzerland

Abstract

The widely used time-dependent code Genesis 1.3 has

been modified to address new needs of users worldwide.

The existing limitation of tracking isolated slices of the FEL

beam has been overcome by keeping the entire electron

beam in memory, which is tracked as a whole through the

undulator. This modification allows for additional features

such as allowing particles to migrate into other slices or

applying self-consistent wakefield and space charge models.

INTRODUCTION

Since the first high gain Free-Electron Lasers [1–4] numer-

ical codes have aided the users to understand experimental

results and to design future facilities. Several codes are avail-

able [5–9] and have been benchmarked against each other

and experiments [10]. With the ongoing development of the

general computer technology and infrastructures the FEL

codes can expand the complexity of the underlying models or

operate with more particles for finer resolutions. Currently

single-pass FELs at the Angstrom level can be run in a few

hours or less.

However new FEL schemes, e.g. self-seeding [11], EEHG

[12], high-brightness SASE FELs [13], are rather complex

and very difficult to model for users of the FEL codes. The

primary obstacle is that most codes have evolved from a

single processor platform to a large scale parallel computer

platform while preserving the ability to run on a single com-

puter. Nevertheless a new algorithm, where a parallel com-

puter network is deeply embedded, can offer new features

beyond the capabilities of existing codes.

In this paper I present the current status of the code Gene-

sis 1.3 [6], which has been modified under the assumption

that the computer cluster is large enough to hold the entire

electron beam and radiation field in memory. The beam

and field is propagated through the undulator as a whole

with a resolution down to each individual electron. The core

algorithm is still based on the slowly varying envelope ap-

proximation (SVEA) [14], where the equations of motion are

averaged over one undulator period. It allows one to choose

integration step sizes larger than the undulator period to keep

the number of integration steps within a reasonable limit

even for very long hard-X-ray FELs such as LCLS or Swiss-

FEL. A non-averaged approach is not pursued, but which

has been successfully implemented by new codes such as

PUFFIN [8].

CURRENT LIMITATION

During the development of Genesis in the late nineties

one important factor was the available memory for the cal-

culation. Keeping the entire radiation field and particle

distribution was way beyond the practical limit of those days

and an extensive bookkeeping has to be done to reduce the

required footprint in memory space. This was done by track-

ing a single electron slice through the undulator interacting

with many radiation field slices which are slipping in from

behind and then slipping out after a few integration steps,

depending on the length of the electron slice. The book-

keeping is storing temporarily the field which slips out to

feed it to the next electron slice once the tracking of the cur-

rent slice has been done. Using this approach the memory

needs to store only the data of a single electron slice and

the radiation field over one slippage length compared to the

entire time window which can be many times longer than

a slippage length. However this restricts the algorithm to

work sequentially through the electron bunch from the tail

to the head. No information can propagate in the backward

direction.

Recent ideas to improve longitudinal coherence in SASE

FELs [13, 15, 16] are based on an enhancement of slippage

to cover the entire bunch. That way the spectral brightness is

improved. The consequence is that the record for storing the

slippage field needs to be increased by a large factor. In fact,

it would use the same memory size if the entire radiation

field were kept in memory at all time. The latter approach

has the advantage that one could calculate the spectrum

during runtime and not, as it is now, as a post-processing

step.

A second limitation arises from proposed schemes which

are utilizing a large harmonic conversion, either by a multi-

staged approach in HGHG cascades or a direct conversion

with high efficiency in EEHG schemes [17]. Genesis par-

ticle distribution is based on a quiet loading where macro

particle are mirrored and evenly distributed in longitudinal

position to cancel out completely any Fourier component

for a given wavelength. In an explicit step in the beam load-

ing algorithm a controlled random offset is applied to the

particle to give the correct statistics in the bunching fac-

tor [18]. To include more harmonics more mirror particles

are needed, preferably at least twice the number than the

highest harmonic considered. For the 100th harmonic this

would be at least 200 mirror particles. If one used 1000

particle to generate the remaining 5 D distribution and then

apply the mirroring process one slice would be filled with

200k macro particles or if sliced to the final harmonics 2000

particles. For an FEL operating at 1 nm with a 1 kA beam

current that is almost of the same order as the real number

of electrons to be modeled. With a moderate increase in

the particle number then a real one-one simulation could

be carried out with the advantage that no mirroring needs

to be done and therefore the transverse distribution is much

smoother (effectively filled with 200k particles rather than

only 1k).
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Last, Genesis is limited by restricting particles into a

single slice and keep them over the entire undulator length.

For SASE FELs and an electron beam with almost no energy

spread it is a valid assumption but breaks down for over-

compression schemes such as self-seeding or EEHG, where

particle are moved into different slices even when they are

initially grouped together with a distance shorter than the

radiation wavelength. To move particles into a different slice

would mean that a particle is taken out of the beamlet which

is formed by the mirroring process to model the correct

shot noise. To illustrate this a minimal beamlet has two

particles, separated by half a radiation wavelength, and is

split apart and moved into different slices. Prior to this step

the phases of both particles are almost canceling and the

overall emission level is low. After the splitting each particle

is in a different slice and has no corresponding particle to

cancel the bunching factor when evaluating the source term

for the Maxwell equation. The emission level would be

effectively enhanced and determined by the number of macro

particles in the simulation and not by the number of electrons

to be modeled.

CORE ALGORITHM

The fundamental change in the upcoming version of Gen-

esis is the exchange of the loop order in the code. In the new

version the inner loop cycles through all slices to advance

them by one integration step along the undulator. This is

repeated till the end of the undulator is reached. No record

of a slippage field is needed because the entire radiation field

is kept in memory at any time.

The code supports the distribution of the calculation over

many computer nodes in a computer cluster, following the

MPI standard of inter-node communication. Unlike in previ-

ous versions, where each node only holds a single slice (all

adjacent to each other), the time window covers the entire

bunch and radiation field and each node is assigned to a

subdomain of the time window. Each node holds an array

of many slices filling up the subdomain. Figure 1 illustrates

the different approaches of the old and new version to assign

the time domain to the nodes.

Ver. 3
Node 2

Node 3
Node 4

Node 5
Node 6

Node 7
Node 8

Node 1

Loop 1 Loop 2 Loop 3 Loop 4

Ver. 4

Node 2 Node 3 Node 4 Node 5 Node 6 Node 7 Node 8Node 1

Figure 1: Assignment of radiation slices to the computer

nodes in version 3 and 4 of Genesis.

Memory space to hold radiation �eld

Step 1:  Transfer last slice to suceeding node

Step 2: Receive slice from preceeding node

Pointer to �rst slice

Step 3: Move pointer one index back in memory space

1 2 3 4 5 6 7 8 910 11 12

Figure 2: Indexing the radiation field when slippage is ap-

plied.

Management of the slices is done in the C++ part of the

code, using the vector container of the C++ Standard Tem-

plate Library (STL). One entry in the vector corresponds

to a given slice. These containers are wrapped by the Beam

and Field classes. Therefore harmonics and/or polarization

can be modeled as an array of the field class avoiding the

complicated and error-prone bookkeeping of a single array

of the previous versions.

The most atomic algorithm advances a single slice of the

electron distribution and the radiation field by one integra-

tion step. The particle tracker is based on a 4th order Runge-

Kutta integrator [19] while the radiation field is advanced

by an Alternating Direction Implicit (ADI) field solver [20].

This part is preserved from the Fortran code of the older

version. Therefore the new version is still a hybrid version

between C++ and Fortran albeit the Fortran part is signifi-

cantly reduced. In a future release Genesis will move to C++

completely. Between the integration of the the beam and the

field, Genesis now allows additional steps such as sorting

the particle distribution and transition of particles between

slices (see last section).

The code also differentiates between interaction within

an undulator and the propagation through break sections.

Also the integration step size can vary along the undulator.

This avoids the restriction in older version that the undulator

lattice has to fit to the granularity of a fixed integration step

size. Slippage is now explicitly calculated and applied only

once the field has advanced by more than the slice spacing

of the electron slices. This corrects the bug in Genesis that

slippage is enforced after each integration step even in undu-

lator break section where the condition of one wavelength

per undulator period no longer holds.

When slippage is applied then all wavefronts are advanced

by one slice. However each node holds multiple wavefronts

and shifting all data in memory is highly inefficient. Instead

an index pointer, which indicates the first slice, is decreased.

So when looping over all slices the loop starts at this index

and ends at the final index, which is the start index plus the

number of slices minus one. When the actual slice in the

record is accessed the modulo of the loop index with the

number of slices is taken. With this extra little bookkeeping

very little data transfer is needed. Only one wavefront is

sent to the next node in a 1D topology. Figure 2 shows the

memory management of the radiation field for a node.
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While calculating the slippage Genesis can also apply an

autophasing for the drift section of two adjacent undulator

modules, which simplifies the set up of new undulator lat-

tices. The new element of a phase shifter allows adjusting

the phase to the user’s will.

CHANGES TO INPUT AND OUTPUT

FORMAT

The latest version of Genesis breaks with the input format

from the previous versions. Instead of a very long Fortran

namelist with over 100 parameters the input is broken up

into several smaller, thematically grouped namelists. The

description of the undulator is completely removed from

the main input deck and is now fully described by a lattice

file. The overall structure is similar to the code Elegant [21],

which needs also at least one input file and a lattice file. In

the following the two files are briefly described.

Lattice File

The lattice files follow the syntax: Label : Type = {Argu-

ment List};. Elements are referred to by the label and can

also be used to predefine new lattice elements by using the

reference argument. They are basic elements such as undula-

tors, drifts, quadrupoles and, as a new type, a line container,

which can hold both types, elements and lines. The code

unrolls references and nested lines up to 10 iterations. If

at that level the element is not fully defined, the code will

generate an error message and stop execution.

The line container allows also tagging each element with

two features. One is the repetition of the element, which is

indicated by a preceding integer number and the multiplica-

tion sign. Second, the absolute position of an element within

the line can be specified by a succeeding @-sign and the

position in meters. This feature is useful when quadrupoles

are super-imposed onto an undulator.

An example of an input file is given below, which de-

fines an undulator lattice with a FODO cell structure and 12

undulator modules.

QF1: Quadrupole = { l=0.15, k1= 1.1 };

QF2: Quadrupole = { ref=QF1, k1=-1.1 };

D1: Drift = { l=0.15 };

D2: Drift = { l=0.3 };

Un: Undulator = {lambdau=0.015,nwig=265,

aw=0.8485281};

FODO: LINE = {Un,D1,QF1,D2,Un,D1,QF2,D2};

SWISSFEL: LINE = {6*FODO};

The user must define at least on line, which is referred

by the main input deck. Other lines, which are defined

but not referred to, are ignored. Also this lattice can be

regarded as a base lattice, from which modified lattices can

be derived, such as taper profiles, quadruple misalignment

etc. An explicit list of elements and the allowed syntax is

given in the manual of the new version of Genesis.

Main Input File

The biggest change in the Genesis input is that the parsing

of the input deck is event driven. So whenever a name

list is closed by the &end statement, the content is parsed

and, if needed, action is applied. The setup name list is

mandatory and must come first. The track name list invokes

the actual tracking of the particles and radiation field through

the undulator. Before that the beam and field needs to be

defined.

An example input file is listed below. Elements in

namelist, which are not defined, are falling back to their

default value. The complete list of all name lists and their

elements is given in the manual.

&setup

rootname=output-test

lattice=SwissFEL.lat

beamline=SwissFEL

lambda0=1e-10

gamma0=11357.8165

delz=0.075

&end

&time

slen=40e-6

sample=10

&end

&lattice

zmatch=9.15

&end

&sddsbeam

file=inputdist.sdds

match=true

center=true

output=true

&end

&field

power=1000

dgrid=0.3e-3

ngrid=151

waist_size=50e-6

&end

&track

output_step=1

&end

The example shows some new features, such as automatic

matching in the lattice name list. The matching point de-

fines the end point in the cell of a periodic lattice (e.g. a

FODO cell). With the given lattice definition and the ref-

erence energy gamma0 Genesis calculates the matched β-
and α-function values. These value can be used in the beam-
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loading routine, but only if the match command/name list

occurs before.

Genesis supports the direct import of Elegant output dis-

tributions by calling an external shell script which itself

converts the SDDS format into an HDF5 format by using

functions of the SDDS-Toolbox kit. The converted file is

then read by Genesis and used to load the particle distribu-

tion within. If Elegant and the Toolbox Kit are not installed,

Genesis will stop execution.

A field name list can occur multiple times to generate a

superposition of field distributions. This can either be in the

transverse direction (different Gauss-Hermite modes) or in

longitudinal direction (different wavelengths). The latter is

only possible in time-dependent simulations. In a similar

way higher harmonics can be defined.

Output files

Only a few changes have been made to the output files.

The format is still HDF5 but now the output for electron

beam, undulator lattice and radiation field are grouped in the

root level of the output file. Different harmonics will have

different group names such as /field3 for the third harmonic.

There are only particle and field dumps but the information

can be dumped at various positions within the undulator

lattice, reproducing the functionality of IPPART and IPRADI

of the older versions.

POSSIBLE EXTENSION TO THE CODE

Based on the change of the core algorithm, keeping the

entire radiation field and particle distribution in memory

offers many possibilities which will expand the capability

of Genesis 1.3. The following describes briefly the most

significant features which will be added soon.

Sorting

Simulations, which resolve each individual electrons (also

available in the older versions of Genesis), benefit from sim-

pler algorithms avoiding the limitation of the quiet load-

ing. The statistics are automatically correct at any harmonic

which allows a very simple harmonic conversion in Genesis

by simply slicing the particle distribution at the selected har-

monics. Also particles can migrate into other slices without

the restriction of a beamlet.

The sorting has to be done on all nodes simultaneously

and tests have shown that a rather simple bubble sort algo-

rithm is superior because the majority of electron motions is

still limited and will end up in adjacent slices. Thus a single

iteration of the bubble sort algorithm will be sufficient most

of the time. The exceptions are strong mixing of particles

such as in the chicanes of dispersive sections of laser-based

or self-seeding schemes. Even here the motion is limited and

the Bubble sort will be efficient, except in a very high har-

monic conversion in EEHG schemes with particles shifted

around on the scale of the total bunch length.

Self-Consistent Wakes and Space Charge Fields

In the older version a space charge field or wakefield has

to be calculated externally and then added to the simulation

as an effective potential. For that the current profile needs

to be extracted from the input distribution. This can be

done self-consistently in the new version because the current

profile is known at any given time and can be broadcast to

all nodes. Then each node calculates the resulting wakes

over the given length of its assigned time-domain window

based by the current profile ahead of the node. This makes

the use of wake fields and space charge field less error prone

(such as a mismatch in the wake potential and current profile

in older versions because they are fed to Genesis by different

files).

Self-Seeding Schemes

Similar to calculating wake fields from the entire bunch

distribution dispersive effects in self-seeding configuration

can be applied because the field content is known. As a

prerequisite step the field is transferred into frequency do-

main by a 3D Fast Fourier Transformation. The field is now

represented by plane waves with the total field vector k and

the transverse wave numbers kx and ky . In frequency space

the beam can easily be transported or the Green’s function

of a dispersive element can be applied. At the beginning of

the next undulator section the field is converted back into

the time domain.

Chicanes

In intra-undulator sections the electron transport is now

completely decoupled from the field propagation and the

electrons are no longer bound to the radiation field grid. This

allows for more flexibility, in particular the implementation

of chicanes. Here the particles are tracked by transport matri-

ces and the total path lengths of the electrons are compared

to the path lengths of the radiation field. The difference is

compensated by shifting the radiation field in the forward

direction.

CONCLUSION

Genesis 1.3 is currently adapted to large size computer

clusters, utilizing the benefits of keeping the entire particle

distribution and radiation field in memory, distributed over

the nodes of the cluster. With the reverse in the looping or-

der, collective effects such as wake fields, change in current

profile due to magnetic chicanes and dispersive elements for

the radiation field (e.g. self-seeding) can be modeled within

a single run of Genesis, reducing the chances of error by ma-

nipulating input and output files for the electron distribution

and radiation field.

The current status of Genesis allows reproducing the core

features of the older version. Initial tests have shown an

increase in the execution time by 10 to 20%. New features

(magnetic chicanes, sorting, automatic harmonic conversion)

will be added in the upcoming months.
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Abstract 
Simulation codes modeling the interaction of electrons 

with an optical field inside an undulator are an essential 
tool for understanding and designing free-electron lasers 
(FELs). As there exists a large variety of FELs ranging 
from long-wavelength oscillators using partial wave 
guiding to soft and hard x-ray FELs that are either seeded 
or starting from noise, a simulation code should be 
capable of modeling this huge variety of FEL 
configurations. A new code under development, named 
MINERVA, will be capable of modeling such a large 
variety of FELs. The code uses a modal expansion for the 
optical field, e.g., a Gaussian expansion for free-space 
propagation, and an expansion in waveguide modes for 
propagation at long wavelengths, or a combination of the 
two for partial guiding at THz frequencies. MINERVA 
uses the full Newton-Lorentz force equation to track the 
particles through the optical and magnetic fields. To allow 
propagation of the optical field outside the undulator and 
interact with optical elements, MINERVA interfaces with 
the optical propagation code OPC. Here we describe the 
main features of MINERVA and give various examples 
of its capabilities. 

INTRODUCTION 
A variety of different free-electron laser (FEL) 

simulation codes have been developed over the past 
several decades such as GINGER [1], MEDUSA [2], 
TDA3D [3], and GENESIS 1.3 [4] among others. 
Typically, these codes undergo continuous development 
over their usable lifetimes. As a result, the codes become 
increasingly complex as new capabilities are added or 
older capabilities are deleted, and this tends to hobble 
their performance. It also renders it increasingly more 
difficult to make further modifications that might be 
needed. Because of this, we decided to develop a new 
code using a “clean-slate” approach having the properties 
and characteristics that we desired. We designate this new 
code as MINERVA. 

The organization of the paper is as follows. The 
properties of MINERVA are described in the second 
section. We describe the comparison of MINERVA with 
the SPARC SASE FEL [5] in the third section, and a 
comparison with the long wavelength JLAB IR-upgrade 
FEL oscillator [6] in the fourth section. A summary and 
discussion follows. 

PROPERTIES OF MINERVA 
The formulation of MINERVA describes the particles 

and fields in three spatial dimensions and includes time 
dependence as well. Electron trajectories are integrated 
using the complete Newton-Lorentz force equation. No 
wiggler-averaged-orbit approximation is made. The 
magnetostatic fields can be specified by analytical 
functions for a variety of analytic undulator models (such 
a planar or helical representations), quadrupoles, and 
dipoles. These magnetic field elements can be placed in 
arbitrary sequences to specify a variety of different 
transport lines. As such, MINERVA can set up field 
configurations for single or multiple wiggler segments 
with quadrupoles either placed between the undulators or 
superimposed upon the undulators to create a FODO 
lattice. Dipole chicanes can also be placed between the 
undulators to model various high-gain harmonic 
generation (HGHG) configurations. The fields can also be 
imported from a field map if desired. 

The electromagnetic field is described by a modal 
expansion. For free-space propagation, MINERVA uses 
Gaussian optical modes, while waveguide modes are used 
when the wavelength is comparable to the dimensions of 
the drift tube. As a result, MINERVA can treat both long 
and short wavelength FELs. A combination of the 
Gaussian and waveguide modes is also possible when 
there is partial guiding at, for example THz frequencies. 

The electromagnetic field representations are also used 
in integrating the electron trajectories, so that harmonic 
motions and interactions are included in a self-consistent 
way. Further, the same integration engine is used within 
the undulator(s) as in the gaps, quadrupoles, and dipoles, 
so that the phase of the optical field relative to the 
electrons is determined self-consistently when 
propagating the particles and fields in the gaps between 
the undulators. 

Particle loading is done in a deterministic way using 
Gaussian quadrature that preserves a quiet start for both 
the fundamental and all harmonics. Shot noise is added 
following the procedure developed for MEDUSA [7], so 
that MINERVA is capable of simulating SASE FELs. 

MINERVA has also been linked to the Optics 
Propagation Code (OPC) [8,9] for the simulation of FEL 
oscillators or propagating an optical field beyond the end 
of the undulator line to a point of interest. 

MINERVA is written in Fortran 95 using dynamic 
memory allocation and supports parallelization using the 
Message Passing Interface. 

 ___________________________________________  

#p.j.m.vanderslot@utwente.nl 
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THE SPARC SASE FEL 
The parameters of the SPARC SASE FEL [5] are as 

follows. The electron beam had an energy of 151.9 MeV, 
a bunch charge of 450 pC, and a bunch width of 12.67 
psec. The peak current was approximately 53 A. The x 
and y emittances were 2.5 mm-mrad and 2.9 mm-mrad 
respectively, and the rms energy spread was 0.02%. There 
were six undulators each of which was 77 periods in 
length (with one period for the entrance up-taper and 
another for the exit down-taper) with a period of 2.8 cm 
and an amplitude of 7.88 kG. The gap between the 
undulators was 0.4 m in length and the quadrupoles 
(0.053 m in length with a field gradient of 0.9 kG/cm) 
forming the FODO lattice were located 0.105 m 
downstream from the exit of the previous undulator. The 
resonance occurred at a wavelength of 491.5 nm, but the 
undulator line was not long enough to reach saturation 
over the six undulators. 

The experimental measurement of the pulse energy 
versus position was compared with the predictions of four 
simulation codes: GINGER, MEDUSA, PERSEO [10], 
and GENESIS 1.3. The resulting comparison is shown in 
Fig. 1 and shows generally good agreement between the 
codes and between the codes and the experiment. 
It is not our purpose here to provide a detailed description 
of the experiment; rather, we want to demonstrate that 
MINERVA is also in good agreement with the other 
codes and, by extension, with the experiment. This is 
shown in Fig. 2 where we plot the predictions of 
MINERVA and MEDUSA for the parameters of the 
SPARC experiment, and which shows that MINERVA is 
in similarly good agreement with the measured pulse 
energies. 
 

 
 

Figure 1: Comparison of GINGER MEDUSA, PERSEO, 
and GENESIS with the SPARC experiment [5], showing 
the optical pulse energy as a function of the distance z.  

 
Figure 2: Comparison of MINERVA with MEDUSA for 
the SPARC experiment, showing the optical pulse energy 
versus the distance z. 

THE JLAB IR-UPGRADE FEL 
OSCILLATOR 

To further investigate the capabilities of MINERVA we 
also compared the code with an existing long-wavelength 
FEL oscillator, the IR-upgrade FEL oscillator of the 
Thomas Jefferson National Accelerator Facility (JLAB) 
[6]. The JLAB IR-upgrade has already successfully been 
modeled using MEDUSA [11] and we use the same 
parameters for MINERVA to model the IR-upgrade. 
These were a kinetic energy of 115 MeV, an energy 
spread of 0.3%, a bunch charge of 115 pC, a pulse length 
of 390 fs, a normalized emittance of 9 mm mrad in the 
wiggle plane and 7 mm mrad in the plane orthogonal to 
the wiggle plane, and a repetition rate of 74.85 MHz for 
the electron beam. The planar undulator was 30 periods 
long, had a period of 5.5 cm, and a peak on-axis magnetic 
field of 0.375 T. For a proper electron beam transport 
through the undulator, we used a one period up- and down 
taper. The electron beam was focused into the undulator 
with the focus at the center of the device. The resonator 
length was about 32 m and the cold-cavity Rayleigh 
length was 0.75 m. The total loss of the resonator was 
21%.  For these settings, the wavelength was 1.6 m.  

 

 
Figure 3: Comparison of MEDUSA and MINERVA for 
the JLAB IR-upgrade FEL oscillator, showing the intra-
cavity pulse energy versus the roundtrip number. 
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To simulate the FEL oscillator, OPC takes the optical 
pulse at the exit of the undulator and propagates the pulse 
through the resonator to the entrance of the undulator. 
Both MEDUSA and MINERVA take this optical pulse 
and propagate it together with a fresh electron bunch 
through the undulator. This process repeats for a 
predefined number of roundtrips. The intra-cavity optical 
pulse energy Ep is shown in Fig. 3 as a function of the 
roundtrip number for both MEDUSA (red) and 
MINERVA (blue). Figure 3 shows that, although 
MINERVA predicts a slightly faster growth, the two 
codes are in good agreement with each other when the 
oscillator reaches a stationary state. MINERVA predicts a 
pulse energy that is 3% higher. Since MEDUSA showed a 
good agreement with the experiment [11], the same is true 
for MINERVA.  

Each electron bunch contains a kinetic energy of 13.2 
mJ. The optical energy extracted from the resonator is 
0.16 mJ per pulse. Therefore, the FEL efficiency that 
follows from the simulation is 1.2%, which is close to the 
experimental value of 1.4%. The theoretical value is  
1/2Nu = 1.7%. 

The spectrum of the optical pulse extracted from the 
cavity at roundtrip 150 is shown in Fig. 4 and the center 
wavelength is, as expected, at 1.6 m with a -3 dB 
bandwidth of 24 nm. The transverse spectral intensity is 
shown in Fig. 5 for the center wavelength and the 
distribution is close to Gaussian. For wavelengths around 
the center wavelength the energy distribution is similar to 
that shown in Fig. 5, however for wavelengths at the edge 
of the spectrum the transverse distribution changes as is 
shown in Fig. 6 for two wavelengths that are 60 nm below 
(Fig. 6a) and 60 nm above (Fig. 6b) the center wavelength 
and a wavelength of 1.70 m (Fig. 6c). Although these 
wavelengths contain hardly any energy, the transverse 
spectral intensity shows characteristics that change 
rapidly with the wavelength. 

 

 
Figure 4: Spectral energy density of the optical output 
pulse for the IR-upgrade FEL oscillator. 

 
Figure 5: Transverse spectral intensity at the central 
wavelength of 1.6 m for the optical pulse after n=900. 

 

 
Figure 6: Transverse spectral intensity at wavelengths of 
1.54 m (a), 1.66 m (b) and 1.70 m (c) for n=900.  

For example, at  = 1.7 m, the emission is predicted to 
be off-axis with four, about equal, strength maxima 
located on the x-axis (y = 0) and two lower maxima on the 
y-axis (x = 0). The origin of these characteristics is still 
under investigation, but is likely to consist in the 
generation of high order modes off the peak wavelength. 

SUMMARY AND CONCLUSION 
As shown in the paper, the current state of development 

of MINERVA and MINERVA/OPC yields good 
agreement for the two experiments studied thus far. 
Consequently, we feel that MINERVA can accurately, 
and with confidence, predict the performance of short 
wavelength FELs. MINERVA is currently in beta-test and 
development will continue. In particular, the inclusion of 
waveguide modes will permit the simulation of long 
wavelength THz FELs. 

(a) (b) 

(c) 
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Abstract 
In order to understand and design free-electron lasers 

(FELs), simulation codes modeling the interaction of 
electrons with a co-propagating optical field in the 
magnetic field of an undulator are essential. However, 
propagation of the optical field outside the undulator is 
equally important for evaluation of the optical field at the 
location of the application or to model FEL oscillators.  

The optical propagation code OPC provides such 
capabilities and can interface with FEL gain codes like 
GENESIS 1.3, MEDUSA and MINERVA. Here we 
present recent additions and modifications to the code that 
improves the speed of the code and extends the modeling 
capabilities. These include amongst other, inline 
diagnostics that results in considerable faster runtimes, 
the ability to convert from free-space modes to guided 
modes (currently only cylindrical waveguides), and the 
possibility to determine the spectrum at each transverse 
location. The latter opens the possibility to include 
dispersion in the optical propagation. 

INTRODUCTION 
Simulation tools play an essential role in the design and 

understanding of free-electron lasers (FELs). In the last 
few decades, several codes have been developed to model 
the interaction of electrons with a co-propagating optical 
field inside the magnetic field of an undulator, amongst 
others, GENESIS 1.3 [1], GINGER[2],  MEDUSA [3] 
and MINERVA [4] as a recent addition. These codes are 
used to calculate the spatio-temporal characteristics of the 
optical pulse coming out of the undulator. However, self-
consistent modelling of an oscillator FEL also requires to 
model the propagation of the optical pulse outside the 
gain section, i.e., outside the undulator. Even for single 
pass systems, a system designer or user is typically 
interested in the characteristics of the optical pulse in the 
far field. The optical propagation code (OPC) [5] provides 
tools for propagating the optical field outside the gain 
section and interfaces with the FEL gain codes GENESIS 
1.3, MEDUSA and MINERVA. The main properties of 
OPC are described in ref. [5], and we only summarize its 
main characteristics here. The propagation of the optical 
field is done using one of three methods, a spectral 
method, a Fresnel diffraction integral and a modified 
Fresnel diffraction integral. These methods propagate the 
complex phasor of the electric field of the optical pulse 

from an input plane to an output plane, where the 
modified Fresnel integral allows for an expansion of the 
grid on which the optical field is defined, but not the 
number of grid points. OPC allows placement of various 
optical elements along the propagation path, such as 
apertures, lenses and mirrors.  In this paper we describe 
the recent additions to the code that enhances its 
capabilities and increases the speed of the code. The 
remainder of the paper is organized as follows. We will 
first describe the addition of inline diagnostics, which is 
then followed by a description of waveguide modes and 
finally we discuss the possibility to propagate in the 
frequency domain, which allows the use of dispersive 
elements in the optical path. We conclude with a brief 
summary and outlook for future additions to OPC. 

IN-LINE DIAGNOSTICS 
In order for the user to analyze the optical properties of 

the light generated in the FEL, the user has the ability to 
execute a number diagnostics on the optical pulse, such as 
obtaining the intensity ܫሺݔ, ,ݕ  ሻ as a function of theݏ
position ሺݔ,  ሻ in the transverse plane for a specificݕ
longitudinal position ݏ, the phase Θሺݔ, ,ݕ  ሻ as a functionݏ
of the position ሺݔ, ݔor Θሺ ݏ ሻ for a specificݕ ൌ ,ݔ ݕ ൌ
,ݕ  for a specific transverse location ݏ ሻ as a function ofݏ
ሺݔ, ሻݏሻ,  the power ܲሺݕ ൌ ,ݔሺܫ∬ ,ݕ  in the ݕ݀ݔሻ݀ݏ
pulse,  the fluence ܨሺݔ, ሻݕ ൌ  ,ݔሺܫ ,ݕ  a cross ,ݏሻ݀ݏ
section ܫሺݔ, ݕ ൌ ,ݕ ݔሺܫ ሻ orݏ ൌ ,ݔ ,ݕ  ሻ through theݏ
pulse, the “centre of gravity” ሺݔ,  ሻ of the optical pulseݕ
and its rms radius ݎ௦ (weighted with the intensity 
distribution). These diagnostics can be applied at any 
(intermediate) plane along the optical path where the 
optical field is evaluated. Until recently, OPC first 
propagates the optical from start to end of the optical 
path, while storing the optical field at the locations where 
diagnostics are requested. After the optical propagation 
has completed, the user can perform the diagnostic 
commands to the stored optical field. For this reason, we 
refer to this as off-line diagnostics. 

The stored optical field consists of the complex phasor 
(amplitude and phase) of a linearly polarized electric field 
at each grid point for each of the time samples of the 
optical field, and the amount of data can become very 
large for large grid sizes ( ௫ܰ ൈ ௬ܰ ൌ ܰ

ଶ	, for simplicity) 
and/or number of times samples ௦ܰ.  For this reason, the 
optical field is stored on disk and the associated disk I/O 
can have an impact on the speed of the program when the 
files become large or a large number of diagnostics are 
requested.   

 ___________________________________________  
#p.j.m.vanderslot@utwente.nl 
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To avoid a significant increase in run time due to 
diagnostic evaluations wanted by the user, OPC has been 
upgraded with so-called in-line diagnostics. Instead of 
dumping the optical field to the hard disk when 
diagnostics are requested, the user can now execute 
diagnostic commands during the propagation along the 
optical path. These new diagnostics commands are 
applied to the optical field while it is still in the memory 
of the computer and therefore avoids a large amount of 
relative slow disk I/O. Backward compatibility with off-
line diagnostics is maintained to allow the user to use 
earlier work without modifications and to post-process 
optical fields produced at an earlier time. 

In order to obtain an impression about the speed 
improvement, we created a script that times the speed of 
the calculations in three cases. In the first, a predefined 
optical field is propagated over a distance of 5 m using 
the Fresnel diffraction integral method. This provides the 
time ݐ required to do the propagation. In the second case, 
the predefined field is again propagated using the same 
method and at the end of the path the optical field is 
dumped and processed with a diagnostic command after 
the propagation is completed (off-line diagnostic). This 
provides the time ݐௗ for the propagation and off-line 
diagnostic command. The third and last case propagates 
the same predefined optical field but now implements the 
same diagnostic command at the end of the propagation 
path (in-line diagnostic). This provides the time ݐௗ of 
the propagation plus the in-line diagnostic command. 
Each case is executed 20 times consecutively, to obtain an 
average execution time. The tests were run on a duo Xeon 
computer with a total of 12 cores. The results are 
summarized for the diagnostic commands total and 
statistics in Tables 1 and 2 for ௦ܰ ൌ	300 and ௦ܰ ൌ	600 
time samples, respectively. The command to generate a 
cross section through the intensity profile shows a similar 
behavior. 

 

Table 1: Average Execution Time for the Diagnostic 
Commands Total and Statistics, ௦ܰ ൌ 300 

  total statistics 
ࢊ࢚ (s)	ࢊ࢚ (s)	ࢊ࢚ (s)	ࢊ࢚ (s)	࢚ ࡺ (s) 

255 2.0 3.2 2.0 3.1 2.0 
441 3.5 4.6 3.3 4.6 3.3 
567 4.9 6.2 4.8 6.3 4.7 
945 11.9 20.0 11.6 19.2 11.7 

Table 2: Average Execution Time for the Diagnostic 
Commands Total and Statistics, ܰ ൌ௦  600 

  total statistics 
ࢊ࢚ (s)	ࢊ࢚ (s)	ࢊ࢚ (s)	ࢊ࢚ (s)	࢚ ࡺ (s) 

255 2.4 4.1 2.9 3.1 2.0 
441 5.8 7.1 5.3 7.1 5.3 
567 8.8 16.2 8.2 20.6 8.4 
945 22.0 57.1 49.9 61.6 51.6 

 
The results in Table 1 show that a single in-line 

diagnostics command hardly effects the runtime of the 

code compared to a single propagation step, while a 
single off-line diagnostic command can almost double the 
runtime of a single propagation step. Table 2 shows the 
runtimes when we increase the number of time samples 
from ௦ܰ=300 to ௦ܰ=600. For the three smallest number of 
grid points ( ܰ = 255, 441 and 567), a single in-line diagnostic 
command again hardly increase the run time while a single off-
line diagnostic command can more than double the run time. 
Only for the combination of the largest value for ܰ = 945 and 

௦ܰ ൌ 600, we observe a serious degradation in performance for 
the in-line diagnostics, although they still outperform the 
equivalent off-line diagnostic command. Note, for these 
parameters ( ܰ = 945 and ௦ܰ=600), the optical field corresponds 
to almost 9 GB of data. 

WAVEGUIDE MODES 
When the FEL emits light at THz or longer 

wavelengths, the natural diffraction of the light becomes 
so large that the effect of the vacuum tube, through which 
the electrons move, cannot be neglected any more. The 
electromagnetic wave becomes guided. The MINERVA 
gain code [4] will be able to model FELs with guided or 
partial guided wave propagation inside the undulator. In 
order to support cold cavity calculations and propagate 
the optical field back to the entrance of the undulator, 
OPC has been extended to include waveguide modes. 
Currently only cylindrical waveguides modes are 
supported.  

An additional “waveguide” option as part of the optical 
path has been made available to the user. This option 
decomposes an incident optical field in free space into 
waveguide modes and obtains the complex phasor 
(amplitude and phase) for each mode [6]. These modes 
are then propagated to the other end of the waveguide, 
where they are combined into a new optical field that is 
emitted into free space. Typically, the wavelength is 
sufficiently far below the cut-off wavelength that 
reflection at the waveguide end can be neglected [6]. The 
user has access to the modal decomposition and obtain the 
energy and amplitude for each of the excited modes. 
Although one may start with a linear polarized optical 
field in free space, the optical field will possess two 
orthogonal polarization directions after propagating 
through a cylindrical waveguide. OPC has been extended 
to include two perpendicular polarizations to accurately 
model the optical field emitted into free space from a 
waveguide. This framework can in principle also be used 
to propagate circular polarized light along an optical path. 
As an example, Fig. 1 shows how much power is coupled 
in the fundamental TE11 mode and all TE modes together 
as a function of the waist ݓ of a fundamental Gaussian 
TEM00 mode when it is focused on the end of a 
cylindrical waveguide with an inner radius ܴ௪ = 3 mm. 
Note, as the peak intensity of the incident TEM00 mode is 
kept constant, the total power in the incident field 
increases with the size of the focus. As the waist of the 
TEM00 mode increases from its minimal value of 1 mm, 
more power is coupled into the waveguide and between 
  = 2 and 2.4 mm less than 1 % of the coupled power isݓ
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in higher order modes. At optimum coupling, ݓ is 2.4 
mm and 87.5 % of the incident power is coupled into the 
fundamental TE11 mode. When the waist is further 
increased, less power is coupled into the waveguide and 
higher order modes are excited. This is because the 
incident optical field becomes too large and a 
considerable fraction of the field falls outside the aperture 
provided by the cylindrical waveguide. 

 
Figure 1: Coupling between free-space Gaussian TEM00 
mode and the TEnm modes in a cylindrical waveguide of 
radius ܴ௪ = 3 mm. 

SPECTRAL DOMAIN 
Until recently, OPC assumed that the optical bandwidth 

of the pulse is sufficiently small that the center 
wavelength of the optical field can be used for the 
propagation and that dispersion along the optical path is 
not important. These assumptions break down when 
(ultra)short pulses need to be propagated or when the 
optical components used along the optical path have a 
significant dispersion over the bandwidth of the optical 
pulse. OPC has been upgraded to give the user the choice 
to propagate in the time domain where consecutive time 
samples are propagated one after the other along the 
optical path (using the center wavelength), or to transfer 
to the frequency domain where consecutive frequencies 
are propagated along the optical path.  

The transformation to the frequency domain also allows 
users to inspect the transverse distribution of the various 
frequency components. As an example we show in Fig.2 
the energy at the exit of the undulator of an FEL oscillator 
[7] as a function of the roundtrip number. The system 
parameters are listed in the figure. Figure 2 suggests that 
the system becomes stationary, i.e., no changes from one 
pass to the next, after about 400 roundtrips. The power of 
the optical pulse as a function of the roundtrip ݊ and the 
longitudinal internal coordinate ݏ ൌ  where ܿ is the ,ݐܿ
speed of light in vacuum and ݐ is the time coordinate, is 
shown in Fig. 3 and although the pulse energy is almost 
constant, the temporal shape of the pulse still changes 
after ݊ = 400. The spectrum of the optical pulse at ݊ = 
900 roundtrips is shown in Fig.4. As the initial carrier 
wavelength was at 495 nm, Fig. 4 shows that the 
wavelength with maximum spectral energy density is at  

 
Figure 2: Pulse energy at the exit of the undulator in a 
FEL oscillator as a function of the roundtrip number. 

Figure 3: Power ܲሺ݊,  ሻ as a function of the roundtripݏ
number ݊ and the internal longitudinal coordinate ݏ ൌ  ݐܿ
for the parameters of Fig. 2. 

499.8 nm, while the intensity weighted average 
wavelength is ̅521 = ߣ nm, where ̅ߣ is defined as 

 λത ൌ ఒூሺఒሻௗఒ

 ூሺఒሻௗఒ
  (1) 

The rms bandwidth is defined as 

 Δߣ௦ ൌ ඥߣଶതതത െ  ଶ, (2)ߣ̅

where ߣଶതതത is defined similar as ̅ߣ. For the spectrum shown 
in Fig. 4, we find that Δߣ௦ = 35 nm. Note, the -3 dB 
bandwidth Δିߣଷௗ = 0.81 nm.   

OPC also provides the possibility to inspect the 
transverse energy distribution of the frequency 
components. Examples are shown in Fig. 5, where we 
plot the transverse distribution for the initial carrier 
wavelength (495 nm), the wavelength with the highest 
spectral energy density (499.8 nm), close to the average 
wavelength (521.3 nm) and an arbitrary wavelength 
(530.2 nm). 
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Figure 4: Spectrum of the optical pulse after 900 
roundtrips. Parameters as in Fig. 2.  

Figure 5 shows that not all frequency components in the 
spectrum have the same transverse distribution. For 
example, not all frequency components have their 
maximum spectral intensity on axis. 
 

 

 
Figure 5: Transverse spectral intensity ܫ௦ሺݔ,  ሻ for theݕ
wavelengths 495.0, 499.8, 521.3 and 530.2 nm. Note the 
difference in scale for ܫ௦ሺݔ,  .ሻ at the various frequenciesݕ

So far, we have demonstrated the new diagnostics in 
the spectral domain. However, propagation in the 
frequency domain also allows the use of dispersive 
optical components along the optical path. For example, if 
we consider a multilayer mirror, then reflecting a short 
optical pulse from the mirror is problematic to implement 
in the time domain, as the pulse may temporally broaden. 
By transforming to the frequency domain and if the 
complex reflection coefficient (reflected amplitude and 
phase shift) of the mirror is available for the frequency 
range of interest (either measured or calculated), we can  
reflect each frequency component of the mirror. By 

transforming back to the time domain, the pulse has been 
reflected from the mirror including broadening of the 
pulse due to the partial reflection at the layers of the 
mirror. Alternatively, if the optical pulse propagates 
through a material, a wavelength dependent refractive 
index can be included. 

CONCLUSION 
We have described the enhanced capabilities of OPC. 

In particular, the in-line diagnostics are considerably 
faster than the off-line diagnostics and a single in-line 
diagnostic command hardly changes the runtime of a 
single propagation step. Only for a very large number of 
grid points and a larger number of time samples do the in-
line diagnostics significantly add to the total run time. 
The waveguide modes that have been added are a first 
step towards guided propagation and towards interfacing 
with FEL gain codes that can handle partial or complete 
wave guiding. Finally, the transformation to the frequency 
domain allows for a more accurate propagation and 
introduces added diagnostics to the package. A 
propagation in the frequency domain also allows the use 
of dispersive optical elements.  

Further extensions that are planned for the immediate 
future are the use of the HDF5 library for storing data to 
remain compatible with the upcoming release of 
GENESIS 1.3 and to implement a number of dispersive 
optical elements. 
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Abstract
The FEL simulation code Puffin is modified to include 3D

magnetic undulator fields. Puffin, having previously used a

1D undulator field, is modified to accommodate general 3D

magnetic fields. Both plane and curved pole undulators have

been implemented. The electron motion for both agrees with

analytic predictions.

INTRODUCTION
Puffin [1] is an unaveraged 3D FEL code which does not

make the Slowly Varying Envelope Approximation (SVEA)

or period averaging in its analytical model. As such, it is

capable of modelling the a broad radiation field spectrum,

full longitudinal broadband electron beam transport through

the undulator, and Coherent Spontaneous Emission (CSE)

emerging from current gradients in the beam.

However, although Puffin models a 6D electron beam and

3D radiation field, it does not employ a 3D magnetic undu-

lator field. Instead, it implements a 1D undulator field with

no off-axis variation. Superimposed, is an external focusing

channel which is an approximation of the natural focusing

found in a helical undulator. This focusing channel may be

strengthened or weakened through the use of a ‘focusing

factor’ [2] to obtain a desired betatron frequency.

Such a model does not simulate the detuning of the reso-

nance condition in the transverse dimensions. Nor does it

allow the focusing to emerge naturally from the off-axis vari-

ation of the magnetic fields. The resulting electron motion

is an approximation in the case of a helical or curved-pole

undulator; it is inaccurate in the case of an undulator with

plane poles. Furthermore, the betatron motion as derived

in Puffin is only valid when the electron beam is close to

mono-energetic.

There is a need to model more realistic undulator fields;

in particular, plane pole and curved pole undulators are more

common than helical undulators for UV/X-ray FELs. There

is therefore a requirement that various 3D planar undulator

types be implemented in Puffin.

In the following, the Puffin model is first generalized to

include general undulator magnetic fields. This model also

allows a helical field description to be developed. Note

also that this general magnetic field description need not be

limited to undulators, and may allow future alternative appli-

cations of the Puffin code, to solve other radiation-electron

interactions in static magnetic fields.

This general description is then used to implement both a

generic plane pole and curved (canted) pole undulator FEL.

Results are presented to demonstrate the correct electron

motion and radiation characteristics are being solved.

MODIFIED MATHEMATICAL MODEL
The derivation of the FEL system of equations modelled

by Puffin is given in [1], using a magnetic undulator field

Bu =
Bu

2
(ueiku z + c.c.), where u = ux x̂ + iuy ŷ defines the

polarization of the undulator. Following the same derivation,

but using a general 3D magnetic field of the form B = Bx x̂+
By ŷ + Bz ẑ, one obtains the following system of equations:

[1
2

( ∂2
∂ x̄2
+
∂2

∂ ȳ2

)
− ∂2

∂ z̄∂ z̄2

]
A⊥ =

− 1
n̄p

∂

∂ z̄2

N∑
j=1

p̄⊥ j L jδ
3( x̄ j , ȳ j , z̄2 j ) (1)

dp̄⊥ j
dz̄
=
1

2ρ

[
ib⊥ − ηp2 j

α2
A⊥

]
− iα p̄⊥ j L jbz (2)

dp2 j
dz̄
=
ρ

η
L2j

[
ηp2 j (p̄⊥ j A∗⊥ j + c.c.)

− i(1 + ηp2 j )α2(p̄⊥ jb∗⊥ j − c.c.)
]

(3)

dz̄2 j
dz̄
= p2 j (4)

dx̄ j

dz̄
=
2ρα√
η

L j�(p̄⊥ j ) (5)

d ȳ j
dz̄
= −2ρα√

η
L j�(p̄⊥ j ). (6)

where

η =
1 − β̄z
β̄z

=
λr
λu
, (7)

p̄⊥ =
p⊥

mcau
, A⊥ =

euau lg

2
√
2γ2rmc2ρ

E⊥,

ρ =
1

γr

(
auωp

4cku

)2/3
, au =

eB0
mcku

,

α =
au
2ργr

, b⊥ = bx − iby , (8)
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and bx,y,z = Bx,y,z/B0 are the scaled magnetic fields in x, y
and z, respectively, and B0 is the peak on-axis magnetic field.
Other parameters remain as defined in [1]. The FEL param-

eter ρ above is defined using the peak undulator parameter,
rather than the r.m.s. undulator parameter.
Using the above system of equations, one may use bx ,by

and bz to define a static 3D magnetic field with which to sim-
ulate the energy exchange between a co-propagating electron

beam and radiation field. The model is still subject to the

same limitations as in [1], i.e. the paraxial approximation
and the neglect of the backwards propagating wave.

Currently, two 3D undulator fields have been implemented

in Puffin using this model, both derived from [3, 4]. The

first is an undulator field with canted, or curved, pole faces,

providing beam focusing in both transverse dimensions:

bx =
k̄x
k̄y
sinh(k̄x x̄) sinh(k̄y ȳ) sin( z̄/2ρ),

by = cosh(k̄x x̄) cosh(k̄y ȳ) sin( z̄/2ρ), (9)

bz =
√
η

2ρk̄x
cosh(k̄x x̄) sinh(k̄y ȳ) cos( z̄/2ρ),

where k̄x,y give the hyperbolic variation of the magnetic
field in x̄, ȳ, and must satisfy

k̄2x + k̄2y =
η

4ρ2
. (10)

The second undulator type is a planar undulator with plane

pole faces, described by:

bx =0,

by = cosh(
√
η ȳ/2ρ) sin( z̄/2ρ), (11)

bz = sinh(
√
η ȳ/2ρ) cos( z̄/2ρ).

SIMULATIONS
The electron transport through both of these undulator

types is well known. Some simple tests can therefore be

designed to see if the electron motion in Puffin exhibits the

correct behaviour.

As described in [3], a natural focusing channel arises from

the off-axis variation of the magnetic field in the curved-pole

undulator. From this so-called ’natural’ focusing, one ex-

pects a slow oscillation characterised by betatron wavenum-

bers and correspondingmatched beam radii in x̄ and ȳ, given,
in the scaled notation, as:

k̄βx =
au k̄x√
2ηγr

, k̄βy =
au k̄y√
2ηγr

, (12)

σ̄x =

√
ρε̄ x

k̄βx
, σ̄y =

√
ρε̄ y

k̄βy
. (13)

respectively.

For the curved pole simulation, ρ = 0.0017, au = 4.404,
ε̄ x,y = 1 and γr = 575.63. A small electron pulse is used
to generate a significant amount of coherent spontaneous

0 0.5 1 1.5 2
0.02

0.04

0.06

0.08

0.1

σ̄
x

z̄

Plane Poles

Curved Poles

Figure 1: The electron pulse radius σ̄x plotted as a function

of distance through the undulator.

emission (CSE) [5], to avoid a noisy transverse intensity dis-

tribution, allowing an simple check of the emitted radiation

properties.

The radii in x̄ and ȳ, matched at injection, are are seen to
be constant throughout propagation. σ̄x is plotted against

z̄ in Figure 1. In this case, k̄x = k̄y , which, from condition
(10) and equation (12), results in

k̄βx = k̄βy =
au
4ργr

, (14)

and, from (13), matched beam radii of σ̄x,y = 0.039, giving
good agreement with Figure 1.

Similar to the curved-pole undulator, a natural focusing

channel also arises in the plane-pole undulator, this time

exclusively in the ȳ direction. For this simulation, the pa-

rameters used are identical to the curved pole case, except

the beam energy and the undulator parameter are adjusted

to γr = 238.04 and au = 1.2876, to give the same betatron
wavelength and transverse radii for comparison to the curved

pole case.

The betatron period and matched beam radius in ȳ are

now:

k̄βy =
au

2
√
2ργr

, (15)

σ̄y =

√
ρε̄ y

k̄βy
, (16)

and electron motion in the (x̄, p̄x ) dimension should undergo

free space dispersion when averaged over an undulator pe-

riod, resulting in an expansion of the beam in the x̄ dimen-
sion.

The radius in x̄ during propagation is plotted in Figure 1,
showing the beam expansion. The initial radius in x̄ is here
set to the matched radius in ȳ, so σ̄x = σ̄y = 0.0327. The
radius in ȳ remains constant, as expected.

Another test which can be made on the electron motion

is that, again from [4], | p̄⊥|2 = 0.5 remains constant for all
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Figure 2: Transverse intensity profile of the 1st harmonic.
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Figure 3: Transverse intensity profile of the 2nd harmonic.

electrons when averaged over an undulator period, which

maintains a constant resonance condition throughout their

betatron oscillations. This condition is seen to be satisfied

in Puffin.

Puffin, being and unaveraged, non-SVEA code, is capable

of the self-consistent simulation of the full radiation field

spectrum in the FEL. The transverse intensity distributions

of the first 2 harmonics in the plane-pole case from CSE

is shown in Figures 2 and 3, showing the expected on-axis

emission for the first harmonic and the off-axis emission for

the second harmonic [6].

CONCLUSION
The system of equations (1 - 6) have been derived in

order to implement more realistic 3D undulators in Puffin,

increasing the scope of the code.

The betatron oscillation of each electron arises naturally

and self-consistently from the motion of the electrons in

the specified undulator fields - it is not an approximation of

the motion, which would only be valid for electrons close

to a given energy, super-imposed on top of another system

of equations. Consequently, the functionality reported here

will allow the simulation of broadband electron beams trans-

ported correctly through the FEL.

The work here may be combined with the model presented

in [7], which describes how to employ a taper in the equa-

tions, to taper an undulator module’s magnetic fields to and

from zero over the first and last few undulator periods in each

module. As well as more closely modelling a ‘realistic’ un-

dulator, this avoids the task of calculating the correct initial

conditions of the electron beam macroparticles that ensures

a stable propagation along the undulator. This calculation

can non-trivial, particularly for beams with a large energy

spread.

Other static magnetic fields, such as quadrupoles, may be

added to the equations. They would be subject to the same

scalings presented here, which are specific to the FEL - for

example, z is scaled to lg , the FEL gain length. It is intended
this will be done in the future.
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Abstract
We continue our study [1–3] of CSR from a bunch on

an arbitrary curved orbit in a plane. The vacuum chamber

has rectangular cross section with possibly varying horizon-

tal width. We make a Fourier transform in s − ct and use
the slowly varying amplitude approximation. We invoke a

Fourier expansion in the vertical coordinate y, which meets

the boundary conditions on the top and bottom plates and

makes contact with the Bessel equation of the frequency

domain treatment. The fields are defined by a PDE in s
and x, first order in s, which is discretized in x by finite dif-
ferences (FD) or the discontinuous Galerkin method (DG).

We compare results of FD and DG, and also compare the

computation speeds to our earlier calculations in 3D (parax-

ial) which did not use the Fourier series in y [4–8]. This

approach provides more transparency in the physical descrip-

tion, and when only a few y-modes are needed, provides a

large reduction in computation time.

STATEMENT OF THE PROBLEM
Statement of the Physical Problem
We start with the wave equation for the Ey and Hy fields

in the Frenet-Serret coordinates (s, x, y, t) :

∇2Ey − 1c2
∂2Ey

∂t2
= Z0

(1
c
∂Jy
∂t
+ c
∂ρ

∂y

)
, (1a)

∇2Hy − 1c2
∂2Hy

∂t2
= − R

x + R
∂Jx
∂s
+
∂Js
∂x
+

1

x + R
Js .

(1b)

We shall solve for the fields in a toroidal vacuum chamber

with perfectly conducting walls at x = xin , xout and y =

±h/2. The bunch orbit is centered in the chamber and has
bending radius R. We next apply a Fourier transform in
s − ct and a Fourier series in y. Now the fields and sources
are expressed in the form

F (s, x, y, t) =
∫ ∞

−∞
dk eik (s−ct )

∞∑
p=1

φp (y)F̂p (s, x, k), (2)

φp (y) =
[
cos

sin

] (
αp (y + h/2)

)
, αp =

πp
h
.

∗ Work supported by DOE under DE-FG02-99ER41104 and DE-AC03-
76SF00515.
† dbizzoze@math.unm.edu

If the vertical distribution of charge is an even function of

y, which we assume, then only odd integers p are involved.
For Ey , Hx , Hs , Jy the factor φp contains only cos terms
whereas for Hy , Ex , Es , ρ, Jx , Js it contains only sin terms.
In the approximation of slowly varying amplitude (parax-

ial approximation) terms with ∂2/∂s2 are neglected and the
transformed equations (1) for F̂p (s, x, k) = Êyp , Ĥyp be-

come (with γ2p = k2 − α2p ):

2ikR2

(x + R)2
∂F̂p

∂s
= −∂

2F̂p

∂x2
− 1

x + R
∂F̂p

∂x

−
(
γ2p −

(kR)2

(x + R)2
)
F̂p + S.

(3)

For a charge density of the form qλ(s−ct)H (y)δ(x), where
q is the charge, the source terms are:

SÊ = σδ(x), SĤ = τ
(
δ′(x) + δ(x)/R

)
(4a)

σ = qZ0αpcλ̂(k)Hp , τ = qβcλ̂(k)Hp , (4b)

where λ̂ and Hp are Fourier transforms of λ and H. For
a Gaussian H with width σy � h we have Hp =

(−1)(p−1)/2(2/h) exp(−(αpσy )2/2).
The perfectly conducting boundary conditions are guar-

anteed by:

Êyp |x=xin,xout = 0,
∂Ĥyp

∂x
|x=xin,xout = 0. (5)

To construct initial conditions for Êyp , Ĥyp , we assume an

infinite straight prior to the entrance of the bend and use the

steady-state solutions F̂p0 = Êyp0, Ĥyp0 which satisfy:

d2F̂0p
dx2

− α2p F̂0p = S (6)

With the solutions Êyp , Ĥyp to the initial value problem

(3-6) for each p, we construct the remaining fields through
additional relations in Eq. (30), then return to the space-time

domain by (2).

Statement of the Mathematical Problem
To solve (3) numerically, we first introduce a transforma-

tion to treat the singularities of (4a):

V = Êyp − σxΘ(x), (7a)

W = Ĥyp − τΘ(x), (7b)
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with Θ being the Heaviside step function. Under these trans-

formations, V,W still satisfy (3); however, the sources be-

come:

SV = −σΘ(x)
(
1

x + R
+ x
(
γ2p −

(kR)2

(x + R)2
))
, (8a)

SW = −τΘ(x)
(
γ2p −

(kR)2

(x + R)2
)
. (8b)

We have eliminated δ and δ′ from the source, gaining a big
advantage for the numerical work. A jump in the sources

at x = 0 remains, but that too can be removed by a second
transformation, which will be described elsewhere.

The boundary conditions for V,W are:

V |x=xin = 0, V |x=xout = −σxout ,
∂W
∂x
|x=xin,xout = 0.

(9)

Next, we condense (3) to the following for fixed k,p:

i
∂u
∂s
= a(x)

∂2u
∂x2
+ b(x)

∂u
∂x
+ c(x)u + S̃V ,W (x) (10)

with u representing V,W , and S̃V ,W = (x + R)2SV ,W /2kR2.
It is important to note that our Schrödinger-type equation

(10) is only parabolic in the sense of infinite propagation

speed. It is hyperbolic-like in the sense that initial conditions

are not smoothed by the PDE evolution.

The solutions of (6) to provide initial conditions are found

readily by variation of parameters:

Êyp0(x) = − σ
αp

sinh(αp xout ) sinh(αp (x − xin ))
sinh(αp (xout − xin ))

+
σ

αp
sinh(αp x)Θ(x),

(11a)

Ĥyp0(x) = − τ sinh(αp xout ) cosh(αp (x − xin ))
sinh(αp (xout − xin ))

+ τ cosh(αp x)Θ(x).
(11b)

NUMERICAL IMPLEMENTATION
In this section we describe our numerical algorithms for

integrating (10) by finite difference (FD) and nodal discon-

tinuous Galerkin (DG) numerical schemes. We use explicit

time-stepping in s for both methods.

Finite Difference Scheme
We begin by discretization of [xin , xout ] into Nres + 1

equidistant nodes spaced by Δx. The nodal coordinates are
defined by xi = xin + (i − 1)Δx and ui = u(xi ). We define
the 4th order differentiation operators by:

du
dx

����xi ≈ ui−2 − 8ui−1 + 8ui+1 − ui+2
12Δx

,

d2u
dx2

����xi ≈ −ui−2 + 16ui−1 − 30ui + 16ui+1 − ui+2
12Δx2

.

(12)

For points near the boundaries, i.e. i = 1,2,Nres ,Nres + 1,

we use lopsided 5 point stencils. For explicit time stepping,

we employ a leap-frog scheme. It is important to note: the

leap-frog scheme is unstable for the heat equation [9] but

stable for our Schrödinger-type equation in (10). The leap-

frog scheme is:

un+1 = un−1 + 2Δs Φ(un ) (13)

with Φ(un ) denoting the right-hand-side of (10) with the
discretizations (12) at s = nΔs. For stability, we take:

Δs = CCFLkΔx2. (14)

In our tests, CCFL < 0.3 results in a stable scheme for
p � 40. Due to the oscillatory nature of the solution for
large p, a smaller CFL constant must be taken if larger p-
modes are desired.

The boundary conditions on V are imposed by setting
V1 = 0 and VNres+1 = −σp xout while the boundary condi-
tions forW are imposed with a one-sided derivative stencil

and solving forW1 andWNres+1 as functions ofW2, ...,5 and

WNres−3, ...,Nres respectively. The initial conditions on V,W
are computed analytically from (11).

Discontinuous Galerkin Scheme
We derive our DG scheme in some detail since it is not as

well known as FD. DG methods have features taken from fi-

nite element (FE) and finite volume methods (FV). Solutions

are represented by polynomials local to each element as in

FE; however, the PDE can be represented in an explicit semi-

discrete form. The PDE is satisfied using fluxes between

elements similar to FV. This results in a scheme which can

maintain high-order accuracy (hp-adaptivity) and stability
for wave-dominated problems [10].

We rewrite the PDE in (10) in first order form as

i
∂u
∂s
= a(x)

∂q
∂x
+ b(x)q + c(x)u + f , q =

∂u
∂x
. (15)

To find an approximate solution, we begin by partitioning

the domain [xin, xout] into K elements of polynomial degree
N . The total number of nodes is given by (N+1)K . We next
focus on a particular element k (note, this k is not related to
Fourier transform in (2)). We approximate the solution on

this element in the Lagrange polynomial basis:

uk (x, s) =
N+1∑
j=1

uk
j (s)kj (x), (16)

qk (x, s) =
N+1∑
j=1

qk
j (s)kj (x), (17)

with kj (xki ) = δi j for nodal coordinates xki . The derivatives
of u in (15) are given by differentiating (16). The terms f ,
cu and bq are replaced by their natural interpolating polyno-
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mials

(cu)k =
N+1∑
j=1

ckj uk
j (s)kj (x), (bq)k =

N+1∑
j=1

bkj qk
j (s)kj (x),

(18)

f k =
N+1∑
j=1

f kj (s)kj (x)

and a∂xq is replaced by

ak
N+1∑
j=1

qk
j (s)[kj (x)]′, (19)

where ak is the value of a at the midpoint of element k.
Note that each of these is a polynomial of degree N (or less).
Equation (19) assumes a does not vary much on element k,
which is certainly true in our case, however, we are investi-

gating alternatives which do not make such an assumption.

Inserting (16), (18), (19) into (15) we obtain the following

residuals Rk
1,2

(x, s) defined by

Rk
1 (x, s) = i

∂uk

∂s
− ak ∂q

k

∂x
− (bq)k − (cu)k − f k , (20a)

Rk
2 (x, s) = qk − ∂uk

∂x
. (20b)

We now require that the residuals Rk
1,2

(x, s) be approxi-
mately orthogonal to the ki . This yields N + 1 equations for
each (uk

j ,q
k
j ) of the form∫

Dk

Rk
1 (x, s)ki (x)dx ≈ 0,

∫
Dk

Rk
2 (x, s)ki (x)dx ≈ 0,

(21)

for i = 1, ...,N + 1. Clearly, requiring these to be zero will
not yield a viable algorithm, as there would be no coupling

between elements. The heart of DG is to couple adjacent

elements using the so-called flux condition. This is obtained

by integrating the [ki (x)]′ terms by parts, inserting the flux
condition, and then reversing the integration by parts. We

illustrate this on Rk
2

(x, s).
∫
Dk

−∂uk

∂x
ki dx =

∫
Dk

ukki (x)′dx −
[
ukki

] xk
N+1

xk
1

≈
∫
Dk

ukki (x)′dx −
[
uk∗ki

] xk
N+1

xk
1

=

∫
Dk

−∂uk

∂x
ki dx +

[
(uk − uk∗)ki

] xk
N+1

xk
1

(22)

but the calculation is identical for the x−derivative of q in
(21). The approximation step introduces u∗ (and q∗) which
give rise to the numerical fluxes which combine boundary

information from the two elements in contact at the interface

at xk
1
or xk

N+1
. While many choices of numerical fluxes exist,

we opt to use a local DG flux [10] of the form:

u∗(xk1 ) = uk
1 , u∗(xkN+1) = uk+1

1 ,

q∗(xk1 ) = qk−1
N+1, q∗(xkN+1) = qk

N+1.
(23)

Themotivation for these fluxes is tomodel an upwind scheme

as was done for parabolic equations and obtain an optimal

order of convergence (see p.247-253 in [10]).

We define the vectors �k (x) = (k
1

(x), ..., k
N+1

(x))T and
similarly for uk (s) and qk (s). We also introduce the mass
and stiffness matrices

Mk
i j =

∫ xk
N+1

xk
1

ki 
k
j dx, Sk

i j =

∫ xk
N+1

xk
1

dki
dx
kj dx. (24)

Thus (21) and (22) yield:

qk =(Mk )−1Skuk − (Mk )−1
[
(u − u∗)�k

] xk
N+1

xk
1

, (25a)

i
duk
ds
=ak (Mk )−1Skqk − ak (Mk )−1

[
(q − q∗)�k

] xk
N+1

xk
1

+ Bkqk + Ckuk + fk .
(25b)

Here Bk = diag(bk
1
, ...,bk

N+1
) and similarly for Ck .

In the code we combine all K elements, thus we can ar-
range the solution as an (N + 1) × K array with mass and
stiffness matrices common to all elements. This approach en-

ables the right-hand-side operations to be done using dense

matrix-matrix multiplication. Boundary conditions are han-

dled by adjustment of the fluxes (23). Dirichlet conditions

such as for V are imposed by:

u∗(x11) = u(xin ), u∗(xK
N+1) = u(xout ),

q∗(x11) = q11 , q∗(xK
N+1) = qK

N+1,
(26)

and Neumann conditions such as forW are imposed on q∗
instead of u∗. The (u,q) systems for V andW are evolved in

s separately using a Runge-Kutta scheme. The restriction for
Δs scales as in (14) with Δx as the minimal distance between
two nodes on an element. We use Legendre-Gauss-Lobatto

quadrature nodes (see p.43-51 in [10]) due to advantages in

matrix conditioning; however, this choice of nodes imposes

severe restrictions on Δs at high orders N . A balance of K
and N is needed for optimal efficiency.

NUMERICAL RESULTS
In this section we examine several aspects for a line charge

model (i.e. σy → 0). First we compare results for V in the
FD and DG schemes of the previous section, emphasizing

both computational accuracy and efficiency. Next, we ex-

amine the convergence of the Fourier series sum over p of
Êyp . Lastly, we compute the longitudinal impedance from

a relation for Êsp using V andW .

Finite Difference versus Discontinuous Galerkin
For our numerical tests, we use the following parameters

(as in [3, 6, 8]):

xin = −0.030m xout = 0.030m
h = 0.020m R = 1.000m
q = 10−12 C β = 1

k = 8 · 103 m−1 p = 1
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A common grid of points in x is used for the error com-
parisons of both FD and DG methods. A reference solution

for V at s = 0.200m is computed by the FD scheme with
Nres = 5760. The FD scheme errors are tabulated below.

Nres 240 480 960 1920

L∞ Error 1.46e-4 1.06e-5 1.31e-6 4.58e-7

L2 Error 1.24e-4 9.08e-6 1.40e-6 4.61e-7

Time 0.4 s 2.4 s 6.9 s 15.0 s

Our FD method exhibits almost optimal self-convergence

(convergence with respect to a higher resolution solution),

but tapers off at higher resolutions. We attribute this to the

jump discontinuities at x = 0 of the source terms in (10).
Next, the DG scheme with the same parameters is com-

pared for varying order N and elements K . A reference
solution for V is computed using (N,K ) = (12,80) which is
compared on the set of nodes for (N,K ) = (2,20), common
to all solutions.

K\N 2 4 6 8

2.91e-2 9.01e-3 5.67e-4 1.97e-5

20 3.69e-2 5.22e-3 2.67e-4 8.49e-6

0.04 s 0.22 s 1.0 s 2.8 s

8.89e-3 1.92e-4 2.18e-6 3.36e-8

40 9.08e-3 2.03e-4 2.13e-6 3.10e-8

0.10 s 1.0 s 4.4 s 14 s

1.88e-3 1.22e-5 3.64e-8 1.82e-9

80 1.26e-3 7.98e-6 2.23e-8 1.96e-9

0.50 s 5.0 s 24 s 77 s

Above, we list the L∞ (top), L2 (middle), and CPU times
(bottom) for varying values of K and N . In both the FD and
DG methods, the order of self-convergence becomes sub-

optimal once the resolution is high enough. Again, this loss

of self-convergence is attributed to the discontinuous sources

as in FD. Both FD and DG methods display comparable

efficiency by comparing the CPU times in the tables for

similar errors.

0.03 0.02 0.01 0 0.01 0.02 0.031

0.5

0

0.5

1

x (m)

Ê
y
p
(V

/
m
)

Figure 1: Real (red) and imaginary (blue) parts of DG ref-

erence solution for Êyp using N = 12, K = 80, p = 1,
k = 8 · 103 m−1, at s = 0.200m .

Fourier Series Convergence
To construct the solutions in y we use the Fourier series

as defined in (2). We concentrate on Êy defined as:

Êy =

∞∑
p=1

Êyp cos
(
αp (y + h/2)

)
(27)

It is important to note that while each Êyp is bounded, the

infinite sum introduces a singularity at (x, y) = (0,0) for a
line charge model. We wish to study the L2 self-convergence
of the partial sums in (27). Thus we subtract the singularity

adopting the approach used in [4–8]. The singular term in

Êy , by the expression in [4], is:

Êb
y =

qZ0cλ̂(k)
2π

y

x2 + y2
. (28)

Defining Êr
y = Êy − Êb

y , we obtain

Êr
y =

∞∑
p=1

[
Êyp − Êb

yp

]
cos
(
αp (y + h/2)

)
, (29)

with Êb
yp as the Fourier series components of (28). Thus,

we can examine the L2 self-convergence of Êr
y . We take the

pmax = 39 partial sum (p = 1,3, ...,pmax ) as a reference so-

lution for (29) for k = 8 ·103 m−1. This solution is compared
to the partial sums for varying pmax .

0 2 4 6 8 10 12 14 16 18 2010 3

10 2

10 1

100

pmax

L
2
er
ro
r

Figure 2: L2 error Êr
y for varying pmax , with 1441 × 481

(x, y) grid, k = 8 · 103 m−1, and s = 0.200m .

The self-convergence plot in Figure 2 shows only a few

p-modes are necessary to obtain a solution accurate to 10−2.
The solutions were computed in ∼100 seconds for pmax =

19 at this resolution. In contrast, in [3], this took ∼1000
seconds for the same parameters using a 2D FD method.

Thus, this 1D approach provides a large computational speed-

up over the 2D FD method in [3] using the same computer

hardware. The reference solution of Êr
y as a surface plot is

displayed in Figure 3.

CSR Impedance
In this section we compute the longitudinal impedance by

examining the dependence of Ês on kR. The Ês field Fourier
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Figure 3: Reference solution for Re(Êr
y )/λ̂(k) (top),

Im(Êr
y )/λ̂(k) (bottom) with pmax = 39, 1441 × 481 (x, y)

grid, k = 8 · 103 m−1, and s = 0.200m .

series components are given in terms of the p-dependent V
andW by:

Êsp =
−1
γ2p

[
αpR
x + R

(
ik
(
V + σxΘ

)
+
∂V
∂s

)
− ik Z0

∂W
∂x

]
.

(30)

We mention here that the transforms in s − ct and y also

yield formulas for Êxp , Ĥxp , Ĥsp which depend only on

V andW and their s and x derivatives. The ∂/∂s terms in
(30) are computed by the right-hand-sides of (10). Also of

note, the imaginary part of the function Êsp becomes very

sharply peaked at x = 0 with increasing p and thus requires
finer spatial resolution as the desired accuracy is increased.

Numerical experiments suggest that the values of Ês are

inaccurate for x ∈ {−Δx,0,Δx} and that Ês is smooth. Thus,

we fit a spline to the points x ∈ {−3Δx,−2Δx,2Δx,3Δx}
and use this in the associated interval. For this numerical

test we use the following parameters:

xin = −0.032m xout = 0.078m
h = 0.032m R = 7.143m
q = 10−12 C β = 1

We examine the value of Ês at (x, y) = (0,0) at the end of
the bend at s = 2.00m. This solution for Ês is computed

using Nres = 480 and pmax = 9 with the spline correction.

The result is shown in Figure 4, where we see a smooth

solution with no visual numerical artifacts.

3 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4
x 104

0.025

0.02

0.015

0.01

0.005

0

0.005

kR

Ê
s

Figure 4: Above, Re[Ês] (red), Im[Ês] (blue) is plotted

versus kR evaluated at (x, y) = (0,0) using pmax = 9modes

with λ̂(k) set to 1/(2π).

CONCLUSION
Summary
We have modeled CSR in a rectangular toroidal bend and

achieved results similar to [3] in a fraction of the computation

time. Our new method revolving around the Fourier series

in y has greatly reduced the computational complexity of

the system and resulted in reasonable approximations to the

CSR fields using only a few p-modes.
The comparison between FD and DG methods enabled us

to explore newer numerical techniques and make decisions

on future codes based on the different methods. We have

shown DG to be superior in the full 2D problem without the

Fourier series in y [3].

Future Work
We aim to adjust our algorithms to allow for perturbations

in the wall positions xin (s) and xout (s) to more accurately
describe complex vacuum chambers. This adjustment must

be made carefully as to not violate the paraxial approxi-

mation. We have currently developed an approach using a

coordinate transformation to a constant-width chamber but

need to examine computational limitations (particularly for

complex chamber geometries with large excursions).

Another area of interest is in dropping the paraxial ap-

proximation to examine the fields in a chamber with arbi-

trary walls. Our ongoing analysis suggests the use of a

time-domain (non-paraxial) approach to treat Maxwell’s

equations in that setting.
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TW X-RAY FREE ELECTRON LASER OPTIMIZATION BY
TRANSVERSE PULSE SHAPING∗

C. Emma, C. Pellegrini, UCLA, Los Angeles, CA 90095 USA
J. Wu, SLAC, Menlo Park, CA 94025, USA

Abstract
We study the dependence of the peak power of a 1.5Å

TW, tapered X-ray free-electron laser on the transverse elec-
tron density distribution. Multidimensional optimization
schemes for TW hard X-Ray free electron lasers are applied
to the cases of transversely uniform and parabolic electron
beam distributions and compared to a Gaussian distribution.
The optimizations are performed for a 200 m undulator us-
ing the fully 3-dimensional FEL particle code GENESIS.
The study shows that the flatter transverse electron distribu-
tions enhance optical guiding in the tapered section of the
undulator and increase the maximum radiation power from
a maximum of 1.56 TW for a transversely Gaussian beam to
2.26 TW for the parabolic case and 2.63 TW for the uniform
case.

INTRODUCTION
Radiation produced by Self Amplified Spontaneous Emis-

sion X-ray Free Electron Lasers (SASE X-FELs) [1] has
been used to probe matter at the fastest timescales (fs) and
the smallest dimensions (Å). LCLS and SACLA, the world’s
most powerful existing X-FELs deliver diffraction limited
X-ray pulses of a few to a hundred femtoseconds in the en-
ergy range of 0.25 to 10 keV with peak power at saturation
of 20-30 GW and a line-width on the order of 10−3 [2].
Pushing the capabilites of XFELs to TW peak power lev-
els will have a great impact on future scientific endeavours,
particularly in the fields of coherent X-ray diffraction imag-
ing and nonlinear science. It is well known that the peak
power of an FEL can be increased by tapering the undula-
tor magnetic field to match the electron energy loss while
preserving the synchronism condition [3]. The LCLS for
example currently boosts its output power by a factor 2-3
using a limited taper capacity ∆K/K ∼ 0.8%. For a SASE
FEL this gain is limited due to the spiky nature of the radi-
ation [4]. In a seeded or self-seeded FEL however, recent
work has shown that a more flexible taper capacity can lead
to much larger output powers, reaching levels of one TW or
larger [5,6]. The analytic models developed in previous stud-
ies to obtain the optimal tapering profile have included three
dimensional effects but only considered electron beams with
Gaussian transverse density profile. In this work we examine
the effect of using transversely parabolic and transversely
uniform electron distributions in a tapered hard X-ray FEL
with LCLS-II like parameters. The results are compared to
the Gaussian beam case in both single frequency and time
dependent simulations using the GENESIS code [7].

∗ Work supported by: DOE Grant Number DE-SC0009983

Table 1: GENESIS Simulation Parameters

Parameter Name Parameter Value
Beam energy E0 13.64 GeV
Beam peak current Ipk 4000 A
Normalized emittances ε x,n/ε y,n 0.3/0.3 µ m rad
Peak radiation power input Pin 5 MW
Undulator period λw 32 mm
Normalised undulator parameter aw 2.3832
Radiation wavelength λr 1.5Å
FEL parameter ρ 7.361 ×10−4

Figure 1: Schematic representation of a tapered X-ray FEL
using a self-seeding monochromator and an optimised ta-
pered section.

TAPERING OPTIMIZATION
Transverse Pulse Shaping in a Tapered FEL

In recent work [5] it has been pointed out that diffraction
and refraction have an important impact on the peak power
of TW X-FELs. Starting from conservation of energy and
applying the same assumptions as in Ref. [5] we can write
the radiation power as a function of the longitudinal position
in the undulator:

P(z) =
πrs (z)2as0(z)2

4Z0

(
ksmec2

e

)2
, (1)

where as0(z) = |e|As (z)/
√
2mc2 is the on-axis normalized

vector potential of the radiation field for a linearly polarised
undulator, rs (z) is the radiation beam size, ks is the radiation
wavenumber and Z0 is the free space impedance. We must
now optimize the growth of the radiation field inside the
undulator in order to maximize the output radiation power.
As described first in Ref. [3], this can be achieved by an
adiabatic decrease in the resonant energy γr (z)mc2, which
is defined by the now z dependent resonance condition:

γ2r (z) =
kw
2ks

(
1 + aw (z)2

)
, (2)

where kw = 2π/λw is the undulator wavenumber and
aw (z) = |e|Bw (z)/

√
2kwmc2 is the normalized vector po-
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tential of the undulator field. The optimal taper profile can
then be obtained by choosing a functional form for aw (z):

aw (z) = aw (z0) × [1 − c × (z − z0)d], (3)

where z0 is the initial tapering location, and c and d are
constants to be obtained through simulations that maximize
the output radiation power. The quadrupole focusing gra-
dient Kq (z) is also similarly optimized (see Fig. 2). The
importance of the transverse electron distribution becomes
apparent when examining the FEL process post-saturation.
After the exponential gain regime the FEL is dominated by
refractive guiding of the radiation by the electron beam. For
a bunched electron beam it has been shown that the guiding is
described quantitatively by a refractive index proportional to
the beammicrobunching [8] n ∼

〈
e−iΨ

〉
where the average is

over the beam electrons trapped in the ponderomotive poten-
tial and Ψ is the ponderomotive phase. It is thus important
to maintain a sufficiently large microbunching throughout
the tapered undulator as this increases the refractive index
and boosts the coherent interaction between the electrons
and the radiation [9].

In order to calculate the microbunching we follow Ref. [5]
and first determine the fraction of trapped electrons trapped
in the FEL bucket along the undulator:

Ft (z) =
1

Ne

∫ rmax

0
Ft (r, z) f0(r)2πrdr, (4)

where f0(r) is the transverse beam distribution and Ft (r, z)
is the local trapping fraction which is determined by the ra-
dially dependent maximum and minimum phases Ψ(r, z) for
which particles follow stable trajectories in phase space [3].
We make the resonant phase approximation, in which we
assume the trapped electrons are uniformly distributed in
the ponderomotive phase at each radial location r and their
contribution to the microbunching is exp[−iΨr (r, z)] and
Ψr (r, z) is the radially dependent resonant phase. Now the
microbunching can be calculated simply by averaging the
product Ft (r, z) exp[−iΨr (r, z)] over the radial coordinate r .
Examining Eq. 4 shows that by manipulating the transverse
electron beam distribution it is possible to maximize the trap-
ping fraction and consequently the microbunching through-
out the tapered undulator. For the case of a transversely
Gaussian electron distribution considered thus far, the elec-
trons in the radial tail of the beam experience a smaller
ponderomotive potential and thus can become detrapped
from the FEL bucket. If however the electron distribution is
flatter, as in the parabolic or uniform cases, it is possible to
trap more electrons in the bucket, increasing the bunching
factor throughout the undulator and thereby extracting more
power. The following section examines these predictions
using GENESIS simulations.

Simulation Results
The simulations are performed for a 200 m undulator with

3.4 m undulator sections, 1 m breaks and parameters similar
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Figure 2: Optimal taper field and quadrupole focusing pro-
file for the Gaussian (green), parabolic (red) and uniform
(blue) transverse electron distributions obtained from multi-
dimensional optimization using GENESIS single frequency
simulations.
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Figure 3: Comparison of time independent results for Gaus-
sian (green), parabolic (red) and uniform (blue) transverse
beam distributions at λr = 1.5Å. X-ray pulse power, upper
left and electric field, lower left, electron microbunching
upper right, electron and radiation beam radii lower right.

to LCLS-II (see Table 1). After performing the multidimen-
sional optimization, the taper profiles obtained for the three
different transverse distributions are shown in Fig. 2. The
corresponding evolution of the radiation field, power, elec-
tron beam microbunching and radiation size is illustrated in
Fig. 3.
The main result is an increase in the bunching factor for

the parabolic and uniform distributions as compared to the
Gaussian. This is indicative of a larger trapping fraction and
consequently a greater output power. Such a discrepancy
is however only marginally observed in single frequency
simulations with the Gaussian beam achieving Pmax = 2.65
TW compared to Pmax = 2.76 TW for the parabolic case
and Pmax = 3.03 TW for the uniform case. Using the same
optimal undulator parameters found via time independent
simulations, we performed time dependent simulations of
the three different transverse distributions for 6.4 fs bunch
lengths. Analyzing the results shown in Fig. 4 we notice
that the uniform and parabolic distributions exhibit a steady
growth in output power, and a slow decrease in the bunching
factor throughout the tapered undulator. On the other hand
the transversely Gaussian beam suffers a signficant reduction
in the bunching and power as well as an increased diffraction
of the radiation. Furthermore, in the time dependent case
the transversely Gaussian beam shows an early saturation of
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Figure 4: Power, bunching factor and radiation size as a function of longitudal distance for transversely Gaussian (green),
parabolic (red) and uniform (blue) beams. The results are shown for a wavelength λr = 1.5Å and bunch length of 16 fs.
The optimized taper profiles are found in time independent simulations.
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Figure 5: Evolution of the trapping function Ft (z) for the
Gaussian (green), parabolic (red) and uniform (blue) trans-
verse electron distributions obtained from GENESIS single
frequency (solid) and time dependent (dashed) simulations.

Figure 6: Longitudinal phase space evolution for a 6.4 fs
bunch with Gaussian transverse electron distribution ob-
tained from GENESIS time dependent simulations. The
data is shown from left to right at z = 50, 120, 180 meters.

the power, a result previously reported in Ref. [5]. For the
three different distributions the trapping fraction is displayed
in Fig. 5 and the corresponding longitudinal phase space
evolution for the Gaussian beam is shown in Fig. 6. The data
shows significant detrapping for the Gaussian case after z =
120 m which is consistent with the growth in the radiation
size due to reduction in guiding observed in Fig. 4. The
parabolic and uniform distributions maintain an improved
trapping and guiding and this sustains the growth in output
power allowing them both to reach over 2 TW of power at
z = 200 m. Using the optimized taper profiles for each
electron distribution the extraction efficiency reaches values
between η = 2.75% and η = 4.83%, an order of magnitude
improvement compared to state of the art X-FELs such as
the LCLS.

CONCLUSION
We evaluated the effect of changing the transverse electron

distribution in an optimized tapered free electron laser. The

performaces of FELs with transverse Gaussian, parabolic
or uniform beam distributions are compared. The tapering
profile as well as the quadrupole focusing is optimized to
yield the maximum output power following the method de-
scribed in Ref. [5]. Optimizations were performed for a
200-m long undulator with break sections using the three
dimensional particle code GENESIS. Time independent re-
sults show that the effect of changing the transverse beam
distribution is mostly marginal, yielding similar growth in
the radiation power for the transversely Gaussian, parabolic
and uniform distributions. This is not the case when multi-
frequency effects are taken into account in time dependent
simulations, where the transverse distribution has an im-
portant impact on the FEL process affecting the trapping
fraction and consequently the maximum output power. For
a resonant wavelength of λr = 1.5Å and a bunch length of
6.4 fs the maximal power increased from Pmax = 1.56 TW
for the Gaussian beam, to Pmax = 2.26 TW for a parabolic
beam and Pmax = 2.63 TW for a uniform beam. An argu-
ment based on the reduction in the trapping fraction has been
considered to explain this discrepancy in maximal power
output. For all three transverse distributions, using the op-
timized taper profiles, the extraction efficiency is between
η = 2.8 − 4.8%, a factor of 20-40 improvement on current
state of the art X-FEL facilities.
The study shows that transverse pulse shaping is an ef-

fective way to improve the performance and increase the
output power of a tapered X-ray free electron laser. In light
of the promising results found in this study we propose to
investigate methods to transversely shape the electron beam
distributions, like shaping the laser pulse on the FEL injector
photocathode, using suitable masks inside the beamliine or
introducing nonlinear elements in the electron beam trans-
port line.
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TRANSVERSE COHERENCE PROPERTIES OF A TGU-BASED FEL
Panagiotis Baxevanis, Zhirong Huang, Ronald Ruth, SLAC National Accelerator Laboratory,

Menlo Park, CA 94025, USA
Carl B. Schroeder, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Abstract
The use of a transverse gradient undulator (TGU) is con-

sidered an attractive option for FELs driven by electron

beams with a relatively large energy spread. In this scheme,

a dispersion is introduced in the beam while the undula-

tor poles are inclined so that the undulator field acquires

a linear dependence upon the transverse position in the di-

rection of dispersion. By suitably selecting the dispersion

and the field gradient, the energy spread effect can be sig-

nificantly mitigated, thus avoiding a drastic reduction in the

FEL gain. However, adding the dispersion typically leads

to electron beams with large aspect ratios. As a result, the

presence of higher-ordermodes in the output FEL radiation

can become significant. To investigate this effect, we study

the properties of the higher-order eigenmodes of a TGU-

based, high-gain FEL, using both a simplified, analytically-

solvable model and a variational technique. This formalism

is then used to provide an estimate of the degree of trans-

verse coherence for a representative soft X-ray, TGU FEL

example.

INTRODUCTION
One of the most crucial parameters which affect the per-

formance of a free electron laser (FEL) is the energy spread

in the driving electron beam. A large value of the latter

gives rise to a wide spread in the resonant wavelength, re-

sulting in a substantially decreased FEL gain. Using a trans-

verse gradient undulator (TGU) [1]- [2], it is possible to

mitigate this problem. By dispersing the electron beam and

tilting the undulator poles, both the electron energy and the

undulator parameter acquire a linear transverse dependence.

A suitable selection of the dispersion and the field gradi-

ent minimizes the impact of the energy spread upon the

FEL resonance condition, leading to improved performance.

This scheme has been shown to be attractive for FEL con-

cepts that utilize the beam from laser-plasma accelerators

(LPAs) [3]. However, a drawback of the TGU approach

is the increased size of the electron beam in the direction

of dispersion (typically the horizontal direction), which can

cause the growth of multiple FELmodes in the exponential-

gain regime, degrading the transverse coherence of the out-

put radiation. In order to provide a theoretical framework

for understanding this effect, we study the properties of the

higher-order FEL modes for a TGU-based configuration.

Our analysis is based on solving the FEL eigenmode equa-

tion for the parallel beam case (negligible emittance and fo-

cusing effects) by employing an exactly-solvable, approxi-

mate model and a variational approach. When applied to a

specific LPA-based example, this formalism yields results

which agree with simulation and provide us with insight

into the factors which affect transverse coherence in a TGU

FEL.

THEORY
As mentioned earlier, our study is based on an analysis of

the FEL eigenmodes, i.e. the solutions of the form A(x)eiμz
for the complex amplitude of the electric field of the radia-

tion - where x = (x, y) is the transverse position vector and
z is the longitudinal coordinate along the undulator. Each
eigenmode is thus characterized by a z-invariant transverse
profile A(x) and a constant, complex growth rate μ. Accord-
ing to our previous treatment of a TGU-based FEL [4], the

equation that is satisfied by the profile and the growth rate

of a growing mode (i.e. one with Im(μ) < 0) in the parallel
beam regime is

(
μ − ∇

2⊥
2kr

)
A(x) = U (x, μ)A(x) , (1)

where

U (x, μ) = −8ρ3T k3u exp ��−
x2

2σ2T
− y2

2σ2y

��
×
∫ 0

−∞
dξξei(μ−Δνku )ξe−2(σe f

δ
)
2
k2uξ

2

× exp
(
−2ikuCp

x
η
ξ

)
. (2)

Here, ∇2⊥ = ∂2/∂x2, kr = 2π/λr and ku = 2π/λu -
where λr is the resonant wavelength and λu is the undu-

lator period -Δν is a dimensionless detuning variable while
σT and σy are the rms electron beam sizes in the x and

y directions. The former of the last two parameters in-

cludes the contribution of the - constant - dispersion η and
is given by σT = (σ2x + η2σ2δ )1/2, where σx is the non-

dispersive horizontal beam size and σδ is the rms energy

spread. Moreover, ρT and σ
e f
δ

are, respectively, the effec-

tive Pierce parameter and energy spread of the FEL, quanti-

ties that are expressed by ρT = ρ(1 + η2σ2δ/σ
2
x )−1/6 and

σ
e f
δ
= σδ (1 + η2σ2

δ
/σ2x )−1/2, where ρ is the Pierce pa-

rameter for η = 0. This non-dispersive FEL parameter is

in turn given by ρ = (K2
0
[J J]2Ip/(16IAγ30σxσy k2u ))1/3,

where γ0 is the average electron energy in units of its rest
mass m0c2, K0 is the on-axis undulator parameter, [J J] =
J0 (K2

0
/(4 + 2K2

0
)) − J1(K2

0
/(4 + 2K2

0
)), IA ≈ 17 kA is the

Alfven current and Ip is the peak current of the electron

beam. On the other hand, Cp = σ
2
x/σ

2
T + ᾱη − 1 with

ᾱ = K2
0
α/(2 + K2

0
), α being the transverse gradient of the
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undulator field. The expression forCp given above is a gen-

eralization of the one contained in [4], which only covered

the case with ᾱ = 1/η. The latter describes the TGU reso-

nance condition. To proceed, we introduce the scaled quan-

tities x̂ = x/σT , ŷ = y/σy , μ̂ = μ/(2ρT ku ), ξ̂ = 2ρT ku ξ,
ν̂ = Δν/(2ρT ) and σ̂e f

δ
= σ

e f
δ
/ρT , in which case the eigen-

mode equation is cast into a fully dimensionless form:(
μ̂ − pdx

∂2

∂ x̂2
− pdy

∂2

∂ ŷ2

)
A(x̂) = Û (x̂, μ̂)A(x̂) , (3)

where x̂ = ( x̂, ŷ), pdx = (4ρT ku krσ2T )−1 and pdy =
(4ρT ku krσ2y )−1 are the diffraction parameters,

Û (x̂, μ̂) = − exp
(
− x̂2

2
− ŷ2

2

)

×
∫ 0

−∞
d ξ̂ ξ̂ei(μ̂−ν̂)ξ̂e−(σ̂e f

δ
)
2
ξ̂
2
/2e−2i p̂0 ξ̂ x̂ (4)

and p̂0 = σT (Cp/η)/(2ρT ).

For pdx ,pdy � 1, the radiation size in both the x and

y directions is smaller than the corresponding size of the

electron beam. In this case, we can expand the Gaussian

term in the RHS of Eq. (4) according to exp(−x̂2/2 −
ŷ2/2) ≈ 1 − x̂2/2 − ŷ2/2. Moreover, when | p̂0 | � 1,

the ξ̂-integral in the definition of Û can be approximated

by Î0 − 2ip̂0 Î1 x̂ − 2p̂2
0
Î2 x̂2, where În =

∫ 0
−∞ d ξ̂ ξ̂n+1eΨ and

Ψ = i( μ̂ − ν̂) ξ̂ − (σ̂e f
δ

)2 ξ̂2/2. Thus, by expanding Û up to

second order in x̂ and ŷ, the mode equation is written in a

simplified form as(
μ̂ − pdx

∂2

∂ x̂2
− pdy

∂2

∂ ŷ2

)
A(x̂) =

(F0 + F1 x̂ + F2 x̂2 + G2 ŷ
2)A(x̂) , (5)

where F0 = −Î0, F1 = 2ip̂0 Î1, F2 = Î0/2 + 2p̂2
0
Î2 and G2 =

Î0/2. It can be shown that the above equation admits exact
analytical solutions [5], which are given by

Amn (x̂) =Hm (
√
2âx ( x̂ − b̂/(2âx )))e−âx x̂

2+b̂ x̂

× Hn (
√
2ây ŷ)e−ây ŷ

2

, (6)

where Hk are the Hermite polynomials andm,n = 0,1,2, ....
The growth rate μ̂ and the mode parameters âx , ây , b̂ satisfy
the relations

μ̂ + pdx[(4m + 2)âx − b̂2 ] + (4n + 2)pdy ây = −Î0 (7)

â2x = −
Î0 + 4p̂2

0
Î2

8pdx
, âx b̂ =

ip̂0
2pdx

Î1 , â2y = −
Î0

8pdy
. (8)

In general, the modes described by Eqs. (6)-(8) are char-

acterized by an asymmetric intensity profile (given by

|A(x̂) |2), which is not invariant under the reflection x → −x,
though it is still invariant under y → −y. The main advan-
tage of thismodel is that it provides a simpleway to estimate

the mode properties even for high mode order.

Approximations for the growth rate and the profile of an

FEL mode can also be obtained through a well-established

variational technique [6]. In this case, we begin by con-

structing a so-called variational functional, expressed by

∫
d2x̂A(x̂)

(
μ̂ − pdx

∂2

∂ x̂2
− pdy

∂2

∂ ŷ2

)
A(x̂)

=

∫
d2x̂A2(x̂)Û (x̂, μ̂) . (9)

Given a trial function for the mode profile A(x̂), this func-
tional yields an accurate estimate for the growth rate μ̂.
Here, we seek to derive variational solutions for the first

few eigenmodes. In order to make a judicious choice of the

trial function for a specific mode, we each time try a form

which has the same functional dependence on x̂ and ŷ as

the exact solution given by Eq. (6). For example, we select

a trial function of the form A(x̂) = e−âx x̂
2+b̂ x̂e−ây ŷ

2
for the

fundamental (00, i.e. m = 0, n = 0) mode while our choice
for the 01 mode is A(x̂) = ŷe−âx x̂

2+b̂ x̂e−ây ŷ
2
. Substituting

these into Eq. (9), we obtain the result

F (âx , ây , b̂, μ̂) = μ̂ + pdx âx + χpdy ây + (âx + 1/4)−1/2

× â1/2x âχ/2
y (ây + 1/4)−χ/2

∫ 0

−∞
d ξ̂ ξ̂ei(μ̂−ν̂)ξ̂e−(σ̂e f

δ
)
2
ξ̂
2
/2

× exp ��
(b̂ − ip̂0 ξ̂ )

2

2âx + 1/2
− b̂2

2âx

�� = 0 , (10)

where χ = 2n + 1, n being the second index of the

00/01 mode. Using the stationary condition ∂ μ̂/∂ âx =

∂ μ̂/∂ ây = ∂ μ̂/∂ b̂ = 0, we also obtain the additional re-

lations ∂F (âx, ây , b̂, μ̂)/∂ âx = 0, ∂F (âx , ây , b̂, μ̂)/∂ ây = 0

and ∂F (âx, ây , b̂, μ̂)/∂ b̂ = 0. These three derivative rela-

tions have to be solved simultaneously along with Eq. (10)

in order to determine the properties of the 00/01 mode. As

far as the 10 mode is concerned, we now use a trial func-

tion of the form A(x̂) = ( x̂ + λ̂)e−âx x̂
2+b̂ x̂e−ây ŷ

2
while, for

the 11 mode, we choose A(x̂) = ( x̂ + λ̂) ŷe−âx x̂
2+b̂ x̂e−ây ŷ

2
.

These manipulations yield the relation

F (âx , ây , b̂, λ̂, μ̂) = ( μ̂ + χpdy ây )
[
(λ̂ +

b̂
2âx

)2 +
1

4âx

]

+ pdx âx

[
(λ̂ +

b̂
2âx

)2 +
3

4âx

]
+ â1/2x (âx + 1/4)−1/2

× âχ/2
y (ây + 1/4)−χ/2

∫ 0

−∞
d ξ̂ ξ̂ei(μ̂−ν̂)ξ̂e−(σ̂e f

δ
)
2
ξ̂
2
/2

×
[
(λ̂ +

b̂ − ip̂0 ξ̂
2âx + 1/2

)2 +
1

4âx + 1

]

× exp ��
(b̂ − ip̂0 ξ̂)

2

2âx + 1/2
− b̂2

2âx

�� = 0 , (11)

where χ is defined as before. In this last two cases, the

variational solution is completed by the relations ∂F/∂ âx =

∂F/∂ ây = ∂F/∂ b̂ = ∂F/∂ λ̂ = 0.

Exactly Solvable Model

Variational Calculation
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Table 1: Undulator and Electron Beam Parameters

Parameter LPA
Undulator parameter K0 2

Undulator period λu 1 cm

Beam energy γ0m0c2 1 GeV

Resonant wavelength λr 3.9 nm

Peak current Ip 10 kA

Energy spread σδ 10−2
Normalized emittance γ0ε x 0.1 μm
Normalized emittance γ0εy 0.1 μm
Horizontal size σx 11.3 μm
Vertical size σy 11.3 μm
FEL parameter ρ 6 × 10−3

NUMERICAL RESULTS
The formalism presented in the previous section can pro-

vide an estimate of the mode content in the output radiation

from a TGU-based FEL. An interesting example of such a

concept refers to a machine which would utilize a 1 GeV/10

kA LPA beam with the aim of producing radiation within

the so-called water window wavelength region [3]. The full

set of parameters is listed in Table 1. This set was also

used in [4] in order to demonstrate the optimization of the

dispersion η using a variational calculation for the funda-
mental FEL mode. The main results are summarized in the

graph of the frequency-optimized gain length vs the disper-

sion (Fig. 1). In terms of our present scaling, the power

gain length Lg is given by Lg = −
√
3LT /(2Im( μ̂)), where

LT = λu/(4π
√
3ρT ). This optimization scenario involves

varying the dispersion while keeping the other parameters

fixed (except - of course - the TGU gradient, which satisfies

the condition ᾱ = 1/η) and maximizing the power growth
rate with respect to the detuning for each dispersion value.

0.005 0.01 0.015 0.02 0.025 0.03

0.2

0.22

0.24

0.26

0.28

η(m)

L
g
(m

)

Figure 1: Frequency-optimized gain length of the funda-

mental mode as a function of the dispersion for the LPA

parameters. The data shown were obtained using the varia-

tional solution.

The optimum gain length is about 20 cm, for a 7 mm disper-

sion.

From a practical point of view, it may be desirable to se-

lect a dispersion value appreciably larger than the optimum.

By thusmoving away from the steep part of the optimization

curve, the sensitivity of the gain length with respect to unex-

pected variations of η is reduced at a modest cost in terms of
FEL gain. However, operating at or to the right side of the

optimum typically creates an electron beam with a large ra-

tio of horizontal to vertical size. As has been shown in simu-

lation studies [3], such a configuration can allow the growth

ofmultiple FELmodes in the high gain regime, reducing the

transverse coherence of the output radiation. To study this

effect, we first select a dispersion η = 1 cm (quite close to

the optimum) and employ the variational solution in order

to ascertain what the ordering of the various FEL modes is

with respect to the power growth rate. For this dispersion

value, pdx = 0.008, pdy = 0.63, p̂0 = 0.02 and the e-beam
aspect ratio σT /σy is about 9. The main results are pre-

sented in Fig. 2, which shows the negative imaginary part

of the scaled growth rate as a function of the detuning for the

00, 10, 01 and 11 modes. For each mode, the power growth

rate attains a maximum for some negative detuning value.

The corresponding frequency-optimized gain lengths are,

respectively, L00
g = 20.4 cm, L10

g = 21.2 cm, L01
g = 30.5

cm and L11
g = 32.3 cm. The other important observation

is that modes with the same n-index (and, thus, similar ver-
tical profile) form groups with closely spaced growth rates.

As expected, most favored are the modes with n = 0, which
are characterized by Gaussian-like profiles and maximum

overlap with the electron beam.

To check whether this pattern holds when more higher-

order modes are included, we use the truncated, parabolic-

like model to obtain equivalent detuning curves for the

modes already considered plus some additional ones

1.5 1 0.5 0
0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

ν̂

-I
m
(μ̂
)

00
10
01
11

Figure 2: Negative imaginary part of the scaled growth rate

μ̂ as a function of the scaled detuning ν̂ for various FEL
modes (variational data for the η = 1 cm case).
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Figure 3: Negative imaginary part of the scaled growth rate

μ̂ as a function of the scaled detuning ν̂ for several FEL
modes (data from the analytical solution, for the η = 1 cm

case).

(namely the 20 and 30 modes, see Fig. 3). We note that the

data from the analytical solution are not identical to the vari-

ational results, as the detuning curves in the former case are

shifted towards the left (i.e. the region of negative ν̂). This
is due to the fact that, even though pdx and p̂0 are much
smaller than unity, pdy is not quite so, with the result that
the present parameters probably lie at the limit of the ex-

act model’s applicability. However, we can still verify that

the mode spectrum has the same structure as in the vari-

ational case. Moreover, even though the detuning curves

differ for the two approaches, both the variational and the

exact solution actually give very similar estimates for the

optimized gain lengths. For comparison, we now obtain

L00
g = 20.4 cm, L10

g = 21.2 cm, L20
g = 22.1 cm, L30

g = 23.1

cm, L01
g = 30.2 cm and L11

g = 31.8 cm.

As a quantitative measure of the degree of trans-

verse coherence, we use the quantities fmn =

exp(Lsat/Lmn
g )/ exp(Lsat/L00

g ). These express the

ratio of the power amplification factor for the mn higher-

order mode versus that of the fundamental at the saturation

length Lsat . Since SASE -which is the operating mode as-

sumed here - excites a range of frequencies, all gain lengths

associated with this calculation are optimized with respect

to the detuning. As an estimate of the saturation length, we

use Lsat = NgL00
g , where Ng ≈ 20. More precisely, we

can use the formula Ng ≈ log[Psat/(PSASE/9)], where
Psat ≈ 1.6ρTγ0m0c2Ip (LT/L00

g )2 is the saturation power
and PSASE ≈ ρ2T γ0m0c3/λr is the SASE power [7]. For

the 1 cm dispersion, this calculation yields Lsat ≈ 4.4 m,
which agrees with the simulated saturation within a 5 m

undulator shown in [3]. Using the variational values for the

mode gain lengths, we obtain f10 ∼ 0.43, f01 ∼ 8 × 10−4
and f11 ∼ 3.6 × 10−4 while the values from the analytical

solution yield f10 ∼ 0.43, f20 ∼ 0.19, f30 ∼ 8.5 × 10−2,

f01 ∼ 9.7 × 10−4 and f11 ∼ 4.7 × 10−4. These results

would lead us to expect that at least 1-2 higher-ordermodes

(10 and 20) would be visible in the radiation profile at

saturation. Again, this is indeed what was observed in [3]

for η = 1 cm. We have repeated this analysis for two

additional dispersion values [5], namely η = 2 cm and

η = 4 mm. The aspects ratios in these cases are ∼ 18 and

∼ 3.6, respectively, while σy is the same as before (∼ 10

μm). In the first case, it was found that fmn ≤ f10 ∼ 0.68
while the smaller dispersion yields fmn ≤ f10 ∼ 0.05.
This provides additional support for our main conclusion,

which is that the transverse coherence for such TGU-based

schemes is enhanced when the electron beam aspect ratio

is decreased.

CONCLUSION
In this paper, we have developed a formalism that is suit-

able for investigating the higher-order mode properties of

a TGU-based, high-gain FEL when emittance and focus-

ing effects are negligible (parallel beam regime). We em-

ploy a variational approach along with an exactly solvable,

parabolic-like model in order to obtain approximate solu-

tions to the eigenmode equation, both for the fundamental

and for the higher-order FEL modes. These solutions are

then used in a study of the transverse coherence of the ra-

diation from an LPA-based, TGU FEL example. Verifying

earlier observations based on simulation, it is shown that

a stronger TGU gradient (i.e. a smaller dispersion and thus

less excessive horizontal beam size) enhances transverse co-

herence. This property is likely to be relevant in determin-

ing the operating parameters of a TGU FEL.
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INITIAL VALUE PROBLEM FOR AN FEL DRIVEN BY AN

ASYMMETRIC ELECTRON BEAM

Panagiotis Baxevanis, Ronald Ruth
SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

Abstract

FEL configurations in which the driving electron beam is
not axially symmetric (round) are important in the study of
novel concepts (such as TGU-based FELs, [1]- [2]) but also
become relevant when one wishes to explore the degree to
which the deviation from symmetry - inevitable in practical
cases - affects the performance of more conventional FEL
schemes [3]. In this paper, we present a technique for solv-
ing the initial value problem of such an asymmetric FEL.
Extending an earlier treatment of ours [4], we start from a
self-consistent, fully 3D, evolution equation for the complex
amplitude of the electric field of the FEL radiation, which is
then solved by expanding the radiation amplitude in terms
of a set of orthogonal transverse modes. The numerical re-
sults from such an analysis are in good agreement with sim-
ulation and provide a full description of the radiation in the
linear regime. Moreover, when the electron beam sizes are
constant, this approach can be used to verify the predictions
of the standard eigenmode formalism.

INTRODUCTION

In most theoretical treatments of the free electron laser
(FEL), it is assumed that certain characteristics of the elec-
tron beam (such as size and angular divergence) and the un-
dulator system (such as focusing strength) are the same in
both transverse directions, a premise which defines the so-
called round beam case. There exist, however, novel FEL
concepts whose treatment requires a definite departure from
the round beam scenario. A particularly intriguing example
of the latter is an FEL based on a transverse gradient undu-
lator (TGU), where the addition of dispersion may cause
the horizontal size of the electron beam to become much
larger than its vertical size. Moreover, non-symmetric FEL
examples may become relevant even in the context of more
conventional configurations since asymmetry is an inher-
ent feature in many key FEL components (we note, for in-
stance, the absence of horizontal focusing in a flat-pole un-
dulator). In this work, we adopt a model that covers both
cases and present a semi-analytical method for solving the
initial value problem of the FEL in the linear regime.

THEORY

We begin our analysis by presenting a slightly general-
ized version of an already established analytical result re-
garding a TGU-based FEL. In particular, using the methods
outlined in [4]- [5], one can derive a 3D equation which
governs the evolution of the radiation amplitude Eν (x, z)
throughout the linear regime of the interaction. The result -

in its most general form - can be stated as
(
∂

∂z
+
∇2
⊥

2ikr

)
Eν (x, z) +

8iρ3T k3
u

2πσ′xσ′y

∫ z

0
dζξe−iΔνku ξ

× exp
[
−2(σe f

δ
)
2
k2
u ξ

2
] ∫ ∞

−∞
dpxdpyEν (x+, y+, ζ )

× exp[−2iku ξ ��Cp
x
η
+ ��ᾱ

ξ

2
+
ησ2

δ

σ2
T

zx��px
��]

× exp
⎡⎢⎢⎢⎢⎣−

(x − px zx )2

2σ2
T

− 1
2

(
1
σ′x

2 + ikr ξ
)

p2
x (1)

−1
2
��

1
σ′y

2 + ikr ξ�� (p2
y + k2

n y
2)
⎤⎥⎥⎥⎥⎦ ≡ FEν (x, z) = 0 .

Here, F is meant as an operator, ∇2
⊥ = ∂

2/∂x2, ξ = ζ − z,
zx = z − z0, x+ = x + pxξ and y+ = y cos(knξ) +
(py/kn ) sin(knξ), where z0 is a constant offset and kn is
the undulator natural focusing strength in the y-direction,
kr = ωr /c = 2π/λr and ku = 2π/λu - where λr is the
resonant wavelength, ωr is the resonant frequency and λu
is the undulator period - while Δν = ν − 1 = ω/ωr − 1
is the detuning (ω is a frequency variable). On the other
hand, σy and σ′y are the rms values for the vertical size
and angular divergence of the electron beam while σT
and σ′x are their horizontal counterparts at zx = 0. The
former of the last two parameters includes the contribu-
tion of the - constant - dispersion η and is given by σT =
(σ2

x + η
2σ2

δ
)1/2, where σx is the non-dispersive horizon-

tal beam size (at z = z0) and σδ is the rms relative en-
ergy spread. It should be emphasized that - unlike the hor-
izontal beam size, which attains a minimum at z = z0 -
the vertical beam size is assumed to be constant, so the
matching condition σ′y/σy = kn holds in the y-direction.
Moreover, ρT andσe f

δ
are, respectively, the effective Pierce

parameter and energy spread of the FEL, quantities that
are expressed by ρT = ρ(1 + η2σ2

δ
/σ2

x )−1/6 and σe f
δ
=

σδ (1 + η2σ2
δ
/σ2

x )−1/2, where ρ is the Pierce parameter for
η = 0. The non-dispersive FEL parameter is in turn given
by ρ = (K2

0 [J J]2Ip/(16IAγ3
0σxσy k2

u ))1/3, where γ0 is the
average electron energy in units of its rest mass m0c2, K0
is the on-axis undulator parameter, [J J] = J0(K2

0/(4 +
2K2

0 ))−J1(K2
0/(4+2K2

0 )), IA ≈ 17 kA is the Alfven current
and Ip is the peak current of the electron beam. As far as the
remaining parameters are concerned, Cp = σ

2
x/σ

2
T + ᾱη−1

with ᾱ = K2
0α/(2+ K2

0 ), α being the transverse gradient of
the undulator field. Finally, we should also note that the ex-
pression for Cp given above is a generalization of the one
contained in [5], which only covered the case with ᾱ = 1/η.
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The latter is referred to as the TGU resonance condition. In
the limit of α → 0 and η → 0, ρT → ρ, σe f

δ
→ σδ

and the exponent in the third line of Eq. (1) vanishes (note
that Cp/η → 0) so the evolution equation now describes a
standard FEL with vertical - but not horizontal - natural fo-
cusing.

Mode Expansion

Our goal is to obtain a solution to Eq. (1) that is compat-
ible with a given input amplitude Eν (x,0). To this end, we
introduce a set of orthogonal transverse modes [6] given by
ψmn (x, z) = χm (x, z)ϕn (y, z), where

χm (x, z) = (2mm!)−1/2Hm
��
√

2Δx
wx

�� e−imux χ0(x, z) ,

ϕn (y, z) = (2nn!)−1/2Hn
��
√

2y
wy

�� e−inuy ϕ0(y, z) (2)

and

χ0 (x, z) = (kr βxr /π)1/4(βx + iz)−1/2e−krα
2
xi /(2βxr )

× exp
(
− kr (x − αx )2

2(βx + iz)

)
,

ϕ0(y, z) = (kr βyr/π)1/4(βy + iz)−1/2

× exp
(
− kr y2

2(βy + iz)

)
. (3)

In the above definitions, m,n = 0,1,2,3, ..., Hk are the
Hermite polynomials while βx , βy and αx are complex-
valued functions of z. The real parts of these quantities
are denoted by βxr , βyr and αxr - respectively - while their
imaginary parts are βxi , βyi and αxi . This convention -
an index r/i denoting real/imaginary part - is adopted for
other variables in this paper as well. Moreover, wx =

(2/(kr βxr ))1/2 | βx + iz |, wy = (2/(kr βyr ))1/2 ���βy + iz���,
ux = arctan((z + βxi )/βxr ), uy = arctan((z + βyi )/βyr )
and Δx = x − xc , where xc = αxr + αxi (z +
βxi )/βxr . These modes satisfy the orthonormality con-
dition

∫
d2

xψ∗m′n′ (x, z)ψmn (x, z) = δmm′δnn′ and form a
complete set. Thus, the radiation amplitude Eν (x, z) can be
expanded in terms of the generalized Gauss-Hermite modes
described above. Our strategy is to construct an approxi-
mate solution to the initial value problem by retaining only
the fundamental (m = n = 0 or 00) mode in such an ex-
pansion. In other words, we would like to have Eν (x, z) ≈
E00
ν (x, z) = a00C00(z)ψ00(x, z), where a00 is a constant and

C00 (z) is a dimensionless mode coefficient to be determined
along with the basis parameters βx (z), αx (z) and βy (z).
Since E00

ν (x, z) is not an exact solution, FE00
ν (x, z) is a non-

zero function. Our solution is based on imposing the condi-
tion that the projections of FEν with respect to the 00, 10,
20 and 02 modes are zero i.e. (ψ00,FE00

ν ) = (ψ10,FE00
ν ) =

(ψ20,FE00
ν

) = (ψ02,FE00
ν

) = 0, where we define the inner
product ( f ,g) =

∫
d2

x f ∗g. The projections with respect to
the 01 and 11 modes are identically zero. Using Eqs. (1)-(3)
along with the aforementioned conditions, we can obtain a

set of four integro-differential equations for C00, βx , αx and
βy . In order to cast these analytical results in a more use-
ful form, we first introduce the scaled variables ẑ = z/βex ,
β̂x = βx/βex , α̂x = αx/σx and β̂y = βy/βey , where
βex = σx/σ

′
x is the minimum horizontal electron beta and

βey = σy/σ
′
y = 1/kn the vertical beta function. The re-

sulting equations are

dC00

d ẑ
= i
{

1
4 β̂xr

d β̂xi
d ẑ
+

1
4 β̂yr

d β̂yi
d ẑ
+ Bx

α̂xi

β̂xr

×
(

dα̂xr
d ẑ
+
α̂xi

2 β̂xr
d β̂xi
d ẑ

)}
C00 (4)

+

∫ ẑ

0
d ζ̂C00(ζ̂ )L1( ẑ, ζ̂ , β̂x , β̂x,ζ , α̂x , α̂x,ζ , β̂y , β̂y,ζ ) ,

dα̂x
d ẑ
= i
α̂xi

β̂xr

d β̂x
d ẑ
+ C−1

00 (5)

×
∫ ẑ

0
d ζ̂C00(ζ̂ )L2( ẑ, ζ̂ , β̂x , β̂x,ζ , α̂x , α̂x,ζ , β̂y , β̂y,ζ ) ,

d β̂x
d ẑ
=

∫ ẑ

0 d ζ̂C00(ζ̂ )L3( ẑ, ζ̂ , β̂x , β̂x,ζ , α̂x , α̂x,ζ , β̂y , β̂y,ζ )
C00

(6)
and

d β̂y
d ẑ
=

∫ ẑ

0 d ζ̂C00(ζ̂ )L4( ẑ, ζ̂ , β̂x , β̂x,ζ , α̂x , α̂x,ζ , β̂y , β̂y,ζ )
C00

.

(7)
In the above equations (and elsewhere), an extra subscript
ζ assigned to a variable denotes a dependence upon the in-
tegration variable ζ̂ , i.e. β̂x,ζ = β̂x (ζ̂ ), α̂x,ζ = α̂x (ζ̂ ) and
β̂y,ζ = β̂y (ζ̂ ) etc. The functions L1-L4 are given by

L1 = −8iA3ξ̂ exp(−2iAν̂ξ̂ − 2A2(σ̂e f
δ

)2 ξ̂2)

× ( β̂xr,ζ/ β̂xr )1/4( β̂yr,ζ/ β̂yr )1/4( ˆ̄βx/ ˆ̄βx,ζ )1/2

× ( ˆ̄βy/ ˆ̄βy,ζ )1/2G−1/2
pp T̂−1/2

2 exp
(
T̂0
)

C−1/2
pp Ŷ−1/2

2 ,

L2 = ( β̂xr /Bx )1/2eiux (T̂1/T̂2)L1 ,

L3 = 2 β̂xr e2iux [T̂−1
2 (1 + T̂2

1 /(2T̂2)) − 1]L1 ,

L4 = 2 β̂yr e2iuy (Ŷ−1
2 − 1)L1 , (8)

where A = ρT ku βex , ξ̂ = ζ̂ − ẑ, ν̂ = Δν/(2ρT ), σ̂e f
δ
=

σ
e f
δ
/ρT , ˆ̄βx = β̂x + i ẑ, ˆ̄βy = β̂y + i(βex/βey ) ẑ and

Bx = krσxσ
′
x . Furthermore, T̂1 = Gθ + GθpGp/Gpp ,

T̂2 = (1/2)(Gθθ − G2
θp/Gpp ), Ŷ2 = (1/2)(Ct t − C2

t p/Cpp )
and

T̂0 =
G2

p

2Gpp
+

T̂2
1

4T̂2
− x̂2

c

2R2 − 2ip̄0 ξ̂ x̂c (9)

− Bx

2
⎧⎪⎨⎪⎩
α̂2
xi

β̂xr
+
α̂2
xi,ζ

β̂xr,ζ
+

( x̂c − α̂∗x )2

ˆ̄β∗x
+

( x̂c − α̂x,ζ )2

ˆ̄βx,ζ

⎫⎪⎬⎪⎭ ,
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Table 1: Undulator and Electron Beam Parameters

Parameter LCLS USR

Undulator parameter K0 3.7 3.68
Undulator period λu 3 cm 2 cm
Beam energy γ0m0c2 14.3 GeV 4.5 GeV
Resonant wavelength λr 0.15 nm 1 nm
Peak current Ip 3 kA 200 A
Energy spread σδ 10−4 1.5 × 10−3

Norm. emittance γ0σxσ
′
x 0.5 μm 0.0123 μm

Norm. emittance γ0σyσ
′
y 0.5 μm 1.23 μm

Horizontal size σx 23.1 μm 8.3 μm
Vertical size σy 30.2 μm 38.7 μm
FEL parameter ρ 5 × 10−4 6 × 10−4

where R = σT /σx , x̂c = xc/σx = α̂xr + α̂xi ( ẑ+ β̂xi )/ β̂xr
and p̄0 = ku βexσx (Cp/η). The remaining quantities to be
defined are

Gpp = 1 + ẑ2
x/R

2 + iBx ξ̂ + Bx ξ̂
2/ ˆ̄βx,ζ ,

Gθθ =
ˆ̄βx/ β̂xr + w̃

2
x [1/ ˆ̄βx,ζ + (R2 Bx )−1] ,

Gθp = w̃x [ẑx/(R2B1/2
x ) − B1/2

x ξ̂/
ˆ̄βx,ζ ] ,

Gp = x̂c ẑx/R2 − Bx ( x̂c − α̂x,ζ )ξ̂/ ˆ̄βx,ζ
− 2iξ̂ (Q̄1 ξ̂/2 + Q̄2 ẑx ) , (10)

Gθ = −w̃x [B1/2
x ( x̂c − α̂∗x )/ ˆ̄β∗x + x̂c/(R2B1/2

x )

+ B1/2
x ( x̂c − α̂x,ζ )/ ˆ̄βx,ζ + 2ip̄0 ξ̂/B1/2

x ]

where ẑx = zx/βex , w̃x =
��� ˆ̄βx

��� / β̂1/2
xr , Q̄1 = ku β2

exσ
′
x ᾱ,

Q̄2 = ku β2
exσ

′
x (ησ2

δ
/σ2

T ) and

Cpp = 1 + iBy ξ̄ + Bysin2 ξ̄/ ˆ̄βy,ζ , (11)

Ct t =
ˆ̄βy/ β̂yr + w̃2

y [B−1
y + iξ̄ + cos2 ξ̄/ ˆ̄βy,ζ ] ,

Ct p = −B1/2
y (w̃y/

ˆ̄βy,ζ ) cos ξ̄ sin ξ̄ ,

with By = krσyσ
′
y , ξ̄ = (βex/βey )ξ̂ and w̃y =

��� ˆ̄βy
��� / β̂1/2

yr .
Two important special cases are worth mentioning. The first
one refers to the limit α,η → 0, which describes a conven-
tional FEL with a flat-pole undulator and an undispersed
beam. In this case, we have p̄0 = 0, Q̄1 = Q̄2 = 0, R = 1
and - provided that α̂x (0) = 0 - the radiation profile remains
on-axis, i.e. α̂x = 0 so x̂c = 0, Gp = Gθ = 0, T̂0 = T̂1 = 0
and L2 = 0 (Eq. (5) then becomes trivial). The second case
is a TGU-based FEL in which the horizontal emittance ef-
fect can be neglected. This scenario can be accommodated
by the general equations given above if we set Gpp = 1 and
Gθp = Gp = 0.

NUMERICAL RESULTS

In the previous section, we presented a semi-analytical,
approximate method for solving the initial value problem
of an asymmetric FEL in the linear regime. Here, we test

this method by comparing numerical results derived from it
with simulation data and the predictions of standard eigen-
mode analysis. In particular, we first consider the case of an
FEL based on a conventional, LCLS-type undulator with a
flat pole-face (ᾱ = 0) and no external focusing (Table 1).
The driving electron beam is also characterized by LCLS-
like parameters, namely a 14.3 GeV energy, a 3 kA peak cur-
rent and a 0.5 μm normalized emittance in both x and y (of
course, η = 0). The vertical natural focusing beta function
βey ≈

√
2γ0/(K0ku ) is approximately 51 m while - in the

absence of horizontal focusing - we assume that the horizon-
tal beta function attains a minimum value of βex = 30 m
at z = z0 = 36 m. For this configuration, we performed
a steady-state GENESIS simulation [7] assuming a seed
wavelength of 0.1500372 nm and an input Gaussian seed
with a 9 m Rayleigh length and a waist located 6 m inside
the undulator. At the same time, we derived the linearized
solution by numerically solving Eqs. (4)-(7). Based on the
seed parameters mentioned above, our initial values were
β̂x (0) = 0.3− 0.2i, α̂x (0) = 0 and β̂y (0) = 0.176− 0.117i.
The comparison between the results obtained through the
two approaches is shown in Figs. 1-2, where the FEL gain
G = log(P/P0) - P is the radiation power and P0 its value
at z = 0 - and the radiation beam size σr are plotted as
functions of z. Since P ∝

∫
d2

x|Eν (x, z)|2, we find that
P = P0 |C00(z) |2 if we select C00(0) = 1. The analyt-
ical expression for σr - defined in the context of GENE-
SIS as the square root of the average value of x2 + y2 - is
σr = (σ2

r x +σ
2
ry )1/2, where σr x = wx/2 and σry = wy/2.

Very good agreement is observed in the first 50 m of undu-
lator, which is the approximate extent of the linear regime.

On the other hand, whenever the z-dependent effects in-
troduced by the horizontal emittance can be disregarded, the
solution of the initial value problem can be expressed in
terms of the guided, FEL eigenmodes. This corresponds to

0 20 40 60 80
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25

z(m)

G
=

lo
g
(
P
/
P
0
)

Simulation
Theory

Figure 1: FEL gain as a function of z for the LCLS param-
eters (data from the linearized solution versus simulation
results).
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the previously mentioned model of a TGU-based FEL with
σ′x = 0 but σ′y � 0. In this case, a single, Gaussian-like
FEL mode typically dominates all the others in the high-
gain part of the linear regime, i.e. Eν (x, z) ∝ A00(x)eiμ00z ,
where μ00 is the growth rate and A00(x) the transverse pro-
file of the dominant, fundamental mode. As has been shown
elsewhere [5], this fundamental growth rate can be accu-
rately calculated through a variational technique. In view of
this property, we should also expect the linearized solution
to asymptotically converge into a guided mode. To facili-
tate a direct comparison with the results of the eigenmode
formalism, we express the mode coefficient as C00(z) =
exp
(
i
∫ z

0 μ(t)dt
)
, where μ(z) = −iC−1

00 (dC00/dz) is a z-
dependent complex growth rate and compare the variational
value of μ00 with the asymptotic value μ(∞). For a spe-
cific example, we use the TGU parameters listed in Table 1,
which refer to a concept based on the PEPX ultimate stor-
age ring (USR). In this case, βey ≈ 11 m and βex =
σx/σ

′
x = 50 m, though the latter quantity - like the hori-

zontal emittance σxσ
′
x - is now merely a convenient scal-

ing factor. We solve Eqs. (4)-(7) for η = 3.5 cm, ᾱ = 1/η,
ν̂ = −0.15, β̂x (0) = 0.238+0.086i, α̂x (0) = 0.167+0.992i
and β̂y (0) = 0.896 + 0.543i. These initial values are se-
lected so that the transverse profile of the input radiation
field roughly matches that of the fundamental FEL mode.
As is evident from Fig. 3, the z-dependent growth rate in-
deed attains a constant value in the high-gain portion of the
linear regime. The same conclusion can be established for
βx + iz, βy + iz and αx , so that ψ00 evolves into a guided
mode with a z-invariant transverse profile. Lastly, we point
out that our solution yields μ̂(∞) = μ(∞)/(2ρT ku ) =
0.398− 0.312i, which is very close to the variational result
μ̂00 = μ00/(2ρT ku ) = 0.394 − 0.308i.
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Figure 2: Radiation beam size as a function of z for the
LCLS parameters (data from the linearized solution versus
simulation results).
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Figure 3: Real and imaginary part of the scaled growth rate
μ̂ = μ/(2ρT ku ) as a function of ẑ = z/βex (USR param-
eters). The dashed lines correspond to the variational solu-
tion.

CONCLUSION

We have developed a technique for approximately solving
the initial value problem of an asymmetric FEL in the linear
regime of the interaction. Starting from a self-consistent,
3D evolution equation for the radiation amplitude, we con-
structed an approximation scheme in which the latter quan-
tity can be adequately described by the fundamental (00)
element in a basis of generalized Gauss-Hermite modes. In
this way, the problem is ultimately reduced to a set of four
integro-differential equations for a single mode coefficient
and three basis parameters. Numerically solving this set
yields results which provide a complete characterization of
the radiation and are in good agreement both with simula-
tion data and with the predictions of the eigenmode theory.
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Abstract

For the ultimate use for the scientific experiments, the

free electron laser (FEL) will propagate for long distance,

much longer than the Rayleigh range, after exiting the undu-

lator. To characterize the FEL for this purpose, we study the

electromagnetic field mode components of the FEL photon

beam. With the mode decomposition, the transverse coher-

ence can be analyzed all along. The FEL here in this paper

is a highly tapered one evolving through the exponential

growth and then the post-saturation taper. Modes contents

are analyzed for electron bunch with three different types

of transverse distribution: flattop, Gaussian, and parabolic.

The tapered FEL simulation is performed with Genesis code.

The FEL photon beam transverse electric field is decom-

posed with Gaussian-Laguerre polynomials. The evolutions

of spot size, source location, and the portion of the power

in the fundamental mode are discussed here. The approach

can be applicable to various kind scheme of FEL.

INTRODUCTION

Free electron Laser (FEL) is one of the most powerful

tools for frontier scientific research. Many experiments,

especially for bioimaging [1, 2], will benefit greatly from

the enhanced coherent light peak power at Terawatt (TW)

level. To improve the efficiency of an FEL, in recent years,

the tapered undulator scheme has gotten renewed attentions

[3–5]. More recently, to further improve the taper efficiency,

various transverse distributions of the electron bunch are

investigated. In this paper, we study this topic by looking

into the mode contents of the FEL in the exponential growth

regime as well as in the post-saturation tapered regime.

As initiated in Ref. [5], the transverse effect is also an im-

portant aspect to be studied for boosting the FEL power into

TW level. In this paper, three different types of transverse

distributions of the electron beam, the flattop, Gaussian, and

parabolic distributions, are analyzed. Different transverse

distributions can excite different kinds of high-order modes,

which can in principle help trapping the electrons as the FEL

interaction develops along the undulator field. Therefore,

the FEL power can be further increased. With the mode

contents analyzed, the transverse coherence can be studied

naturally. The mode decomposition, which is to decompose

a field to a set of complete orthonormal modes, is widely

used on laser like high directional sources [6].

To compare with the decomposition method, a simple

analytical extended “line source” model is developed. The

decomposition result and the evolution of the spot size, the

source location and the power ratio of fundamental mode to

the total power are presented.

LAGUERRE-GAUSSIAN EXPANSION

A complex E-field with the form of Ẽ(x, y) can be ex-

panded in a complete orthnormal basis. Here the Laguerre-

Gaussian polynomials are chosen as the basis for expansion:

E(r) =

∞
∑

n=0

ane−ζr
2
/2Ln

(

R(ζ )r2
)

, (1)

where we assume that the modes have azimuthal symmetry

r =
√

x2 + y2 with R(ζ ) being the real part of ζ which char-

acterizes the mode size and also the wave-front curvature.

With the orthogonality condition, the coefficients an can

be calculated, and the square of an fives the power of each

mode.

We get the electric field as a numerical solution from

GENESIS [7] simulation. The electric field output is a two-

dimensional matrix with complex values, which is in the

form of Ẽ (∆xm1,∆ym2), where m1 and m2 are integers.

The an should be integrated by discretized form of

an =

∑

m1

∑

m2

Ẽ (∆xm1,∆ym2) exp

(

−ζ

2
r2

)

∗Ln

(

R(ζ )r2
)

R(ζ )∆x∆y, (2)

where r2should be substituted by (∆xm1) 2 + (∆ym2) 2.

We have carefully chosen the grid size and simulation

area such that the orthogonality between different Laguerre-

Gaussian modes is well preserved. The grid size is small

enough to represent the structure in Laguerre-Gaussian

modes, while the simulation area is large enough so that

the cutoff error is negligible.

Based on the above formalism, an electric field can be

decomposed numerically by the mode series of a Laguerre-

Gaussian polynomial. However, the set of mode series are

not determined until the value ζ is fixed. Although concep-

tually the basis is complete for an arbitrary complex value

of ζ , physics consideration has to be applied to find ζ . The

details of our approach is given in next section.
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DECOMPOSITION METHOD

The electric field expression in Eq. (1) is analogous to

a standard Gaussian laser beam. For n = 0 in Eq. (1), at a

certain z, we can have the relations:

R(ζ ) =
2

w2(z)
, (3)

and

I(ζ ) =
k

R(z)
, (4)

where I(ζ ) is the imaginary part of ζ .R(z) and w(z) stands

for the wave-front curvature and the spot size, respectively.

The above relations clearly expresses the physical and math-

ematical meaning of ζ , and the relations help us develop a

brief approach of finding the value ζ .

Let’s discuss the imaginary part of ζ first. For free space

propagation of a divergent field Ẽ (∆xm1,∆ym2) at z, the

rms spot size (σr ) increases as in the +z-direction; and σr
decreases as in the −z-direction (and vice versa for a con-

vergent photon beam). One special case is that σr increases

in both propagation directions (±z-directions), when the

wave-front curvature is infinity. In other words, writing the

electric field in the following form:

Ẽ (∆xm1,∆ym2) = Ẽ0e−ia exp
[

−ibr2
− cr2

]

, (5)

such a special case happens at b = 0. Normally, b =

I(ζ ) , 0 for an arbitrary z. However, by multiplying a

term, exp
[

ib′r2
]

to Eq. (5), the propagation property will

be changed. If b′ = b , exp
[

ib′r2
]

× Ẽ (∆xm1,∆ym2) has

the property of the special case, i.e., σr increases in both

the +z and the −z directions, then we have b′ right equal to

I(ζ ). This is how we find I(ζ ).

Now, let’s discuss the real part of ζ . In Ref. [8], a

Variational-Solution-Based (VSB) expansion method was

adopted to solve the dispersion relation of an FEL system

with a trial function in Gaussian form. The solution of the

dispersion relation tells us that the fundamental eigenmode

[n = 0 in Eq. (1)] has the largest growth rate and eventually

the fundamental eigenmode dominates the electric field. So

a simple rule could be adopted for choosing R(ζ ), i.e., the

chosen ζ = R(ζ ) + iI(ζ ) should maximize the portion of

the fundamental mode, while the I(ζ ) should be fixed by

the propagation approach described above.

Before we explain the details of the mode content, let us

give the parameters of the simulation as in Tab. 1. For the

particular example in this paper, we are simulating a seeded

FEL in a highly tapered undulator and reaches TW level as

shown in Fig. 1 for three different electron transverse distri-

butions: Flattop, Gaussian, and Parabolic. Within about 180

meter long undulator, the FEL power can reach TW level

for all the three different distributions, with the flattop distri-

bution supporting the highest power. The seed is a Gaussian

fundamental mode with 5 MW peak power.

Here is a brief description of the approach:
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Figure 1: FEL power along the undulator for three different

distributions: Flattop, Gaussian, and Parabolic.

Table 1: The Parameters Used in The Simulation in This

Paper

Symbol Value Unit

Charge Q 150 pC

Centroid energy E0 13.64 GeV

Peak current I pk 4 kA

Temporal distribution flattop -

Slice normalized emittance εn 0.3 mm-mrad

Slice energy spread σδ 9.5 10−5

Undulator period λw 3.2 cm

Length of undulator Lw 180 m

FEL wavelength λr 1.5 Å

FEL seed power Pseed 5 MW

Power gain length LG 2.7 m

1. Get I(ζ ) by studying the wave front curvature property

via free space propagation.

2. Get R(ζ ) by maximizing the portion of fundamental

mode.

The summation of modes from decomposition calculation is

then compared with the electric field from GENESIS output.

Results for three typical values of z, namely: in the expo-

nential growth region (z = 20 m), at the exponential growth

saturation point (z = 30 m), and post exponential growth

saturation region (z = 150 m), are presented in Fig. 2. The

results show that the approach works well. Even though the

curve inside the central parabolic region of the phase plot

(right column in Fig. 2) deviates from a parabolic curve, it

still gives a very nice match, which gives a strong proof that

an calculated by Eq. (2) gives correct amplitude and phase
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Figure 2: The absolute value and the phase of the

E(r) =
∑19

n=0 aneζn (from decomposition calculation) and

Ẽ (∆xm1,∆ym2) (from the GENESIS simulation) are plot-

ted. Three cases with z = 20,30, and 150 m represent the

exponential growth region, the saturation point, and the post

saturation region, respectively.

of the modes. According to the results, the electric field data

can be well reconstructed with about twenty modes. The

discrepancy of the phase in the large r-region is due to the

numerical reflection field from the boundary in GENESIS

simulation. Furthermore, there is very little FEL power in

this large r-region. The evolution of the spot size and the

source location is discussed after next section.

THEORETICAL MODEL: A LINE

SOURCE

In the post-saturation region after the exponential growth,

the FEL photon can be modeled as an extended line source.

The light emitted from a long undulator in the post-saturation

region is analogous to an extended line source containing

infinite points from which a laser beam is emitted at its

waist position. The line source points are weighted by the

following function,

pα,β (zs , zsat) = 1 + α (zs − zsat)
β , (6)

where zs is the source location, and zsat is the exponential

growth saturation point. The weighting function in Eq. (6)

as a physics consideration is to describe the fact that the local

emitted power is varying along the undulator. For β = 0,

Eq. (6) describes a scenario that the local emitted power is

the same along the undulator, so that the total power will be

increasing linearly along the undulator. While for β = 1, Eq.

(6) then describes that the local emitted power is increasing

linearly along the undulator, so that the total power will be

increasing quadratically along the undulator.

For the case that the observation point z is outside of the

undulator, i.e. z > Lu , an integration from the exponential

growth saturation point zsat to the undulator exit Lu then

describes how the spot size evolves in such a line source

model,

w
2 (z,Lu ) =

∫ Lu

zsat
w

2
0

[

1 +
(

z−zs
zR

)2
]

pα,β (zs , zsat) dzs

∫ Lu

zsat
pα,β (zs , zsat) dzs

,

(7)

where the subscript in zs means “source” which can be

anywhere from the exponential growth saturation point, zsat ,

to the end of undulator at Lu ; zR = πw
2
0
/λr is the Rayleigh

range and w0 is the beam waist size.

Normally, the second term in the weighting function as in

Eq. (6) is much larger than the first term: “1”, so the first

term is dropped in the following calculation for simplicity

even though the integral in Eq. (7) can still lead to a closed

form with the first term: “1”. With the first term dropped,

the parameter α is canceled out, so the integral in Eq. (7)

becomes:

w
2
β

(z,Lu ) =
w

2
0

z2
R

(1 + β)Γ(1 + β)

Γ(4 + β)
×

[

(1 + β)(3 + β) (z − Lu )2 + (3 + β) (z − zsat)
2

−(1 + β) (Lu − zsat)
2 + (2 + β)(3 + β)z2

R

]

. (8)

For β = 0 and β = 1, the expressions are:

w
2
β=0 (z,Lu ) = w

2
0 [1+

(z − Lu )2

2z2
R

+
(z − zsat)

2

2z2
R

−

(Lu − zsat)
2

6z2
R







, (9)

and

w
2
β=1 (z,Lu ) = w

2
0 [1+

2 (z − Lu )2

3z2
R

+
(z − zsat)

2

3z2
R

−

(Lu − zsat)
2

6z2
R







. (10)

Notice that the spot size is a function of both the obser-

vation point (z) and the undulator length (Lu). If on the

other hand, the observation point is inside the undulator, i.e.,

z < Lu , we can simply replace Lu by z in Eqs. (9) and (10),

then the first term vanishes. The expression of β = 1 is used

as the expected value for the “line source” curve in Fig. 3.
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Based on the line source model, we can compute the

effective source location:

wline
2 (z,Lu ) = w0

2

[

1 +

(

z − zeff

zR

)

2

]

, (11)

where wline
2 (z,Lu ) is given in Eq. (7). The effective source

location can be obtained by solving the above equation,

zeff (z) = z − zR
√

wline
2 (z,Lu ) /w0

2
− 1.

For β = 0 and β = 1, the expression for zeff can be

simplified by proper approximations to get:

zeff;β=0(z) ≈
(Lu + zsat)

2
−

(Lu − zsat)
2

24z

−

(Lu − zsat)
2 (Lu + zsat)

48z2
, (12)

and

zeff;β=1(z) ≈
(2Lu + zsat)

3
−

(Lu − zsat)
2

36z

−

(Lu − zsat)
2 (2Lu + zsat)

108z2
. (13)

The above described model and expressions (for β = 1)

will be compared to the numerical results below.

DECOMPOSING RESULT AND OPTIC

PROPERTIES

A tapered undulator scheme is studied to achieve TW

power level. Three different types of electron transverse dis-

tributions are considered in the study. The electric fields at

several different observation points along the undulator are

simulated with GENESIS. The electric fields are decomposed

by the approach introduced in third section. The decompo-

sition is applied to all three cases with different kind of

transverse electron distributions. As shown in Fig. 1, for

the Gaussian case, the tapered FEL saturates at about 150

m, hence in the following, we should results up to 150 m.

The evolution of the portion of power in the fundamental

mode can be clearly obtained after the mode decomposition.

Before reporting the results, some related optic properties

and FEL characteristics are discussed as in the follows.

The spot size can be calculated by Eq. (3), and the evolu-

tion of spot size is shown in Fig. 3. The simulation results

are compared to the expected value (“line source”) which is

introduced above in above section. The expected spot size

values of the FEL light are modeled by two physical consid-

erations: one is the gain guiding effect in the exponential

growth region, which gives a result that the spot size does

not change before the exponential saturation point as the

FEL develops along undulator; the other one is that the light

emitted from the post saturation region is described by the

extended line source model above.

The spot size from the decomposition calculation shows

the gain guiding characteristic in all three cases of transverse

distributions. The gain guiding effect is fully established at

around 20m as in Fig.3. Before 20m, there are modes not sat-

isfying the azimuthal symmetry. Besides, the fundamental

mode is not dominating yet before 20m.
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Figure 3: FEL beam spot size varies along the undulator

distance.
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along the undulator distance.

The effective beam waist locations, also called the source

locations, of all three cases are plotted in Fig. 4 and the

expected value is shown together. The expected value is
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defined by two rules. First, in the exponential growth region,

the source location is at about one gain length before the

observation point. For example: the electric field at 30m

has a source location at 27.3m since the gain length here is

2.7m. Second, the extended “line source” model with β = 1

is adopted to get the effective source location.

For the numerical part, analogy to a laser beam, the FEL

effective beam waist location zs can be evaluated by the

wave front curvature R(z) and the spot size w(z) at certain

location z. Since we expand the electric field in the Laguerre-

Gaussian basis as in Eq. (1), we can write the R(z) and w(z)

with R(ζ ) and I(ζ ):

zs =
R(z)

1 +
[

λR(z)

πw (z)2

]2
=

2π

λ

I(ζ )

I2(ζ ) + R2(ζ )
(14)

The results show that in the exponential growth region,

the source location is very close to one gain length before

the observation point, just as expected. In the post saturation

region, the source location is very close to the expected

values as in Fig. 4.

The discussion on the spot size and source location evolu-

tion reveals some expected FEL properties, which supports

that the approach of mode decomposition is reliable. Next,

we show how the power of the fundamental mode evolves

along the undulator as in Fig. 5. In the plot, in the expo-

nential growth region, the portion of the fundamental mode

grows very fast and exceeds 95% at saturation point. In

the post saturation region, after 80m, the ratio drops down

slightly. However, it is still higher than 90%. This is a very

important result. This means that when the TW FEL is

achieved by utilizing taper undulator associated with various

types of beam transverse distributions, the power portion in

the fundamental mode remains high. This ensures that such

an FEL light has high transverse coherence.

SUMMARY

The taper undulator scheme with three kinds of transverse

electric beam distributions is investigated for a TW FEL.

The transverse coherence property is discussed by mode de-

composition. An approach of finding the mode contents of

a complex electric field generated from GENESIS simulation

is proposed and proven to be reliable. It is discovered that

in the post saturation region, over 90% of the total power

belongs to the fundamental mode. For the three different

transverse distributions, the percentage of the fundamental

mode power is higher in the flattop and parabolic cases than

in the Gaussian case. The high percentage of the funda-

mental mode guarantees a high transverse coherence. With

the knowledge of the mode contents, the source location is

also calculated, which provides information for downstream

x-ray beam line design.
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Abstract

ImprovedSelf Amplified SpontaneousEmission (iSASE)

is a scheme that reduces FEL bandwidth by increasing

phase slippage between the electron bunch and radiation

field. This is achieved by repeatedly delaying electrons us-

ing phase shifters between undulator sections. Genesis 1.3

[1] is modified to facilitate this simulation. With this sim-

ulation code, the iSASE bandwidth reduction mechanism

is studied in detail. A Temporal correlation function is in-

troduced to describe the similarity between the new grown

field from bunching factor and the amplified shifted field.

This correlation function indicates the efficiency of iSASE

process.

INTRODUCTION
Improved Self Amplified Spontaneous Emission

(iSASE) [2, 3]is capable of improving spectrum by in-

creasing cooperation length, and may have the potential

to serve as a self-seeding scheme. With several phase

shifters installed along the FEL lattice, optical field can be

shifted and connection is built up between electrons that

separated by several spikes width away. Then with proper

interference between new grown field and optical field,

bandwidth can be reduced.

Similar idea, known as phase locking of longitudinal

spikes in SASE process, is first introduced by A. Gover [4].

Then phase locking FEL amplifier is studied to generate

attosecond xray pulse trains by repeatedly delay electron

bunch [5]. Similar configuration is then used to improve

temporal correlation of SASE FEL [6, 7].

ISASE MECHANISM
SASE mode, radiation field slips one wave length after

every undulator period. Slippage field stimulates electrons

to radiate in the same phase. Coherent length is built up as

electron bunch and radiation field interact through the undu-

lator. One way to improve the temporal coherence is to pro-

vide additional slippage to the radiation field. As it’s in the

SASE mode, slippage field will stimulate electron bunch to

generate similar wave package. Therefore it may improves

the correlation function and potentially increase coherence

length.

Phase shifters are installed after a few gain length. Af-

ter phase shifters, radiation field is shifted by φ, here φ is in
pondermotivephase. Shifted radiation field stimulates local

electron bunch to radiate in similar pattern. Electron bunch,

on the other hand, has its own energy and density modula-

tion will also generate radiation field accordingly. iSASE

mechanism can be understood by viewing optical field as

superposition of new grown field from bunching factor and

amplified optical field,

1 θ; = 0 θ; + 0 θ + φ; . (1)

Here θ is the pondermotivephase, is the location along the

undulator, 0 θ; represents new grown field from elec-

tron bunch distribution, and 0 θ + φ; is the amplified

shifted radiation field, with to be complex amplitude de-

scribing the amplitude and angle difference between these

two field. The phase difference can come from radiation

field propagation or electron bunch relative drift.

Then the power spectrum is

ν; = | ˜0 ν; |2 ν,φ, , (2)

where ν = ω/ωs and

ν,φ, = 1 + | |2 + 2| | cos νφ + ϕ , (3)

with ϕ to be the angle of complex amplitude . Power spec-

trum is modulated by ν,φ, . Modulation of the original

power spectrum | ˜0 ν |2 has potential to reduce bandwidth.
The interference term can be written as 2| | cos Δνφ + +

ϕ , withΔν = ν−1 and is the fractional phase of φ. Modu-
lation function has the period determined by relative shift φ
in frequency domain. The modulation period in frequency

domain is 2π
φ
.

The fractional phase and complex amplitude phase ϕ
contribute as a detuning factor + ϕ /φ to the modulation
since it shifts the modulation function. In order to maintain

FEL power, we can choose ν,φ, peak has to overlap

with | 0 ν |2 center where the power is maximal. When the
delay φ is small, then the modulation function is almost uni-
form across the FEL spectrum. Therefore the bandwidth is

almost unchanged. When the modulation period 2π
φ
is com-

parable to the FEL bandwidth, modulation to the FEL spec-

trum becomes more obvious. Yet if the modulation period

is too small, multi harmonics may occur in the spectrum.

Choosing 2π
φ
to be close to the FEL bandwidth, modulated

power spectrum may have maximal reduction.

Figure 1,2 shows the power spectrum at two different lo-

cations from Genesis simulation. To exclude possible con-

tribution from fractional phase, a unbreaked undulator is

used. This guarantees no phase evolution in the radiation

field. Slippage is assumed to be multiple number of wave-

length. Effect of a phase shifter is like a modulation func-

tion to the power spectrum (Eq. 2). At = 20 (Fig. 1),
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Figure 1: Figure plots the power spectrum at = 20 for

different phase shifter strength. The phase shifter locates at

7 .
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Figure 2: Figure plots the power spectrum at = 30 for

different phase shifter strength. The phase shifter locates at

7 .

the power spectrum is noisy (see SASE spectrum). Phase

slippage φ = 348λs is able to clean up the skirt of SASE
spectrum, and provide the quietest spectrum among all the

cases. For those cases where φ > 348λs , modulation pe-
riod becomes smaller. Therefore several humps occur in

these cases. At = 30 (Fig. 2), FEL bandwidth reduces

due to FEL interaction. Phase slippage φ = 580λs gives the
quietest spectrum in this case. φ = 348λs on the contrary
has a slightly mild modulation across the SASE bandwidth,

therefore less bandwidth reduction at this location. Again,

side band occurs as phase slippage increases.

The effect of the fractional phase slippage can be trans-

lated into detuning in the modulation function. As the mod-

ulation function center shifts, different frequency will be

amplified. Figure 3 plots the power spectrum at = 30

with one phase shifter locates at = 10 . Phase error

varies from 0◦ to 360◦. As phase error increases, the modu-
lation function starts to blue shift. As a result, some higher

frequency signal get amplified. Moreover, since the modu-

lation function is a periodic function, some lower frequency

signals are also amplified. When the phase slippage is 180◦
out of phase, the valley of the modulation function locates

Figure 3: Figure plots the power spectrum at = 30 for

phase shifters with different fractional phase. The phase

shift slippage is 580λs .

°

Figure 4: Figure plots the power at = 30 for phase

shifters with different fractional phase. The phase shift slip-

page is 580λs .

at the center of the SASE spectrum, and resulting in two

humps with almost equal power in the spectrum. Figure 4

plots correspondingly the power with different phase shifter

errors. When the modulation function peaks at the center of

FEL natural gain band, FEL power is maximal correspond-

ing to zero fractional phase error. FEL power is minimal

if the valley of the modulation function coincides with the

center of FEL natural gain band.

CORRELATION FUNCTION
Anecessary condition for iSASE to have interference and

then modulate the power spectrum is that the new grown ra-

diation field and amplified slipped radiation field have sim-

ilar distribution. The distribution of new grown field is de-

termined by the prebunched beam. Therefore maintaining

the electron bunching factor is essential. Phase shifters are

usually dispersive, thus electrons are inevitably rotated in

the longitudinal phase space.

To illustrate the interference mechanism, we force elec-

tron bunch to maintain its bunching factor distribution

through the phase shifter. Figure 5 shows the field envelope
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Figure 5: Temporal distribution of A1, b, A2.

for new grown field and amplified field are similar. The new

grown field b is obtained by setting the radiation field to

zero after passing phase shifter. Effectively this is equiva-

lent to seeding the next undulator sectionwith a prebunched

electron bunch. The amplified field
1,2

A
, on the other

hand, can be computed in two ways. The first way it’s to

keep both prebunched beam and shifted radiation field after

phase shifter and simulate through the second undulator sec-

tion. Subtracting b from the radiation field in the second

section we obtain the amplified field
1
A . The

2
A can be

computed by smearing density modulation after passing the

phase shifter. This is achieved by resampling macro parti-

cles as a fresh beam. Then the electron bunch are uniformly

distributed within a wavelength.

Correlation function is used to quantify the similarity be-

tween the new grown field and amplified field,

g φ =
〈 α θ

∗
β
θ + φ 〉√

〈| α θ |2〉〈| β θ |2〉
. (4)

Figure 6 plots the correlation between the new grown field

and the amplified field, i.e. correlation between b and
1,2

A
. The peak center denotes the relative shift, while

height of the peak depicts the similarity. Correlation length

can be deduced from the width of the peak. Having a strong

correlation between A θ and b θ is a necessary condi-
tion for them to interference.

CONCLUSION
In this paper, we study the iSASE mechanism with Gene-

sis 1.3 simulation code. Phase shift is translated into a filter

function to the power spectrum. Any phase difference be-

tween shifted field and new grown field generate a detuned

filter function, andmay amplify slightly different frequency.

A correlation function is introduced to describe the correla-

tion between new grown field and shifted field.

APPENDIX
A new package is being developed to facilitate Genesis

to simulate insertion devices like phase shifters. An new

Figure 6: Correlation function between new grown field b

and shifted field A.

element, insertion, is added to the element list. In this el-

ement electron bunch and optical field are processed inde-

pendently. Electrons can be processed by a transfer map.

Optical field will be processed according to the optical ele-

ments. Then the relative slippage between optical field and

electron bunch is taken into account by swapping field.
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Abstract

A fast and robust algorithm is developed to decompose
FEL radiation field transverse distribution into a set of or-
thonormal basis. Laguerre Gaussian and Hermite Gaus-
sian can be used in the analysis. The information of mode
components strength and Gaussian beam parameters allows
users in downstream better utilize FEL. With this method,
physics of mode components evolution from starting stage,
to linear regime and post saturation are studied with detail.
With these decomposed modes, correlation function can be
computed with less complexity. Eigenmodes of the FEL
system can be solved using this method.

INTRODUCTION
Free Electron Laser (FEL) is a powerful source that gener-

ates high brightness radiation for scientific research. Radia-
tion at TW level may be able to resolve a single molecule im-
age [1,2]. One way to improve brightness is to increase total
photon number by tapering the undulator. This scheme has
been proposed in [3], Now it is arousing the FEL commu-
nity’s interest [4,5]. Recently the effect different transverse
electron distributions on taper efficiency is also studied.

The transverse content for a radiation is an important
property of FEL. It may provide useful information in the
down stream. Also as it’s pointed out in [5], the transverse
content plays an important role in tapered FEL. This paper
may provide insight into transverse content by decomposing
electric field transverse distribution generated from Genesis
1.3 [6] into Hermite Gaussian modes. With this decomposi-
tion, correlation function can be computed with less effort.
Moreover, this method also provides a tool to study eigen-
modes of the FEL system.

MODE DECOMPOSITIONMETHOD
In this study we decompose electric field into a set of

Hermite Gaussian modes. Hermite Gaussian modes is a set
of orthonormal basis. Two dimensional Hermite Gaussian
modes allows x and y directions to have different distribu-
tions. The transverse radiation field along the undulator can
be written as

E(r; z) =
∑

amn (z)Hm(
√

2
w(z)

x)Hn (
√

2
w(z)

y) exp(−ζr2).
(1)

Here ζr = 1
w2 , ζi = k

2R . w is the spot size of fundamental
Gaussian mode, while R describes the wave front curvature.

In this work, we use orthogonal condition to find amplitude
amn for each Hermite-Gaussian mode. Wavefront curva-
ture need to be eliminated before applying the orthogonal
condition. To fit R, a lens with focal length f is applied
to electric field. Then beam waist of the modified field is
found through propagation. Curvature radius is found when
the spot size of modified electric field diverges in both for-
ward and backward propagation. After eliminating wave-
front curvature, orthogonal condition is applied to extract
mode amplitudes.

amn =

∫
E(r; z)Hx (

√
2

w
x)Hy (

√
2

w
y) exp(−ζr2). (2)

This integral has to be evaluated in a discrete form with fi-
nite cutoff, nevertheless good accuracy can still be achieved
when w falls in some range.

To test the orthogonality, we define a matrix elements

Ci j =
∑
q

Hm (
√

2xq
w

)Hn (
√

2yq
w

)Hk (
√

2xq
w

)Hl (
√

2yq
w

)

exp(−ζr2
q )

2ΔxΔy
w2 , (3)

where i and j has one to one correspondence with (m,n)
and (k, l). Fig. 1 describes how the orthogonality is main-
tained in this numerical method. In the region where w is
small, there is not enough sampling rate to resolve struc-
tures in Hermite Gaussian modes. Therefore orthogonality
condition is degraded. In large w region, numerical inte-
gral is inaccurate because of the cutoff error. Numerical
integral could provide accurate expansion for electric field
in basis with moderate w. To expand electric field in w

where orthogonality condition is not preserved, we could
first expand electric field with moderate w. Then expansion
in other parameter w′ can be computed by transformation
method. The amplitudes in w′ basis are connected with am-
plitudes in w basis with

amn (w′) =
∑
k, j

Tm,k (w′ |w)Tn, j (w′ |w)ak j (w). (4)

Here Tm,k (w′ |w) =
∫

Hm (
√

2
w′ x)Hk (

√
2

w x) exp(− x2

w2 −
x2

w′2 )dx.
Electric field can be decomposed into Hermite-Gaussian

modes along the undulator in a tapered FEL. Yet, there
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Figure 1: Figure plots how R = |I − C |2 varies with w

for general FEL simulation condition. 191 grid points are
evenly distributed within a [−180μm,180μm] window in
both directions. Different color corresponds to different
maximal index number. For example, N = 4 corresponds
to 16 modes with index 0 ≤ m,n ≤ 3.

is free parameter w needs to be determined, for Hermite-
Gaussian is a complete set of basis for different w. In lin-
ear regime, w(z) describes the Gaussian mode that has the
strongest coupling to the electrons, i.e. electric mode that
has maximal growth rate. And in this regime, w(z) can be
computed using 3D FEL theory, e.g. [7]. In this work, we
are going to obtain w(z) by maximizing fundamental mode
power. The same method can then be extended to post satu-
ration regime where 3D theory is hard to solve. Fig. 2 plots
the power of high order modes κ =

∑
mn�0

|amn |2/|a00 |2 as a

function of w at different locations of the undulator. κ for
different locations have similar dependency on w, i.e. there
is a w that could minimize κ. This could be explained as fol-
lows. For electric field with some radiation size σr , it can
be described by fewer terms in Hermite-Gaussian basis with
w ≈ 2σr than other w. For case w is significantly larger
than 2σr , high order modes are added destructively to con-
struct the electric field. For case w is significantly smaller
than 2σr , high order modes are added constructively.

At the early stage of FEL process, about half of the FEL
power is in the high order modes (minimal κ for L = 10m).
This may also be seen from some structures in the core of
the electric field distribution (Fig. 3). These structures indi-
cate the existence of high order mode component. And the
decomposition result (Fig. 4) is able to reconstruct these
structures. High portion of high order mode is a result of
the fact that the input seed is not the eigenmodes of the
FEL interaction. Therefore it couples to many high order
mode components. And as the FEL interaction proceeds,
the fundamental mode, with the highest grow rate, starts to
dominate. About 90% of the power is in the fundamental
mode when FEL reaches saturation at z = 30m (Fig. 2). As
FEL interaction proceeds further into post saturation, high

order mode components start to increase, i.e. κ function has
higher minimal value after saturation point after 30m.

0 1 2 3 4
x 10−5

0

0.2

0.4

0.6

0.8

1

w/2

κ

10m
15m
20m
25m
30m
40m
50m
60m
90m
120m
150m
180m

Figure 2: Here plots the total power of all the high or-
der modes for different w. We choose w such κ =∑
mn�0

|amn |2/|a00 |2 is minimized.

COHERENCE ANALYSIS
With the decomposed electric field, coherence function

can be computed with less effort.

Γ(r1,r2) =
〈E(r1)E∗(r2)〉√〈|E(r1) |2〉〈|E(r2) |2〉

(5)

Then the time average can be computed as,

〈E(r1)E∗(r2)〉 =
∑
〈amna∗pq〉Hm (

√
2

w
x1)Hn (

√
2

w
y1)

Hp (
√

2
w

x2)Hq (
√

2
w

y2) exp(−r
2
1 + r22
w2 ),

(6)

where 〈amna∗pq〉 =
∫

amn (s)a∗pq (s)ds. The advantage of
this method is that the ensemble average 〈. . .〉 only need to
compute once.

Fig. 5 plots the one point correlation function, i.e. r1 = 0
in Eq. 5, in different regimes. At the beginning, only the
central area has high correlation. As FEL process evolves,
radiation field is diffracted from the center, therefore phase
information is brought to the outer region. There is some
ring structure in the correlation function. These structures
come from the diffraction in the undulator gap. As FEL
reaches post saturation regime, diffraction effect becomes
even more important, resulting in a large coherent area.

MODE EVOLUTION
In FEL process, electric field evolution can be expressed

as

ÔFEL (Ψ1 + Ψs ) = Ψ̃1

= Ψ2 + ÔFELΨs . (7)
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Figure 3: Electric field at 10m from Genesis simulation.
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Figure 4: Reconstructed field from Hermite Gaussian
modes, E =

∑
m,n=0

amnHm (
√

2
w x)Hn (

√
2

w y) exp(− x2+y2

w2 ).
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Figure 5: One point correlation function is plotted at differ-
ent locations of the undulator. Four plots represent initial
stages, linear regime, saturation and postsaturation respec-
tively. Coherence area is increasing as FEL process pro-
ceeds.

Here Ψ1,2 are the state of transverse distribution at two dif-
ferent locations, while Ψs represents the state accounting
for bunching at location one. ÔFEL is a non self-adjoint
linear operator that evolves electric field from location 1 to
location 2. Genesis is used to compute this evolution. Trans-
verse electric field distributionΨ1 interacts with particle dis-
tributionΨs in Genesis. The output electric field Ψ̃1 is then
a linear superposition of both Ψ2 and ÔFELΨs . Therefore
the evolved stateΨ2 fromΨ1 is computed by Ψ̃1−ÔFELΨs ,
where ÔFELΨs is computed by simulating by setting input
radiation zero.

Our simulation scheme using Genesis is described as fol-
lows,

• Simulate FEL process through an Undulator section
U1 with the output electric field transverse distribution
E1 and electron distribution f1(�x).

• Decompose transverse profile E1 into Hermite Gaus-
sian modes {HGn}.

• Simulate each Hermite Gaussian modes HGn indepen-
dently with electron distribution f1(�x) for another sec-
tion U2 with output field E2n .

• Simulate electron beam f (�x) without electric field for
U2 with output field Eb .

• HG′n is then obtained by subtracting Eb from E2n .

Fig. 6 plots the evolution of the first four Hermite Gaus-
sian modes from 10m to 30m. The first two columns plot
the input Hermite Gaussian modes and final field. The third
column plots the free propagation of each input mode over
20m. The modes in the second column deviate from both
the first and third column indicating interaction with elec-
tron beam. Power amplification for each Hermite Gaussian
mode is plotted in Fig. 7. For 10m to 30m, where is the
linear regime, the fundamental mode has the strongest cou-
pling to the electron beam and therefore the maximal power
gain. Therefore the transverse distribution of electric field
is able to maintain a Gaussian like distribution in linear
regime. For the post saturation regime, e.g. from 50m to
70m, higher order modes HG1,0 and HG0,1 have stronger
coupling to the electron beam than the fundamental mode
(Fig. 7). This agrees with the increase of ratio of high order
mode we find out in mode decomposition as FEL proceed
to post saturation.

HG′n is then decomposed into Hermite-Gaussian mode,

ÔFELφn =
∑
αpnφp . (8)

Eigenmodes of ÔFEL can then be computed from this {α}
matrix. Assuming the qth eigenmode is defined as

∑
β
q
nφn ,

ÔFEL

∑
n

β
q
nφn = λ

q
∑
n

β
q
nφn (9)

=
∑
n,p

β
q
nαpnφp . (10)

TUP030 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

448C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Theory



(a) (b) (c)

Figure 6: Column(a) plots the input Hermite Gaussian
modes at the entrance of the undulator section. Column(b)
plots the resultant field for each Hermite Gaussian mode at
the end. Column(c) plots the free propagation result across
the same distance as a comparison.
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Figure 7: Power gain is computed by dividing the power of
the input mode HGn by the power of the output mode HG′n .

Since ÔFEL is a non-self-adjoint operator, {βq} are not or-
thogonal vectors and {λq} are complex eigenvalues. Fig. 8
plots the first four eigenmodes for the ÔFEL from 15m to
25m. The first mode is a Gaussian like mode. The second
and third mode are dipole mode like, and with different ori-
entations. The fourth mode is azimuthal symmetric and has
one node in radial direction. The first and fourth mode are
usually found as the first and second mode in 3D FEL the-
ory. In these theories, mostly an azimuthal symmetry in
electric field is assumed. In our simulation, we are able
to find modes that break this symmetry since the Hermite
Gaussian basis has this degree of freedom. As a compari-
son, we plot the interaction of these eigenmodes with elec-
tron bunch and their free propagation results for the same
distance. Eigenmodes maintain their distribution through
interaction with electron beam. If the eigenmodes are prop-
agated freely across the same distance, as is shown in col-
umn (c), distribution will be strongly diffracted.

(a) (b) (c)

Figure 8: Column (a) plots the eigenmodes at the entrance
of the undulator. Column (b) plots output field at the end
of the undulator for each mode respectively. Column (c)
shows the free propagation result across the same distance
for each eigenmode.

CONCLUSION
In this paper, we propose a mode decomposition method

using Hermite Gaussian mode as basis. We find that there
are some region of w, within which the orthogonal condi-
tion is well satisfied. Wavefront curvature R is fitted by free
propagation method. And w is chosen such that the fun-
damental Gaussian mode has the most dominating power.
With this method, we are able to analyze mode component
in different regimes. The fundamental mode is found to
maintain a good portion of power in a tapered FEL. Co-
herence function is computed using the decomposed mode
amplitude. Mode evolution is also studied based on this
mehtod. The eigenmodes of the FEL operator is computed
by simulating Hermite Gaussian mode interacting with elec-
tron beam individually.
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FEL CODE COMPARISON FOR THE PRODUCTION OF HARMONICS
VIA HARMONIC LASING∗
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Germany S. Reiche, PSI, Villigen, Switzerland

Abstract
Harmonic lasing offers an attractive option to significantly

extend the photon energy range of FEL beamlines. Here, the

fundamental FEL radiation is suppressed by various combi-

nations of phase shifters, attenuators, and detuned undulators

while the radiation at a desired harmonic is allowed to grow

linearly. The support of numerical simulations is extensively

used in evaluating the performance of this scheme. This pa-

per compares the results of harmonic growth in the harmonic

lasing scheme using three FEL codes: fast , genesis , and

ginger.

INTRODUCTION
Numerical simulation has been a critical tool both in the

design and the commissioning of short wavelength free-

electron lasers based upon the principle of self-amplified

spontaneous emission (SASE) such as FLASH and the LCLS.

In part due to the complex physics such as the varying ex-

ponential growth rates as a function of wavelength, the ef-

fective startup noise, and radiation-electron beam slippage

effects that help develop longitudinal coherence, accurate

numerical modelling for SASE configurations can be more

challenging than that required for more simple time-steady

FEL amplifiers. Over the past three decades, numerous

simulation codes have been developed for FEL modelling

purposes, ranging from 1D, time-steady approximations to

fully 3D, time-dependent approaches. Some code-to-code

benchmarking has been done for high gain FEL’s. The study

by Biedron et al. [1] in the very late 1990’s compared re-
sults from five different codes for the linear growth rates

and saturated power for a time-steady test case based upon

parameters corresponding to the Argonne LEUTL FEL. A

decade later Giannessi et al. [2] compared fundamental and
harmonic power vs. z profiles for both single frequency and
time-dependent, externally-seeded test cases, finding good

agreement between the 1D perseo code and the 3D genesis

and medusa codes. However, apart from a comparison of

SASE startup in the genesis and gingercodes with theo-

retical predictions [3], there appear to be few if any code

comparison studies in the literature for full SASE cases.

Here we give the results of a small SASE benchmarking

study where we have concentrated upon cases with param-

eters related to the operating LCLS-1 FEL at SLAC and

to the upcoming, soft x-ray LCLS-2 machine. The codes

used were fast , genesis , and ginger, each of which has

∗ This work was supported at SLAC by the U.S. Department of Energy

under Contract No. DE-AC02-76SF00515.
† gmarcus@slac.stanford.edu

been used extensively to model SASE-based FELs and each

of which has sufficient dimensionality to examine the de-

velopment of longitudinal and transverse coherence at both

the fundamental FEL resonant wavelength and higher odd

harmonics. Because of the recent interest in trying to reach

higher output photon energies via use of harmonic emis-

sion (see, e.g., [4, 5]), we also wanted to look reasonably
carefully at the gain and saturation of the third harmonic

in "lasing mode", i.e., in situations where the fundamental
is suppressed allowing the third harmonic to grow to much

higher saturated powers than would be true otherwise. The

remainder of this paper is arranged as follows. In §II, we

give brief descriptions of each of the three codes concen-

trating on the features most relevant to SASE and harmonic

emission. In §III we present the results of two LCLS-related

cases: a) 6-keV fundamental and 18-keV third harmonic

emission for a continuous (i.e., non-segmented) LCLS-1
undulator initiated by shot noise b) 1.67-keV fundamen-

tal and 5-keV third harmonic emission for a hypothetical,

segmented LCLS-II undulator with break sections in which

there are special phase shifters tuned to suppress the fun-

damental via phase shifts of 2/3 and 4/3 wavelengths. We
conclude in §IV with a short discussion of our findings.

CODE DESCRIPTIONS
In this section we describe some basic characteristics

of the three codes used for this study. They share many

common features including a 3D particle mover, an eikonal

(i.e., slowly varying envelope approximation) field solver
and wiggle-period averaging for calculating the coupling

between the radiation and the beam electrons. Each code

works in the time domain (i.e.spectral decomposition is done
only via post-processing) and also subdivides the electron

beam into "slices" whose longitudinal centers are spaced

uniformly.

FAST
fast is the generic name for a set of codes developed for

analysis of the FEL amplification process in the framework

of 1-D and 3-D models using different techniques as de-

scribed in [6–9]. Analytical techniques implemented in

these codes allows analysis of beam radiation modes via an

eigenvalue equation and the amplification process during

the exponential growth stage (initial-value problem). The

simulation codes can simulate the FEL process with both

steady-state and time-dependent models and can also treat

odd harmonic emission in planar undulator geometries [10].

The three-dimensional version of fast [11] takes into ac-
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count all important physical effects: diffraction, slippage

effects, space charge, and emittance and energy spread in

the electron beam. The field solver uses retarded potentials

and expands the radiation via azimuthal modes. fast has

been thoroughly tested in the high gain exponential regime

using analytical results for the beam radiation modes (com-

plex eigenvalues and eigenfunctions) [6–8]. It has also been

tested from shot noise start-up through the linear stage of

amplification against three-dimensional analytical results for

the initial-value problem [9]. Start-up from electron beam

shot noise can be simulated either by an artificial macropar-

ticle ensemble [12, 13] or by tracing the actual number of
electrons in the beam [14], initially randomly distributed in

the full 6D phase space. All the fast results presented in

this paper are calculated with actual number of electrons.

GENESIS
genesis [15] is a time-dependent 3D FEL simulation pro-

gram where the radiation field and macroparticle source

terms are discretized on a Cartesian mesh. As with fast

and ginger, shot noise can be simulated by standard meth-

ods [12,13]; since the latest genesis version runs on reason-

ably large computer clusters, in some situations the code can

model the actual number of beam electrons, thus a priori
providing the correct shot noise at any frequency. Harmonic

emission has been implemented by using the effective cou-

pling factors [16] for odd and even harmonics. The user

can choose either to model the self-consistent interaction

of the higher harmonics of the radiation field with the elec-

tron beam (i.e., true lasing) or, alternatively, to calculate
the so-called non-linear emission associated with the strong

harmonic bunching factor that occurs as the fundamental

approaches saturation.

GINGER
ginger[17] differs from the previous two codes in that

the standard field solver model employs 2D cylindrical ax-

isymmetry. Thus any gain, energy spread and saturation

effects due to modes with higher order azimuthal number

will be neglected. The radial grid follows a mathematical

sinh function giving a nearly constant spacing near the axis
and exponentially-expanding spacing much farther out, thus

permitting quite distant boundaries with reasonable numbers

of grid cells (e.g., nr = 128). Recently, the ginger field

solver has been extended to handle true harmonic lasing (i.e.,
not only the nonlinear harmonic emission that was discussed

in [18]). The z-advance control algorithm is such that arbi-

trary length drift spaces are properly modelled (including

vacuum field propagation); their length is not required to be

an integer of the nominal z-step size.

BENCHMARK CASES
We looked at two cases that would test numerically various

SASE physics at both the fundamental and third harmonic

radiation wavelengths such as the effective input noise signal,

the growth rate in the linear regime, and the saturation level.

We now discuss each of them in turn.

Table 1: Test Case e-Beam and Undulator Parameters

parameter unit LCLS-1 LCLS-2

Current kA 3.0 1.0

Emittance mm-mrad 0.40 0.40

Energy GeV 11.62 4.0

σE keV 1400 500

< βx,y > m 26.0 12.0

λu mm 30.0 26.0

LCLS-I Continuous Undulator
For our first study we chose a case that nominally corre-

sponds to the LCLS-1 FEL at SLAC operating at a 6-keV

fundamental. For purposes of simplification, we considered

a continuous, unsegmented undulator, i.e., one without any
break sections. The electron beam and undulator parameters

are shown in the third column of Table 1. For this and the

other cases, energy loss and increased incoherent energy

spread due to broadband spontaneous emission was artifi-

cially suppressed. Artificial harmonic focusing was applied

resulting in a 26-m beta function, a value comparable to

the average value due to the quadrupole focusing in the ac-

tual LCLS. Due to the low normalised emittance and high

current, there is strong gain at the fundamental and power

saturation occurs by z ≈ 45m. As shown in Fig. 1, each code
shows a saturation level of about 30 GW. The initial noise

levels depend upon the dimensionality of the field solver

with gingerand fastwith enforced axisymmetry showing

good agreement as would be expected. The genesis results

are nearly identical to those of fast run that included up to

m = ±2 azimuthal mode number. As pointed out in [3], the
magnitude of the startup spontaneous emission is a function

of the transverse gridding with finer spacing including more

transverse modes and thus more power.

The results for the situation with third harmonic lasing

only (fundamental emission artificially suppressed) are quite

similar. Examining Fig. 2 one sees that gingersaturates

at a few percent higher power level and genesis slightly

differs from fast with |m | ≤ 2 in the linear gain region

from 25 to 55 m. But overall, the three independent codes

agree strikingly well in both the effective noise level and

final saturation power. We also found that the final saturation

power in fast is essentially independent of the maximum

allowable azimuthal mode number, at least through m = ±3.
LCLS-II Optimized Third Harmonic Lasing with
Phase Shifters
Our second benchmarking case corresponds to LCLS-2

operating in the soft x-ray regime. Compared with LCLS-

1, the hypothetical LCLS-2 design has much lower current

and energy but significantly stronger focusing. Here the
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Figure 1: Growth of fundamental vs. z for LCLS-1 parame-
ters. One fast run corresponds to axisymmetry ("Maz0")

while the other includes azimuthal modes in the interval

m = ±2 ("Maz-2.2").

Figure 2: Growth of third harmonic vs. z for LCLS-1 param-
eters with the fundamental emission completely artificially

suppressed.

26−mm period, planar-polarised, variable-gap undulator is

segmented with a periodicity of two short break sections

(L = 0.13m) and one long break (L = 0.78m) with the
active undulator segments having lengths of 1.17m. For
focussing, the dominant term in the genesis run was pro-

vided by a FODO quadrupole lattice while fast and ginger

adopted an artificial, continuous in z harmonic component.
Since LCLS-II will have wavelength tunability via a

changing K , the break sections will have active phase shifters
in order to keep the electron beam and radiation in phase.

This capability gives the option of following suggestions by

McNeil et al. [19] and Schneidmiller and Yurkov [5] to pur-

0 10 20 30 40 50 60
0

1/3

2/3

phase shifter number

Ph
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e 
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t [

]

Figure 3: Graphical representation of phase shifter values

(normalised to the radiation wavelength) versus break sec-

tion position in the LCLS-II benchmark case. A positive

value corresponds to an incremental increase of the elec-
tron beam’s delay (and a decrease in ponderomotive phase)

relative to what would give exact phase resonance with the

electromagnetic field.
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Figure 4: Growth of fundamental (1.67 keV; symbols and

thick line) and third harmonic (5 keV; thin lines) vs. z for a
hypothetical LCLS-II case in which phase shifters suppress

growth at the fundamental.

posefully use combinations of ΔΦ = 2π/3 and ΔΦ = 4π/3
phase shifters to suppress the lasing of the fundamental while

not affecting that of the third harmonic. In principle this

scheme allows the harmonic to reach saturation without its

gain being depressed by incoherent energy spread associ-

ated with growth in the fundamental power. We followed

the general prescription of Ref. [5] for picking phase shifter

values as a function of break position. Figure 3 shows the

particular values chosen (but note that we plot the increase

in electron beam delay, not ΔΦ which has the opposite sign).

Our simulation results, as displayed in Fig. 4, show the

variable phase shifter disruption succeeds quite well in sup-

pressing the SASE growth of the fundamental at 1.67 keV
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Figure 5: Output spectrum in 5 keV region for the hypo-

thetical LCLS-II of the previous two figures. The spectral

intensity corresponds to a pulse length of 54 fs. The differ-

ence in the mean wavelength between the gingerrun and

the other codes is due to a slightly different K .

with barely any growth beyond the normal spontaneous com-

ponent up to z = 60m. In the next twenty meters there

does appear to be some coherent exponential gain but by this

point the third harmonic at 5 keV photon energy has satu-

rated at a value of ∼ 500MW average power, nearly an order

of magnitude greater than is true for the fundamental. The

integrated output spectra from a single SASE run, as shown

in Fig. 5, show an inverse normalized RMS bandwidth of

about 5000.

While the code agreement is reasonably good with re-

spect to the third harmonic power vs. z, fast and especially
gingershow greater saturated power than does genesis . At

present we do not fully understand the reasons for the dis-

crepancy. Tests with fast appear to rule out a dependence

of the saturated output power on the number of included

azimuthal modes. Both genesis and gingershow some

dependence of P(z) on the macroparticle number per slice;
the final power in gingerat z = 86m drops by 20% for a 4×
increase in particle number to 65K per slice. For genesis

simulation of the LCLS-I case, the effective noise power in

the fastest growing mode can change 2× for a 8× increase
in macroparticle number although the asymptotic power is

virtually unchanged.

DISCUSSION
In this study we have examined the predictions of three

standard multi-dimensional FEL simulation codes, fast ,

genesis , and ginger, regarding SASE growth of the fun-

damental and third harmonic for two cases related to LCLS

parameters. We have found for an LCLS-1 like case the inde-

pendent growth and saturation of the fundamental and third

harmonic power are nearly identical in the three codes once

the exponentially growing modes dominate the spontaneous

background. The fully 3D codes genesis and fast agree

best in the "spontaneous regime" before the fastest grow-

ing modes dominate when the latter is limited to azimuthal

modes with |m | ≤ 2. gingerand fast also agree in this

regime when the latter is run with azimuthal symmetry, i.e.,
only the m = 0 mode.
A second test case involving a segmented, LCLS-II like

undulator with phase shifters shows that following the pre-

scription of Ref. [5] introducing shifts of ΔΦ = 2π/3 ,4π/3
successfully suppresses the fundamental growth so that

the third harmonic at 5 keV reaches saturation at levels of

500MW. While the code agreement is generally good, there

are differences in the saturation regime that at present are

not fully understood. The differences suggest that numerical

modelling of higher harmonics is likely more sensitive to

choices of shot noise algorithms, gridding, and macroparti-

cle number.

We are pleased to acknowledge useful discussions with Z.

Huang and T. Raubenheimer.
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FEL SIMULATION AND PERFORMANCE STUDIES FOR LCLS-II
G. Marcus, Y. Ding, P. Emma, Z. Huang, T. Raubenheimer, L. Wang, J. Wu

SLAC, Menlo Park, CA 94025, USA

Abstract
The design and performance of the LCLS-II free-electron

laser beamlines are presented using start-to-end numerical

particle simulations. The particular beamline geometries

were chosen to cover a large photon energy tuning range with

x-ray pulse length and bandwidth flexibility. Results for self-

amplified spontaneous emission and self-seeded operational

modes are described in detail for both hard and soft x-ray

beamlines in the baseline design.

INTRODUCTION
The LCLS-II is envisioned as an advanced x-ray FEL

light source that will be fed by both a superconducting ac-

celerator and the existing LCLS copper linac and will be

capable of delivering electron beams at a high repetition

rate, up to 1 MHz, to a collection of undulators [1–3]. In the

initial phase, referred to as the baseline scenario, the CW

linac will feed two independently tuned undulators capable

of producing radiation covering a large spectral range with

each beamline dedicated to either soft or hard x-ray photon

energies. The soft x-ray (SXR) beamline will cover photon

energies from 0.2 − 1.3 keV while the hard x-ray beamline
will cover 1.0 − 5.0 keV. The copper linac will feed the hard
x-ray beamline exclusively and will cover photon energies

from 1 − 25 keV. Each of the beamlines will be capable
of producing radiation in both the self-amplified sponta-

neous emission (SASE) and self-seeded (SS) operational

modes [4, 5]. While various external seeding and other ad-

vanced FEL concepts are being explored for LCLS-II [6, 7],

this paper reports the results of detailed FEL simulations

in the baseline case for multiple start-to-end (S2E) charge

distributions coming from the CW superconducting linac at

the higher end of the individual undulator beamline tuning

ranges. The simulation code ASTRA [8] was used to track the
electron beams through the injector, ELEGANT [9] was used
to transport the beams through the linac to the undulators,

and GENESIS [10] was used for FEL simulations.

ELECTRON BEAM AND UNDULATOR
PARAMETERS

The nominal LCLS-II electron beam and undulator design

parameters can be found in Table 1. Both the HXR and SXR

beamlines will employ a variable gap hybrid permanent

magnet undulator broken into individual segments that are

interspersed with strong focusing quadrupoles, adjustable

phase shifters, and various other diagnostic elements. The

vacuum chamber will be made of Aluminum and will have

a rectangular cross section with a full height of 5 mm. The

relaxation time for Aluminum is τ = 8 fs and can be used to
specify not only the DC but also the AC contributions to the

Table 1: Nominal Electron Beam and Undulator Parameters

for the Baseline LCLS-II Scenario

Paramter Symbol Value SXR(HXR) Unit
e-beam energy E 4.0 GeV

emittance ε 0.45 μm
current I 1000 A

energy spread σE 500 keV

beta 〈β〉 12(13) m

undulator period λu 39(26) mm

segment length Lu 3.4 m

break length Lb 1.0 m

# segments Nu 21(32) -

total length Ltot 96(149) m

resistive wall wakefield (RWW) in the FEL simulations [11].

The SXR beamline is envisioned to operate with a SASE and

SS tuning range of 0.2 − 1.3 keV while the HXR beamline
will operate from 1.0 − 5.0 keV in the SASE mode and will
use the electron beam from the copper linac for self-seeding

from 5.0 − 12.0 keV in the baseline case.
The slice parameters of a S2E 100 pC electron beam are

illustrated in Figure 1. The core of the bunch, which is

roughly 60 fs long, has a very flat phase space with a cur-

rent of I ∼ 900A, slice energy spread of σE ∼ 450 keV,
and slice emittances of εn ∼ 0.27 μm, all of which
satisfy the design requirements. It is also relatively

well matched to the lattice where the matching parame-

ter Bmag = 1/2 (β0γ − 2α0α + γ0 β) ≤ 1.3 − 1.4 typically
does not affect the performance [12, 13].

The slice parameters of a S2E 20 pC electron beam are

illustrated in Figure 2. The core of the bunch, which is

roughly 30 fs long, has a relatively flat phase space with a

current of I ∼ 550A, slice energy spread of σE ∼ 280 keV,
and slice emittances of εn ∼ 0.1 μm. The significantly
smaller slice emittance and energy spread are extremely

beneficial to the performance of the HXR beamline at the

high end of the tuning range, as will be illustrated shortly,

where the FEL is most sensitive to these parameters. The

20 pC electron beam is also relatively well matched to the

lattice with a similar matching parameter in the core of

Bmag ≤ 1.3 − 1.4.
The slice energy change over the length of both the HXR

and SXR beamlines due to the RWW is illustrated in Figure 3

and Figure 4 for the 100 pC and 20 pC S2E electron beams

respectively. It was shown in [14] that the FEL performance

could be impacted, due to slowly varying electron beam or

undulator parameters, if a slice energy change on the order of

ΔE ∼ 2ρ1DE0 occurred before the FEL reached saturation.
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Figure 1: Longitudinal phase space (top left), slice energy

(top right), x (green) and y (red) slice nomalized emittance

(middle left), slice energy spread (middle right), and match-

ing parameter (bottom) for the 100 pC S2E electron beam.

The blue curves are the current and assist in locating the slice

properties within the electron beam longitudinal profile.
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Figure 2: Longitudinal phase space (top left), slice energy

(top right), x (green) and y (red) slice normalized emittance

(middle left), slice energy spread (middle right), and match-

ing parameter (bottom) for the 20 pC S2E electron beam.

The blue curves are the current and assist in locating the slice

properties within the electron beam longitudinal profile.

Figure 3: Slice energy change (green line) over the length

of the SXR (left) and HXR (right) undulator for the 100 pC

electron beam due to the RWW effect. The green (blue)

shaded region indicates a tolerable slice energy change with

respect to ρ1D (ρ3D) when the undulator is tuned to the
higher end of the photon spectral range. The current is

shown as the blue line.

Figure 4: Slice energy change (green line) over the length

of the SXR (left) and HXR (right) undulator for the 20 pC

electron beam due to the RWW effect. The green (blue)

shaded region indicates a tolerable slice energy change with

respect to ρ1D (ρ3D) when the undulator is tuned to the
higher end of the photon spectral range. The current is

shown as the blue line.

Here, ρ1D is the well known FEL Pierce parameter [15]
while ρ3D = λu/4π

√
3L3Dg is an effective FEL parameter

defined using the M. Xie formulas [16]. Figure 3 shows that

while the SXR beamline is not affected by the RWW in the

case of the 100 pC beam, the HXR beamline begins to suffer

when the undulator is tuned to produce radiation at the higher

end of the tuning range. It can also be seen that the RWW

will produce a nonlinear curvature in the LPS of the 100 pC

beam, which is often associated with spectral broadening in

self-seeding and high-gain harmonic generation operational

modes [17]. This particular effect, however, is not noticeable

in the SXR beamline as shown below. Moving to a lower

charge (and lower peak current) significantly reduces the

RWW effect as illustrated in Figure 4, where the energy

chirp imparted to the LPS is roughly linear across the beam.

The SXR beamline will incorporate a self-seeding sys-

tem (SXRSS) to produce longitudinally coherent soft x-ray

free electron laser pulses. The HXR beamline will also

incorporate a self-seeded beamline. However, it will only

operate with the electron beam coming from the copper

linac in the baseline scenario, and thus is not presented here.
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The SXRSS system consists of two undulators that are sep-

arated by a monochromator and a magnetic chicane. The

first undulator consists of 7 independent segments while the

second undulator consists of 14 independent segments. The

monochromator design for the LCLS-II will be based on

the existing LCLS SXRSS monochromator [18]. It has a

compact footprint that is designed to allow both the chicane

and monochromator to occupy the equivalent space of a sin-

gle undulator segment along the strong focusing quadrupole

FODO cell strongback. The resolving power is nominally

specified to be R = 5000, but upgrade paths to R ∼ 10,000
are being explored.

The SASE FEL process in the first undulator begins

from shot-noise and is interrupted well before saturation

in the linear regime. In this way, the slice properties of the

electron beam are preserved for an additional FEL process

downstream. The SASE FEL x-ray beam is sent through

a monochromator which selects a narrow band of the ra-

diation profile while the electron beam passes through the

magnetic chicane. The specification of the individual com-

ponents of both the monochromator and chicane are not yet

established. As such, a phenomenological approach is used

to model the bandwidth reduction of the seed. The nom-

inal monochromator design relative bandwidth (1/R) and
overall efficiency (2%) are used to specify the amplitude

of a Gaussian filter function. The phase of the filter func-

tion is defined through Kramers-Kronig relations such that

causality is not violated when the filter is applied to the fully

three-dimensional FEL pulse exiting the seventh undulator

section. The fields exiting the monochromator are then used

to specify the seed into the next undulator. The magnetic

chicane serves the dual role of compensating for the delay in-

troduced by the monochromator and destroying any residual

electron beam microbunching from the first undulator. This

is important because the narrow bandwidth radiation from

the monochromator would have a transmitted power much

less than the effective power of the microbunching. The

monochromatized radiation and the demodulated electron

beam then interact in a seeded FEL process in the second un-

dulator where the seed power dominates the electron beam

shot noise. The narrow bandwidth (much narrower than the

SASE bandwidth) seed radiation is amplified to saturation

where the second undulator is tuned such that the seed is at

the fundamental resonant frequency.

NUMERICAL SIMULATIONS
We begin with the results of SASE simulations in the SXR

beamline tuned to produce radiation at the high end of the

tuning range of Eγ = 1.24 keV or λr = 1 nm using the nom-
inal 100 pC S2E electron beam. As illustrated in Figure 5,

saturation is reached after 11 of 21 undulator sections at

an energy of Esat = 220 μJ. There is significant room to
explore post-saturation tapering. The full width at half max-

imum (FWHM) temporal duration is Δτ ∼ 60 fs while the
relative FWHM bandwidth is ΔEγ/E0,γ ∼ 1.6 × 10−3. Op-
erating the SXR beamline without a taper at a repetition rate
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Figure 5: Energy gain curve for SASE FEL simulations

using the 100 pC S2E electron beam (bottom). Power profile

(blue) and current (green) (top left) and spectrum (top right)

at saturation.

of 1 Mhz would deliver ∼ 220 W of average power, which
is more than the transport optics will be designed to accom-

modate in the baseline case. Therefore, methods to control

this power, for example using electron beam energy chirp

control at the undulator or time-dependent bunch manipula-

tion at the injector, while still allowing the FEL to saturate

are being explored.

The results for SXRSS simulations where the undulator

was again tuned to produce radiation at Eγ = 1.24 keV
is shown in Figure 6 for ten independent runs where only

the random number seed for the generation of shot-noise

in GENESIS was changed. The FEL pulse amplifies to just
over E = 1 μJ in the first stage of amplification where single
SASE spikes typically reach 10 − 20 MW. The monochrom-
atized radiation had an average power of ∼ 25 kW after the
Gaussian filter function was applied, which is much larger

than the estimated shot noise power of ∼ 500W. Because the
pulse is rather long temporally, the monochromatized field

contains a few SASE spikes in the spectral domain, which

are amplified to saturation after 16 undulator segments. The

pulse energy at saturation is Esat ∼ 200 μJ. This again
leaves room to explore post-saturation tapering. On average

(blue curve), however, the relative bandwidth of the SXRSS

FEL at saturation approaches the monochromator bandwidth

of ΔEγ/E0,γ ∼ 2 × 10−4. The bottom right plot of Figure 6
illustrates that there is no bandwidth growth from nonlinear

energy curvature induced by the RWW. The red curve is the

spectrum from a typical run showing the amplification of a

few spikes that make it through the monochromator while

the blue curve shows the results of the amplification of a

perfectly monochromatic and temporally flat seed and shows

very little broadening.
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Figure 6: The energy gain curve (top left), power profile (top

right) and spectrum (bottom left) for 10 independent runs

(red) and their average (blue) using the 100 pC S2E electron

beam. The bottom right figure shows the spectrum resulting

from the amplification of a perfect seed (blue) and the real

seed coming from the monochromator in the second state of

the SXRSS beamline.
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the end of the beamline and the energy gain curve (bottom).

Results with the RWW on (off) are shown in blue (red).

The results for SASE simulations in the HXR beamline

tuned to produce radiation at the high end of the tuning

range of Eγ = 5 keV using the nominal 100 pC electron

beam are shown in Figure 7 with both the RWW turned

on in the simulation (blue) and turned off (red). There is a

noticeable difference in performance. The RWW suppresses

the final energy by about a factor of 3 from E ∼ 30 μJ (off)
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Figure 8: Energy gain curve for SASE FEL simulations

using the 20 pC S2E electron beam (bottom). Power profile

(blue) and current (green) (top left) and spectrum (top right)

at saturation.

to E ∼ 10 μJ (on), suppresses the amplification of radiation
in the core of the beam from spikes that average P ∼ 1 GW
(off) to P ∼ 300 MW (on) and redshifts the spectrum. There
exists, however, some flexibility in tuning a linear taper to

slightly mitigate the performance degradation. Either way,

the FEL does not seem to reach full saturation by the end

of the undulator. This leaves no room for post-saturation

tapering and allows for no overhead. Better performance at

Eγ = 5 keV can actually be obtained by going to lower charge

where the drastically smaller emittance and smaller energy

spread produce a much shorter gain length as illustrated in

Figure 8, which shows the results for SASE simulations in

the HXR beamline using the 20 pC S2E particle distribution.

The FEL in this case reaches saturation after 24 of 32 un-

dulator segments at an energy of Esat ∼ 27 μJ. This leaves
significant room for post-saturation tapering. The FWHM

temporal duration is Δτ ∼ 20 fs while the relative FWHM
bandwidth is ΔEγ/E0,γ ∼ 7 × 10−4.

CONCLUSION
The LCLS-II baseline scenario has been extensively stud-

ied using S2E FEL simulations in both the HXR and SXR

beamlines and for low and high charge distributions. A small

sample of these studies are included here for electron beams

coming from the CW superconducting linac to illustrate

some of the challenges associated with the design. These

include, but are not limited to, RWW effects in the undulator,

heat load on the optics (both SXRSS monochromator and

transport optics), and FEL power control. Identifying and

understanding these challenges will enable the LCLS-II to

more effectively deliver photon beams that will certainly

push advanced x-ray science to new frontiers.
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BROADLY TUNABLE FREE-ELECTRON LASER FOR FOUR-WAVE
MIXING EXPERIMENTS WITH SOFT X-RAY PULSES

G. Marcus, SLAC, Menlo Park, CA 94025, USA
G. Penn, LBNL, Berkeley, CA 94720, USA

A. A. Zholents, ANL, Argonne, IL 60439, USA

Abstract
This paper examines a FEL design for the production of

three soft x-ray pulses from a single electron beam suitable

for four-wave mixing experiments. Independent control of

the wavelength, timing and angle of incidence of the three

ultra-short, ultra-intense pulses with exquisite synchroniza-

tion is critical. A process of selective amplification where a

chirped electron beam and a tapered undulator are used to

isolate the gain region to only a short fraction of the electron

beam is explored in detail. Numerical particle simulations

are used to demonstrate the essential features of this scheme

in the context of the LCLS-II design study.

INTRODUCTION
Hard and soft X-ray free-electron lasers (FELs) [1–4] have

become essential tools for the investigation of dynamical

systems as they have the ability to operate on the time and

length scales natural to atomic and electronic motion in

matter [5]. Many experiments envisioned for the exploration

of the dynamical properties of matter, which leverage the

unique capabilities of FEL facilities, will be based on a pump

and probe technique. Extending this technique to include a

broad variety of four-wave mixing (FWM) spectroscopies,

which rely on the use of three fully coherent and independent

pulses of light with unique carrier frequencies and wave

vectors, is of critical importance.

A pathway for producing FEL pulses suitable for FWM

experiments from a single electron beam has recently been

proposed [6]. In that study, a process of selective ampli-

fication employing a strongly chirped electron beam and

a tapered undulator is used to isolate the gain region of a

self-amplified spontaneous emission (SASE) FEL allowing

for a single longitudinally coherent pulse to amplify to satu-

ration [7–9]. The taper also serves to suppress gain outside

the chirped region, leaving the electron beam capable of pro-

ducing additional radiation in a downstream FEL process.

This energy modulation and undulator taper combination

can be repeated in multiple stages to produce the three in-

dependent FEL pulses necessary for FWM experiments if

a broad tuning range is necessary. Alternatively, a grating

and mask can be used to split one of these large bandwidth

pulses if two nearby frequencies are sufficient. A potential

beamline for this scenario is shown in Figure 1.

This paper describes the electron beam energy modula-

tion and undulator taper requirements for the production

of longitudinally coherent FEL pulses from the selective

amplification process in the context of the LCLS-II design

study for photon energies of Eγ = 250−1000 eV. Numerical

W1 

W2 

U1 

t1 t2 

tx 

tc 

M1 

M2 

1111

G 

t

MM1

M2GG

tcct
M3 

U2 

S S

Figure 1: A possible beamline for a FWM FEL [6]: W1 and

W2 are modulators, U1 and U2 are undulators, Δt1 and Δt2
are seed laser delay stages, Δtc is the electron beam chicane

delay, Δtx is the x-ray delay line, G is the grating, S is the
slit, and M1,2,3 are adjustable x-ray mirrors.

simulations using the FEL code GENESIS [10] are used to
illustrate the more impressive characteristics of this scheme

at Eγ = 1 keV (see Table 1).

Table 1: Electron Beam, Undulator, and Modulator Laser

Parameters for the Nominal LCLS-II Scenario

Paramter Symbol Value Unit
e-beam energy E 4.0 GeV

emittance ε 0.45 mm-mrad

current I 1000 A

energy spread σE 500 keV

beta 〈β〉 12 m

undulator period λu 39 mm

segment length Lu 3.4 m

break length Lb 1.0 m

photon energy Eγ 0.25 − 1 keV

seed wavelength λs 2.1 μm

ELECTRON BEAM ENERGY CHIRP AND
UNDULATOR TAPER

In the particular selective amplification scheme employed

here, the electron beam is energy modulated by a carrier-

envelope-phase-stable, single-cycle, mid-IR laser pulse

within a single period modulator. This modulation takes

the following idealized form [11]:

γ = γ0 + Δγ sin

(
2π

λl
[s − s0]

)
e
− (s−s0)2

2σ2
l . (1)
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Figure 2: f as a function of q and ν for σ̂τ = 0.42 (left) and
Δγ as a function of AL for the optimized f (right).

Here, γ is the electron beam energy normalized to its rest

energy (mc2), λl is the seed laser wavelength, s is the elec-
tron coordinate with respect to the center of the bunch, σl is

the rms width of the gaussian envelope for the single-cycle

laser pulse longitudinal electric field and

Δγ =
2

mc2

√
ALα�ω0

K2

2 + K2
[J J] f

(
q, ν, σ̂τ

)
, (2)

where AL is the seed laser energy, α is the fine structure
constant, � is Planck’s constant, ω0 is the mean frequency
of the spontaneous radiation generated inside the modulator,

K = eBλu/2πmc is the undulator strength parameter, e is
the electron charge, B is the peak magnetic field on axis,

λu is the undulator period, [J J] = J0
[
K2/
(
4 + 2K2

)]
−

J1
[
K2/
(
4 + 2K2

)]
is the Bessel form factor accounting for

the coupling of electronmotion to radiation emission in a pla-

nar undulator, and f
(
q, ν, σ̂τ

)
depends in a complicated way

on the undulator length, Lu , Rayleigh length (q = Lu/zR),
detuning (ν = 2Lu/λu (1 − γ/γr )), and the electric field
pulse width (σ̂τ = σlλu/Luλl ). The dependence of f on q
and ν can be found in Figure 2 for a single-cycle seed laser of
wavelength λl = 2.1 μm and for a single period modulator.

An example of this energy modulation can be found in

Figure 3 where the modulator parameters were optimized

to produce an amplitude of Δγ = 20 with a laser energy
of AL ∼ 360 μJ. The choice in the seed laser wavelength,
duration and number of modulator periods are crucial to

differentiating the slope of the energy chirp near the zero

crossing phase (s ∼ 6μm) from the slope of the chirp in

the regions immediately adjacent (s ∼ 4,8μm). Addition-
ally, the choice in seed laser wavelength was motivated

by the progress that has been made in recent years in ob-

taining carrier-envelope-phase-stable single-cycle pulses in

this wavelength region [12]. There is a large and linear

energy energy chirp around s ∼ 6μm parameterized by

αc = dγ/ds ∼ 2πΔγ/λl . As previously mentioned, gain

degradation due to an energy chirp along the electron beam

longitudinal profile can be compensated by appropriately

tapering the undulator. This taper is given analytically by:

dK
dz
=

1

K0

��1 +
K2
0

2
��
2
αc

γ3
0

, (3)
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Figure 3: The longitudinal phase space near an energy mod-

ulation using a single-cycle λ = 2.1μm laser in a single

period modulator.

where K0 and γ0 indicate the initial undulator parameter
and e-beam energy respectively. This undulator taper also

suppresses gain where there is no conjugate energy chirp,

leaving ample real estate along the electron beam longitu-

dinal profile for additional radiative processes. The taper

that produced the optimal pulse characteristics (longitudi-

nally coherent, single-spike, large contrast with remainder

of pulse) is shown in Figure 4, which was ∼ 80% of the

theoretically predicted value.

0 10 20 30 40 50
2.39

2.395

2.4

2.405

2.41

2.415

2.42

z [m]

K

Figure 4: Undulator parameter along the undulator indicat-

ing the optimal taper to compensate for the energy modula-

tion with Δγ = 20.

NUMERICAL SIMULATIONS
The FEL simulation code GENESIS was used to evaluate

the performance of the chirp and taper combination in the

context of the LCLS-II design project under ideal condi-

tions. The results of twenty independent SASE simulations

are shown in Figure 5 in the temporal and spectral domains.

The longitudinal profile is dominated by a single spike of

radiation in the gain compensation region that is > 2 orders
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of magnitude larger than radiation that has been suppressed

by the taper. There is a small time and energy jitter that
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Figure 5: Power (left) and spectrum (right) of twenty inde-

pendent simulations (red) and their average values (blue).

is associated with SASE and the start-up of radiation from

shot-noise as illustrated in Figure 6. The left plot shows a

“waterfall” of the longitudinal power profile for the twenty

simulations separated on the y-axis by 10 GW. A small tem-

poral jitter is evident. This is perhaps more clearly illustrated

on the right, which is a scatter plot showing the pulse energy

and arrival time deviations from the average value for the

twenty independent SASE runs. The standard deviation for

the temporal jitter distribution is only ∼ 0.26 fs and for the
energy jitter is ∼ 1.4μJ.
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Figure 6: Longitudinal power (separated by 10 GW) (left)

and a time and energy jitter distribution for twenty indepen-

dent simulations.

It is useful, at this point, to analyze the pulse charac-

teristics of a typical SASE simulation. The longitudinal

profiles in the temporal and spectral domains are illustrated

in Figure 7. The right plot shows the spectrum at saturation

where the FWHM of ΔEγ ∼ 4.4 eV is much larger than the
nominal SASE bandwidth of an unmodulated electron beam

in an untapered undulator. This is a result of the very large

e-beam energy chirp, which produces a chirped FEL pulse

and is manifested as a large quadratic spectral phase. The left

plot shows the saturated FEL power (blue) in relation to the

initial (green) and final (red) slice energies. The electrons

clearly only give significant energy to the radiation where

the undulator taper compensates for the electron beam en-

ergy chirp. This is also clearly illustrated in Figure 8, which
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Figure 7: Power (blue), initial (green) and final (red) slice en-

ergy from the nominal resonance energy (left) and spectrum

(right) of a typical simulation.

shows the power as a function of the electron beam coor-

dinate (s, x-axis) and the distance along the undulator (z,

y-axis). This figure also illustrates how the undulator taper

suppresses the gain where it is not compensated by an appro-

priate energy chirp (s ∼ 0−2,6−8μm). The peak power for
the pulse illustrated in Figure 7 is Ppk ∼ 19 GW while the

FWHM temporal duration is Δt ∼ 0.42 fs, corresponding to
an energy of E = 9.8μJ and ∼ 6×1010 photons. The FWHM

Figure 8: Power (log10 scale) as a function of s (electron

beam coordinate) and z (undulator distance) showing the

amplification of a single longitudinally coherent mode.

time-bandwidth product of this pulse is TBP∼ 1.9 eV-fs and
is very near the Fourier-transform limit. This pulse, how-

ever, is certainly not Gaussian, and so this number should

be regarded carefully. Most pulses have a TBP of 3 − 5
times the Fourier-transform limit. This is a direct conse-

quence of the chirped nature of the FEL radiation, which

is clearly illustrated by the on-axis, near field Wigner trans-

form slightly before (left) and at saturation (right) shown in

Figure 9. It should be noted that the Wigner transform here

is dominated by a single coherent region. This particular

pulse shows bandwidth growth and pulse compression as the

pulse reaches saturation and slips forward onto the crest of
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the electron beam energy modulation (see Figure 7) where

the energy chirp is smaller and nonlinear.
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Figure 9: The on-axis, near field Wigner transform of the

FEL pulse slightly before (left) and at saturation (right).

CONCLUSION
In conclusion, the selective amplification process initially

proposed in [6] is easily adaptable to LCLS-II type parame-

ters. An added benefit to working in this regime is that the

optimal seed laser used for the energy modulation is based

on technology that has been, and is continuing to be, well

developed. The addition to an FEL facility of a beamline

capable of delivering soft x ray pulses suitable for FWM

spectroscopies is sure to revolutionize x ray science.
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INVESTIGATION OF REVERSE TAPER TO OPTIMIZE THE DEGREE

OF POLARIZATION FOR THE DELTA UNDULATOR AT THE LCLS
∗

J. MacArthur , A. Marinelli, A. Lutmann, T. Maxwell, H.-D. Nuhn, D. Ratner, Z. Huang†

SLAC, Menlo Park, CA 94025, USA

Abstract

A 3.2 m adjustable phase Delta undulator will soon be

installed on the last girder of the LCLS undulator line. The

Delta undulator will act as an afterburner terminating the

33 undulator line, providing arbitrary polarization control to

users. Two important figures of merit for users will be the

degree of polarization and the x-ray yield. In anticipation of

this installation, machine development time at the LCLS was

devoted to maximizing the final undulator x-ray contrast and

yield with a standard canted pole planar undulator acting

as a stand in for the Delta undulator. Following the recent

suggestion [1] that a reverse taper in the main undulator line

could suppress linearly polarized light generated before an

afterburner while still producing the requisite microbunch-

ing, we report on a reverse taper study at the LCLS wherein

a yield contrast of 15 was measured along the afterburner.

We also present 1D simulations comparing the reverse taper

technique to other schemes.

INTRODUCTION

Circularly polarized soft x-ray radiation is used to

probe a variety of material properties, from the electronic

structure of magnetic substances [2] to the chirality of

biomolecules [3]. Off plane synchrotron radiation [4] and

helical undulator radiation [5] have supplied circularly polar-

ized x-rays to synchrotron users for several decades. High

quality circularly polarized radiation from FEL facilities is

limited to energies at or below the XUV [6], though thin

magnetized films have been used to produce circularly po-

larized soft x-rays at the cost of several orders of magnitude

in intensity [7].

A Delta undulator [8] is currently being constructed [9]

at the LCLS to address this shortcoming. Unlike canted

pole or adjustable gap devices, the Delta is an adjustable

phase undulator [10] wherein the longitudinal position of

four opposing magnetic arrays is varied to adjust the axial

magnetic field strength and helicity. The result is full polar-

ization control – linear, circular, and elliptically polarized

light can be produced. The Delta undulator at LCLS will

operate in the 300-2000 eV region, extending availability of

circularly polarized FEL sources into the soft x-ray. This

3.2 m device will replace the final planar undulator in the

33 undulator-line at LCLS.

The Delta undulator is only 1.5-2 gain LCLS gain lengths

long, not nearly long enough reach FEL saturation. Instead,

the Delta will act as an afterburner, as seen in Fig. 1. In this

∗ Work supported by U.S. DOE Office of Basic Energy Sciences under

Contract No. DE-AC02-76SF00515.
† jmacart@slac.stanford.edu

Planar Undulator Delta

Phase Shifter
e-beam

Figure 1: Schematic representation of the Delta undulator in

the afterburner configuration. The beam is microbunched in

the planar undulator, and a small amount of plane polarized

radiation seeds the Delta after an optimum phase shift (red,

dashed). The Delta produces circularly polarized x-rays (red,

solid).

configuration, the electron beam is microbunched in a long

planar undulator before entering the Delta.

If the Delta undulator is configured with a helical field, the

degree of circular polarization will be dictated by the ratio of

the power produced in the Delta and the power produced in

the planar undulator. To be more precise, the polarization of

light is commonly characterized by the four Stokes parame-

ters. In terms of the complex electric field, these parameters

are [11]

s0 =

〈

ExE
∗

x + EyE
∗

y

〉

= Ix + Iy

s1 =

〈

ExE
∗

x − EyE
∗

y

〉

= Ix − Iy

s2 =

〈

ExE
∗

y + EyE
∗

x

〉

= I45◦ − I−45◦

s3 = i

〈

ExE
∗

y − EyE
∗

x

〉

= IRCP − ILCP,

where 〈〉 indicates a time average over the pulse duration.

The two figures of merit relevant to circularly polarized

light from a helical undulator are the average power P =
∫

s0 dxdy, and the degree of circular polarization, s3/s0.

Several schemes have been proposed to maximize the av-

erage power and |s3 |/s0. A reverse taper can be applied to

the planar undulator to suppress background radiation [1],

the longer undulator and afterburner may be placed in a

crossed-undulator configuration [12,13], and the resonant

frequency of the afterburner may be tuned to the second

harmonic of the planar undulator [14]. In this paper we com-

pare the reverse taper scheme to others in a 1D framework

and report on an experimental investigation of the reverse

taper scheme at LCLS.

1D COMPARISON

The resonant wavelength λr in an FEL is given as

λr (z) =
λu

2γ2

(

1 + a
2
u (z)
)

, (1)

where λu is the undulator period and γ is the Lorentz factor.

The rms undulator parameter au = eλuBrms/2πmc is given
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in terms of the on-axis rms magnetic field strength Brms.
Eq. 1 is valid for planar and helical undulators.

Reverse Taper Review
The reverse taper technique for the suppression of back-

ground radiation relies on a large, positive detune [15]

∆ν̂ = ∆ν/2ρ � 1, (2)

where ρ is the FEL Pierce parameter and ∆ν = (λr (z) −
λ)/λ. Note that ∆ν̂ is the negative of the detune parameter Ĉ
used by Schneidmiller and Yurkov [1]. With Eq. 2 satisfied,
the growth of the scaled field intensity |a |2 = P/ρPbeam is
suppressed in favor of the bunching b,

|b|2 ≈ ∆ν̂2 |a |2. (3)

This relation is precisely what is desired of a planar undulator
upstream from a helical afterburner – strong bunching allows
the helical undulator to produce a significant amount of
radiation, but background radiation is suppressed.
To satisfy Eq. 3 along the length of the planar undulator,

a reverse linear taper (dau/dz = constant > 0) is introduced
so that

∆ν̂( ẑ) = β ẑ =
λu

4πρ2
au (0)

1 + au (0)2
dau
dz

ẑ, (4)

where ẑ = 4πρz/λu and au (0) is the undulator parameter
at the start of the planar undulator. The bunching spectrum
evolution for a sample reverse taper configuration is shown
in Fig. 2. The white line guides the eye by showing how
∆ν̂0 = (λr (0) − λr (z))/2ρλr (z) changes along a reverse
taper, and the bunching intensity is shown to peak close
to the initial resonant frequency rather than following the
reverse taper. An afterburner would be placed at z = 45 and
∆ν̂0 = −2 for maximum gain.

1D Simulation Comparison
We have performed 1D simulations to compare the effec-

tiveness of the reverse taper configuration relative to other
afterburner schemes. Relevant simulation parameters are
included in Table 1. Note that the Pierce parameter for a pla-
nar undulator is different than that of a helical undulator due
to the presence of the [JJ] factor for planar undulators. The
value of ρplanar corresponds to gain length of 1.8m, within
the 1.5-2 m gain length range typically observed at LCLS
for 1 keV operation.

Four different afterburner schemes were tested to optimize
the degree of circular polarization. Each setup is modeled
after the configuration in Fig. 1. A 1D SASE algorithm is
used to calculate the beam and radiation conditions at the
end of the the planar undulator. The beam is optimally phase
shifted relative to the radiation, and both the beam and ra-
diation are used as inputs for the Delta undulator. At the
end of the Delta undulator, the power and degree of circular
polarization are calculated. Planar undulator segments are
assumed to produce plane polarized radiation, while heli-
cal undulators are assumed to produce circularly polarized
radiation.
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∆ν̂0 (≈ −∆au/ρau (0))
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Figure 2: The bunching spectrum in arbitrary units along
a reverse tapered 13 undulator line with ρ = 7.5 × 10−4,
∆E/E = 2.5× 10−4, and β = 0.55. The x-axis is the detune
from λr (0), and the white line indicates the detune of λr (z)
from λr (0). Bunching increases with z, but peak bunching
does not follow the taper. An afterburner would be placed
at z = 45 and ∆ν̂0 = −2.

Table 1: 1D Simulation Parameters

Parameter Value
x-ray energy 1 keV
beam energy 4.72 GeV
undulator period 3 cm
peak current 1.3 kA
planar undulator segment 3.42 m
Delta undulator 3.2 m
σE/E 2.5 × 10−4
ρplanar 7.5 × 10−4
ρhelical 9.1 × 10−4

Figure 3 shows the comparative effectiveness of each
scheme. In the first column, a reverse tapered planar un-
dulator is followed by a helical afterburner. The reverse
taper does an excellent job suppressing the field growth, and
the afterburner is optimally positioned in au (c.f. Fig. 2)
for rapid field growth. The second column shows a differ-
ent scheme, wherein an x̂ planar undulator is followed by
a carefully placed ŷ undulator. A π/2 phase shift between
the two produces circularly polarized radiation, but s3/s0
is limited by beam slippage [13]. The third column shows
the simplest scheme, where a planar undulator is followed
by a helical undulator. Proper longitudinal placement of
the helical undulator maximizes the power contrast. The
final column shows an entirely different scheme, where the
beam energy is decreased so that the 2nd harmonic is 1 keV.
The bunched beam is sent into a helical afterburner tuned
to 1 keV. A monochromator would be needed to remove the
contaminant 500 eV radiation from the circularly polarized
1 keV radiation.
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Planar + Helical

0 10 20 30 40

1.5

2

x̂

x̂ + i ŷ
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Figure 3: Several schemes for generating circularly polarized radiation are compared. The top row shows the undulator

parameter au as a function of distance along the undulator for each scheme, with labels indicating whether the radiation

produced in the undulator is planar or helical. The bottom row shows the z dependent power produced in the long planar

undulator (black) and the afterburner (red).

Table 2 shows summary statistics for each of the after-

burner schemes. The reverse taper arrangement provides an

ideal balance of power and contrast. These apparent advan-

tages were the basis for a machine study at LCLS, presetned

in the next section.

Table 2: Simulation Results

Configuration Power (GW) s3/s0

Reverse Taper + Helical 0.89 0.975

Cross Planar 0.85 0.829

Planar + Helical 1.80 0.797

Planar + 2nd Harmonic 0.19 1.0

REVERSE TAPER AT LCLS

The Delta undulator is not available to verify these 1D

predictions, but the reverse taper concept has been tested at

LCLS with a planar afterburner. While no circularly polar-

ized radiation is produced, the x-ray yield contrast before

and after the afterburner can verify whether the concept

works.

The experimental parameters for the machine study are

shown in Table 3. Several different taper slopes and lengths

were attempted, and the best configuration is shown in Fig. 4.

The contrast was maximized by scanning the afterburner

along available au values.

The reverse taper was proven to be effective at suppressing

unwanted radiation while enabling bunching. As seen in

Fig. 5, a contrast of 15 was observed between the end of the

Table 3: Experimental Parameters

Parameter Value

x-ray energy 1.017 keV

beam energy 4.72 GeV

undulator period 3 cm

peak current 1.3 kA

bunch charge 150 pC

σE/E ∼ 2.5 × 10−4

planar undulator segment 3.42 m

standard taper LG 1.49 m

taper and the afterburner. Ignoring interference effects, a

factor of 15 corresponds to s3/s0 = 0.91. If the afterburner

were helical rather than planar, simulations predict a roughly

factor of 2 increase in contrast, equivalent to s3/s0 = 0.95.

This is not far from the prediction in Table 2.

We could not perform an exhaustive search for the best ta-

per length and slope, and 1D simulations suggest we missed

the mark on the ideal taper length. In Fig. 6, the z-dependent

bunching spectrum along the undulator configuration of

Fig. 4 is simulated using the parameters of Table 3. The

ideal location for an afterburner is at peak bunching, which

occurs after only 8 undulator segments in the simulation.

Subsequent machine time spent on improving upon these

results were met by significantly different beam conditions.

The standard taper gain length of the results presented here

was 1.49 m, while gain lengths in subsequent experiments

were ≥ 2 m. Similar contrast could not be achieved with
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z (m)

a u

Figure 4: Undulator parameter values for the reverse ta-

per experiment (blue), with available au in the background

(gray). The reverse taper goes from U11-28 with a gap at

U16 for hard x-ray self-seeding. The afterburner is U29.

The optimum position of position of U29 was determined

by scanning from au = 2.44 to 2.475.

Figure 5: The cumulative pulse energy as a function of dis-

tance along the undulator averaged over 120 shots. Between

the end of the reverse taper (U28) and the afterburner (U29)

the pulse energy increases by a factor of 15.5.

these longer gain lengths in the time allocated to the machine

studies. 1D simulations suggest the maximum contrast at

acceptable yields is highly dependent upon the energy spread

and gain length, so keeping these parameters low will be

important during the operation of the Delta undulator.

CONCLUSION

In preparation for the commissioning of the Delta undula-

tor at LCLS, we have performed 1D simulations of different

schemes that attempt to maximize the degree of circular

polarization and the radiation yield. Machine development

time at the LCLS was spent investigating the most promising

scheme, a reverse tapered undulator followed by an after-

burner undulator. We have achieved a radiation yield contrast
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Figure 6: A simulated bunching spectrum to match the ex-

perimental parameters. The afterburner U29 would sit at

60 m, but the ideal location for an afterburner may have

been earlier. The ideal undulator location is a rather narrow

region in z − ∆ν̂0 space.

of 15 before and after the afterburner, verifying the utility

of this technique. Finding the ideal taper orientation for

variable beam conditions may be a challenge, though we

expect to learn more during the commissioning of the Delta

undulator.
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OBSERVATION OF SMITH-PURCELL RADIATION AT 32 GHZ FROM A 
MULTI-CHANNEL GRATING WITH SIDEWALLS 

J. T. Donohue, CENBG, CNRS/IN2P3, Université de Bordeaux, France 
J. Gardelle, P. Modin, CEA, CESTA, Le Barp, France 

Abstract 
In a demonstration experiment at 5 GHz, we found 

copious emission of coherent Smith-Purcell (SP) radiation 
at the fundamental frequency of the evanescent surface 
wave, when the grating had sidewalls. Reaching higher 
frequencies requires a reduction in the size of the grating, 
which leads to a considerable reduction in power. To 
partially compensate this, we suggested superposing 
several copies of the reduced grating in parallel. A test of 
this concept has been performed with a seven-channel 
grating, at a frequency near 32 GHz.  The SP radiation 
signals were observed directly with a fast oscilloscope. 
Power levels were of order 5 kW, in fair agreement with 
three-dimensional simulations made with the code 
"MAGIC". 

INCREASE FREQUENCY BY REDUCING 
THE PERIOD AND WIDTH BETWEEN 

SIDEWALLS  
A demonstration experiment in the microwave domain 

showed that a Smith-Purcell (SP) free electron laser 
(FEL), with conducting sidewalls placed at the ends of the 
grating's grooves, emitted intense radiation at the 
frequency of the surface wave on the grating [1].  In 
single shot operation, the ratio of emitted power to beam 
power exceeded 10 %.  An earlier experiment, on a 
grating without sidewalls [2], had demonstrated emission 
of coherent SP radiation at the second harmonic of the 
surface wave. That experiment confirmed the scenario 
proposed in the two-dimensional (2-D) model of Andrews 
and Brau [3]. But the efficiency was only of order 0.1 %.  
In the presence of sidewalls the dispersion relation for the 
grating surface wave is modified [4]. In particular, the 
intersection of the beam line with the new dispersion 
relation may occur at an allowed SP frequency, which 
can't happen in the 2-D theory of Reference [3].  Since the 
beam bunching at the fundamental frequency is typically 
must greater than that on harmonics, the emission at the 
fundamental frequency is much stronger. Thus the use of 
sidewalls greatly increases the power. Of course, to be of 
practical interest, it is necessary to reach much higher 
frequencies, i.e., mm wavelength or less.  

The well-known SP relation is [5], 
(1/ cos )/ | n |SPL , 

where  denotes the wavelength, L the grating period, n 
the order of diffraction, SP the angle with respect to the 
beam, and  the relative velocity of the electron. In order 
to reach shorter wavelengths, it suffices to reduce the 
grating period. However, the component of the 
evanescent surface wave in resonance with the beam only 

extends to a height proportional to the wavelength. In 
order to reach high frequencies, the beam must closely 
approach the grating surface.  If the grating profile is 
preserved (groove-depth/period and groove-width/period 
constant), the 2D dispersion relation of Andrews and Brau 
in the dimensionless variables is unchanged. The scale 
reduction doesn’t require a reduction in the overall size of 
the grating, although the task of propagating an intense 
and wide sheet beam at tiny distances above the grating 
would certainly be difficult. For the grating with 
sidewalls, the distance between sidewalls, w, must 
undergo the same reduction in scale as the period L..  This 
rapidly leads to long thin gratings when the frequency is 
increased. Furthermore, our experiment requires an 
intense (0.5 T) longitudinal magnetic field to control the 
beam. At the portion of the beam nearest the grating, the 
image charges produce a moderately strong vertical 
electric field (a few kV/cm), which, combined with the 

magnetic field, generates a transverse  E B  drift.  If 
the number of periods is too great, most of the electrons 
will drift into the sidewalls. If the radiated intensity is 
proportional to the total surface of the grating, a grating 
with sidewalls will suffer a power reduction proportional 
to the square of the scale factor. 

At FEL 2013 two of the authors suggested that it might 
be possible to superpose laterally N copies of the N-fold 
reduced gratings [6]. The beam used in the full-scale 
experiment would continue in use, except that it would be 
positioned to be flush with the grating top, and of 1 mm 
thickness. The hope was that the overall power reduction 
would be only 1/N, instead of 1/N2. In support of this 
hypothesis, several simulations of multi-channel gratings 
were performed with the three-dimensional (3D) particle-
in-cell code “MAGIC” [7]. These simulations, made with 
2, 4, 6, 8 and 10 channels, indicated that the radiation at 
the bunching frequency (N times the original bunching 
frequency) occurred at the same SP angle, which was 
approximately 140°.  On the upstream wall of the 
simulation volume, the azimuthal distribution grew more 
concentrated around the vertical direction with increasing 
N.  A simple analysis using the theory of antenna arrays 
was proposed to explain this tendency. It indicated that 
the width of the azimuthal distribution would decrease as 
1/N, as would the radiated power in the principal lobe 

These results depend crucially on the existence of some 
coherence among the various channels.  In the antenna 
theory this is assumed, but in the simulations, it is seen to 
be only a fair approximation.  Although the simulated 
fields from each channel merge smoothly into the 
observed radiation pattern, there is no reason to expect 
this to occur in practice.  It then becomes necessary to 
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confirm that enough coherence takes place to produce a 
well-collimated radiation pattern. To test this, we carried 
out an experiment on a seven-channel grating with 
sidewalls at a frequency of approximately 32 GHz. 

DESCRIPTION OF THE EXPERIMENT 
Our previous work at frequencies of order 5 GHz used 

standard microwave detectors and oscilloscopes that were 
available. To reach higher frequency, the possibility of 
using a 33 GHz bandwidth oscilloscope (DSA73304) 
suggested dimensioning the experiment to produce 
radiation near 32 GHz.  The dimensions of our previous 
and new gratings are shown in the Table. 

Table 1: Parameters of the Experiment 
Parameters Original grating 7-channel 

grating 
Peak Voltage 60-120 kV 60-120 kV 
Current 10-40 A 10-40 A 
Pulse duration FWHM 300 ns 300 ns 
Beam thickness 1 mm 1-2 mm 
Beam height 0.5 mm 0-2 mm 
Beam width 3.5 cm 5.2 cm 
Period L 2 cm 3.3 mm 
Groove depth H 1 cm 1.65 mm 
Groove width A 1 cm 1.65 mm 
Channel width w 4 cm 6.6 mm 
Number of periods 20 40 
Magnetic field 1 T 0.5 T 
 
The dispersion relation (DR) for the grating is 

displayed in Fig. 1, along with the 2-D DR of Andrews 
and Brau. For beam energy of 80 keV, the operating point 
is at 33.2 GHz.  The corresponding SP angle is 145°. 
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Figure 1: Dispersion relation: frequency f v. axial wave 
number k, for grating with L = w/2 = 3.3 mm. 2D green, 
3D blue, 80 keV beam line red. 

The set-up may be seen in Fig. 2. The radiation enters a 
section of WR 28 wave guide surrounded by a flange.  A 
small B-dot probe is positioned near the grating so as to 
measure the magnetic field a few mm above the grating. 
The return current from the beam stop is monitored by a 
Rogowski coil. 

Cathode

Bdot probe

Ka-band guide

7-channel 3.3-mm period grating

Anode with slit Beam stop

Figure 2: Photograph of set-up, showing essential 
elements. The vacuum box and solenoid are not shown. 

The sheet beam is emitted from a knife-edge cathode, 
and passes through a slit on the anode, whose height and 
opening width may be adjusted. Thermally sensitive paper 
on the beam stop can be used to observe the beam shape. 
The experiment is inserted in a cylindrical vacuum box, 
which is surrounded by a pulsed solenoid. 

A major concern is the efficiency of the wave guide and 
flange system for detecting the SP radiation.  To 
investigate this 3D “MAGIC” were performed. One is 
displayed in Fig. 3.  

Figure 3: Waveguide efficiency “MAGIC” simulations: 
upper with and lower without wave guide receiver. 

An input wave guide emits radiation at 33 GHz on the 
bottom left.The upper figure shows the propagation from 
the wave guide source to a similar detector at the bottom 
right.  The lower shows the power flow in the absence of 
the receiver.  We find that the power in the wave guide 
overestimates by a factor of 1.5 (at 33 GHz) the power 
arriving in the equivalent area in the second simulation. 
This correction factor was included in our power 
estimates. 

The attenuation of the connecting cables and fixed 
attenuators was measured as a function of frequency by 
using a tunable  source of known power connected to the 
oscilloscope.  The response of the B-dot probe (located 
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just above a groove of the grating) was estimated from its 
calculated inductance and area, with an error of 20%. 

In Fig. 4 contour map of Bx is displayed in order to 
show where the radiation is predicted to occur (145°). The 
Ka-band waveguide has been moved around this lobe. 

 

y (
m

m
)

z (mm)

B x
(G

)

5

5

0

Figure 4: ”MAGIC” contour map of Bx showing angle of 
emission. 

RESULTS OF THE EXPERIMENT 
In Fig. 5, we have plotted the two oscilloscope signals, 

B-dot (left scale) and Ka-band (right scale), for two shots. 
We observe a shot-to-shot variation due to fluctuations in 
beam current. There is considerable resemblance between 
the signals.  

 

Figure 5: Comparison of the B-dot (left scale) and Ka-
band signals(right scale)  for two different shots. 

By using our calibration of the B-dot probe, we show in 
Fig. 6 a typical magnetic component Bx as a function of 
time, along with its FFT. The maximum value is in good 
agreement with MAGIC predictions at the B-dot location. 
The measured frequency corresponds to that expected 
from the dispersion relation.  

 

Figure 6: Bx field from the B-dot time signal and  FFT. 
 

The Ka-band wave guide was moved so as to explore 
the radiation pattern. We present in Fig. 7 some results of 
this exploration: the top figure gives the variation in  at  
=  whereas the lower figure gives the variation in  at 

 = 145°. Both the peak instantaneous power (red) and the 
energy (blue) are plotted. The energy is deduced by 
integrating the power over the duration of the pulse. 
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Figure 7: Angular distributions of energy and  power. 

We can compare this value to the MAGIC simulation 
which is displayed in Fig. 8. This 3D plot shows the 
power density in a plane at the position z = 6 cm (as 
shown in Fig. 4).  In this simulation, which uses a perfect 
grazing beam at 20 A, the power density is of the same 
order of magnitude and leads to a total emitted power of 
approximately 20 kW. 
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Figure 8: “MAGIC” prediction for power distribution on 
the rear wall of the simulation volume. 

The radiation pattern depends strongly on the 
coherence among the different channels. If the coherence 
is high the radiation is confined to a relatively narrow 
lobe. However, we have no general argument that such 
coherence is to be expected, and we rely on simulations 
that suggest that a fair degree of coherence occurs.  We 
varied the mesh size to see whether the coherence 
depended upon it. Unfortunately, it does. The results of 
this investigation are displayed in Fig. 9.  

Raw Mesh Medium Mesh Fine Mesh

 
Figure 9: Influence of mesh-size on coherence. 

Here we show the contour maps of Bx at the top of 
grating surface for three different mesh size in the 

direction along the grooves (1330, 570 and  290 m, from 
left to right). The smallest mesh size is the practical limit 
of the computer we used. We can see that the coherence is 
better for the smallest mesh size though not perfect. 
However, the effect of coherence is to concentrate the 
emission pattern into a narrow lobe by limiting the 
azimuthal angle  to small values around 90°. The 
experimental results indicate that the power is indeed 
concentrated in such a small lobe 

CONCLUSION 
The results presented here lend support to the 

hypothesis that a multi-channel SP FEL with sidewalls 
has enough coherence to produce a reasonably narrow 
radiation pattern. The concentration around the SP angle 
with respect to the beam direction was to be expected, 
while the concentration in a narrow range of azimuthal 
angle happens only if substantial coherence among the 
different channels occurs. Although we know of no 
general argument in favour of such coherence, it appears 
to occur both in our somewhat rough experiment as well 
in the simulations with small transverse mesh-size. In the 
near future a 20 channel grating designed to produce 
radiation at 100 GHz will be tested.  
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“FLYING” RF UNDULATOR * 
I. V. Bandurkin, S. V. Kuzikov, A. V. Savilov#, A. A. Vikharev, 

Institute of Applied Physics, Nizhny Novgorod, Russian Federation 

Abstract 
A concept for the room-temperature rf undulator, 

designed to produce coherent X-ray radiation by means of 
a relatively low-energy electron beam and pulsed mm-
wavelength radiation, is proposed. The “flying” undulator 
is a high-power short rf pulse co-propagating together 
with a relativistic electron bunch in a helically corrugated 
waveguide. The electrons wiggle in the rf field of the -1st 
spatial harmonic with the phase velocity directed in the 
opposite direction in respect to the bunch velocity, so that 
particles can irradiate high-frequency Compton’s photons. 
A high group velocity (close to the speed of light) ensures 
long cooperative motion of the particles and the co-
propagating rf pulse. 

INTRODUCTION 
Typically, the undulator of an X-FEL is a periodic 

system of DC magnets with a magnetic field ~1 T and a 
period of several centimeters, where a wiggling 
relativistic electron bunch produces short wavelength 
radiation in the self-amplified spontaneous emission 
(SASE) regime [1-3]. In comparison with this traditional 
undulator, the so-called rf undulator, where an electron 
bunch flies toward a counter-propagating rf wave, 
introduces a strong appeal to use less energetic electron 
beam in order to produce the same wavelength of 
Compton’s scattered radiation [4-7]. In the case of weak 
electron wiggling, the wavelength of Compton’s photons 
produced by electrons with the same energy 

)1(2mcW , is determined by 2
rf 4/  for the rf 

undulator (in contrast to 2
u 2/  for the 

conventional undulator), where rf  and u  are the 
wavelength of microwaves for the rf undulator and the 
period of DC magnets for the conventional undulator, 
respectively. In order to reach the nanometer wavelength 
scale, one can use an electron bunch with an energy of 
several hundreds MeV in the rf undulator with a period of 
about ~1 cm instead of the 1-2 GeV beam in the 
conventional undulator with a period of several 
centimeters [8]. The effective undulator period can be as 
short as the wavelength of the used rf radiation, i.e., 

)/(2u kh  (here, ck /  is the vacuum 
wavenumber, and h is the wave propagation constant). 
That is why millimeter and sub-millimeter radiation is 
preferable for the rf undulator. 

The inevitable cost of these evident advantages is a 
necessity to provide a high power level of microwaves in 
order to ensure that an acceptable value of the undulator 

parameter K is competitive with conventional undulators 
with 1~K . In the Ka-band, the necessary power of a 
wave (for it to be counter-propagating to electrons) in the 
waveguide with a radius of ~1 cm reaches a GW level. In 
order to provide such a power level, modern projects of rf 
undulators employ cavities with high Q-factors powered 
by existing high-power rf sources like klystrons or 
gyroklystrons, which are able to provide tens of 
megawatts. According to such a concept, the whole rf-
undulator system should consist of many relatively short 
(~1 m) and mutually phased sections. As each section 
should be fed by its own rf source, the X-FEL consisting 
of tens of sections is very expensive. 

Note that high-Q cavities bring a threat of destructive 
phenomena like rf breakdown and pulsed heating [9,10]. 
In order to avoid these undesirable phenomena, a short 
pulse of rf radiation of a high (GW) power level is 
preferable. In particular, experiments with particle 
accelerators show that nanosecond rf pulses of the GW 
level can travel through an electrodynamic structure 
without a breakdown [11]. 

There are necessary rf sources of the GW power level. 
In particular, these sources can be based on moderately-
relativistic (hundreds of keV) BWOs [12-14]. Existing 
sources can deliver more than a 1 GW power in the X-
band and about 1 GW in the Ka-band with a repetition 
rate as high as several kHz. It was proven experimentally 
that phases of these separate sources can be mutually 
locked [13]. The mentioned BWOs are able to produce rf 
radiation in short pulses only (usually shorter than 20 ns). 
If such a short rf pulse with the duration   and the group 
velocity grv  propagates counter to electrons in a 
waveguide, moving with a velocity close to the light 
velocity c  then the effective undulator length for 
wiggling (the length of the intersection of electron path 
and rf pulse) is determined as follows 
 

c
L

gr

grcount
eff v1

v
.                              (1) 

 
If =10 ns, cgrv , then m 1.5effL . This is too short 
for the SASE XFEL, so that a lot of sections and rf 
sources are required to reach the saturation level. 

CONCEPT OF THE FLYING UNDULATOR 
We suggest an rf undulator based on co-propagation of 

an electron bunch and a short high-power rf pulse without 
a loss in Doppler’s up-conversion of the frequency [15]. 
This “flying” undulator has the following effective 
undulator length: 

 ___________________________________________  

*Work supported by  the Russian Foundation for Basic Research 
(Projects 14-08-00803 and 14-02-00691). 
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Figure 1: Periodic mirror transfer line with the “flying” rf 
undulator. 

,
v1

v

gr

grco
eff c

L
  

                           (2) 

 
which is longer by factor )/1()/1( grgr cvcv  than the 
interaction distance of the counter-propagating particles 
and the rf pulse with the same duration. The sectioned 
scheme shown in Fig. 1 illustrates the main idea of the 
“flying” undulator. Electrons and the rf pulse (which 
naturally contains counter-propagating wave subsections) 
can move together over a long distance. However, the 
length of the counter-propagating subsections is small as 
compared to the length of the whole undulator. 

CORRUGATED WAVEGUIDE MODES 
In a helical corrugated waveguide (Fig. 2), wiggling 

can be provided in the long section. The surface of this 
waveguide can be described in the cylindrical system of 
coordinates (z-axis coincides with waveguide center) by 
the formula mDzaRzr 2sin),( 0 , where R0 is 
the average waveguide radius, a is the corrugation 
amplitude, D is the period, and m  is the number of 
helical threads. In this corrugated waveguide, there is an 
infinite number of the so-called Floquet’s spatial 
harmonics with propagation constants Dnhh 20n  
(here n is the harmonic number) and phase velocities 

nph /v h  (they could be either positive or negative 
relative to the electron velocity sign). 

We consider the “flying” rf undulator, where the co-
propagating 0-th harmonic has the positive propagation 
constant 0h  and phase velocity, but the -1-st harmonic 
has the negative propagation constant 1h  and the 
negative phase velocity. The group velocity is positive 
and constant for all spatial harmonics. Particles are 
assumed to oscillate in the transverse fields of the -1-st 
harmonic. In this case, the equivalent undulator period is 
given by the formula 
 

)/(2 1u kh .                          (3) 
 

 
Figure 2: “Flying” rf undulator based on the helical 
waveguide. 

 

 
Figure 3: Dispersion characteristic of the normal TM01-
TM11 wave in the helical waveguide (curve 1); dispersion 
curves of TM11 (2), TM01 (3), and TE11 (4) partial waves 
in the smooth circular cross-section waveguide. 

 
Note that 1h  can be close to the vacuum wavenumber 
k , or even bigger (for slow -1st harmonic). Therefore, the 
equivalent undulator period might be favourably as short 
as it is in the case of the counter-propagating rf pulse 
(when the equivalent undulator period is close to the half-
wavelength, 2/)/(2 rfu kh ). 

Eigenmodes of a helical waveguide with a weak 
corrugation can be represented using partial waves of the 
smooth circular waveguide. Far from Bragg’s resonances, 
amplitudes of all non-zero harmonics are negligibly 
small. Nevertheless, if Bragg’s conditions 
( 21 2 hDh  and 21 mmm , where h1, h2 are 
propagation constants of partial modes, and m1 and m2 are 
azimuthal indices) is satisfied for a certain pair of waves, 
the amplitudes of 0-th and 1-st harmonics become 
comparable. 

The co-propagating partial wave of the “flying” 
undulator can cause large-scale perturbation of electron 
motion and spoil the X-FEL radiation spectrum [8]. In 
order to avoid this, the 0-th and -1-st harmonics should be 
represented by modes with different transverse structures. 
The 0-th harmonic should be chosen so that it does not 
have transverse fields in the center, where a thin electron 
beam is injected. Waves like TEmn or TMmn with the 
azimuth index 1m  satisfy this requirement. Of course, 
the operating (“wiggling”) fields of the -1-st harmonic 
should be as high as possible. Therefore, the -1-st 
harmonic should preferably be a wave with m=1. In 
particular, let us consider the rf undulator based on the 
helical corrugated waveguide, where the TM01 wave is 
actually the 0th harmonic, the rotating TM11 is the -1-st 
harmonic in the one-thread ( 1m ) helical waveguide. 

We investigate the operating TM01-TM11 wave. Figure 
3 illustrates the dispersion curve of this normal wave (the 
eigenfrequency vs the phase h0D in degrees) for the 
following waveguide parameters: R0=6.1 mm, D=6 mm, 
and a=0.3 mm. Dispersion curves of the main partial 
modes in the smooth circular waveguide are also shown. 
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The dispersion curve of our normal wave is close to linear 
within the phase interval between 170  and 220 . At these 
points, the dispersion curve of the partial TM01 mode has 
intersections with the dispersion curves of the partial 
TM11 and TE11 waves, correspondingly. Thus, at these 
points one can observe the phenomenon of the dispersion 
curve’s splitting caused by Bragg’s resonance. Note that 
the operating point is placed approximately between the 
mentioned TM01-TM11 and TM01-TE11 Bragg’s 
resonances, so that the TE11 fields contribute also to the 
field structure of the operating normal wave. 

FLYING UNDULATOR OPTIMIZATION 
The dimensionless magnitude of the momentum of 

electron oscillations (the undulator parameter, 
cVK / )  is proportional to the deflecting rf fields of 

the -1-st harmonic: 
 

22 mc
HEeK u , 

 
where E  and H  are the transverse fields at the 
waveguide axis. In a FEL, the amplitude of the optical 
radiation grows along the electron path on the z 
coordinate as )/exp( gLzPs , where the small-signal 

gain length, 1
g )2/3( CL , is determined by the 

amplification parameter [16] 
 

3/1

5A

2
eff

4
I
IKC .                   (4) 

 
Here, I is the electron current, kA 17AI , and  is the 
transverse rms size of the electron beam. In this formula, 

KKeff  in the case of a planar undulator. It is 
important that in the “flying” undulator, the wiggling 
component of the rf field has circular polarization; this 
makes the effective undulator parameter twice as high, 

KK 2eff . 
Thus, the optical wave gain is )/exp( geff LL . At fixed 

parameters of the electron beam and rf pulse duration, 
geff / LL  is proportional to the factor 

 

c
c

K
gr

gr32
v1

/v

 
 ,                        (5) 

 
which should be used to optimize parameters of the co-
propagating “flying” rf undulator, as well as to compare 
the “flying” undulator with the rf undulator based on the 
counter-propagating wave [in the latter, factor  can be 
calculated by substituting the denominator in (5), namely, 

)v1/()/v( grgr
3/2 ccK ]. 

Figure 4 shows the undulator parameter K , the 
normalized group velocity c/vgr , and the gain parameter 

 calculated in accordance with Eq. 5 for the 1 GW rf 
power. The highest value of  (near 190  at f=32 GHz) 
corresponds to mm4.5u  and 7.0/vgr c . The 
maximum of  corresponds approximately to the 
maximum of grv , although K  naturally grows up when 
the phase approaches to the Bragg’s resonances 
mentioned above. The reason is that in accordance with 
Eq. 5 the vicinity of the group velocity to the light 
velocity is more vulnerable in comparison with the 
contribution of the rf field amplitude to the power of 2/3. 
At the optimal point (190 ) the ratio of the transverse 
electric field (32 MV/m) to the longitudinal one (102 
MV/m) at the axis is 0.31. This value allows evaluating 
amplitudes of the partial TM11 wave ( 0,0 EEz ) 
and the TM01 wave ( 0,0 EEz ) in the normal wave.  
 

 
Figure 4: Normalized characteristics of the TM01-TM11 
normal wave in the helical waveguide undulator 
parameter K (curve 1), gain factor  (2), normalized 
group velocity c/vgr  (3), and the ratio of the effective 
undulator period to the rf wave wavelength radiation 

rfu /  (4). 
 

Let us compare this “flying” rf undulator created on the 
basis of a 10 ns rf pulse with cm 1rf  and  with the 
DC-magnet undulator ( 5.0K  and cm 3u ). Due to 

c7.0vgr , the “flying” undulator provides electron 

wiggling within the distance m 10effL  (see Eq. 2)  
with the effective undulator period rfu 58.0 . At a 

fixed target radiation wavelength 2
u 2/ , the ratio 

of the required electron energies is 

5.23.2// rf
u

DC
u

rfDC . Since the 

amplification factor is proportional to 3/152
eff )/(KC  

and KK 2eff  for the circular polarized rf undulator, 
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one obtains 6.23.2/ DCrf CC . Thus, the “flying” rf 
undulator with m 10effL  provides the gain, which is 
equally as high as the referenced DC undulator with the 
length m 25L , and requires significantly lower 
electron energy. 

FOCUSSING PROPERTIES 
We should mention an additional advantage of the 

“flying” undulator, namely, its focusing properties. The 
transverse fields of its co-propagating partial wave TM01 
(0-th spatial harmonic) component have minimum (zero) 
at the waveguide axis (the e-beam position). Therefore, 
the pondermotive Miller force caused by this non-
synchronous wave is directed to the centre (Fig. 5).  

In contrast,  the field of the operating undulator partial 
wave TM11 (-1-st spatial harmonics) possesses de-
focusing properties (Fig. 5), as it has maximum in the 
centre of the operating waveguide. However, the 
estimated value of the de-focusing Miller force caused by 
this wave is significantly smaller as compared to the 
focusing force provided by the 0-th TM01 spatial 
harmonic. 

 
Figure 5: Transverse structures of the partial waves TM01 
and TM11 forming the normal wave in the helical 
waveguide, and transverse structures of pondermotive 
Miller forces provided by these two partial waves. 

RF SOURCE FOR THE FLYING 
UNDULATOR 

As a prototype of the rf source for the flying undulator, 
a relativistic Cherenkov backward-wave oscillator is 
being under creation at the Institute of Applied Physics 
(Fig. 6). This rf source is based of the 550 kV /  4 kA 
electron beam provided by the SINUS-6 accelerator. A 
tubular beam of rectilinearly moving particles passes 
through the operating corrugated waveguide in  a guiding 
magnetic field of 6 T and excites the backward far-from-
cutoff operating  mode TM01. A special resonant 
reflector is placed at the waveguide input; this is needed 
to provide output of the rf power. 

According to simulations, realization of the simplest 
scheme of such rf oscillator at the operating frequency of 
35 GHz can be a way for creation of a source of a 20 ns rf 

pulse with the peak power of about 0.5 GW; the 
corresponding electronic efficiency amounts ~20%. 
According to simulations, the use of a sectioned operating 
cavity can enhance the output power up to 700-800 MW. 
 

 
 

 
Figure 6: Relativistic Cherenkov BWO, and calculated 
non-averaged output power versus the time. 
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HIGH EFFICIENCY LASINGWITH A STRONGLY TAPERED
UNDULATOR

J. Duris and P. Musumeci
Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095, USA

Abstract
Typical electrical to optical energy conversion efficien-

cies for FELs are limited by the Pierce parameter to 10−3 or
smaller. Undulator tapering schemes have enabled extrac-

tion of as much as 1 or 2% of the electron energy. Recently,

the UCLA BNL helical inverse free electron laser (IFEL)

experiment at ATF demonstrated energy doubling and ac-

celeration of 30% of an electron beam from 52 to 93 MeV

with a modest 1011 W power CO2 laser pulse. By reversing

and retuning the undulator, the electrons may be violently

decelerated, thereby transferring energy from the beam to

the laser pulse. Simulations show that by sending a 1 kA,

70 MeV electron beam and 100 GW laser into a prebuncher

and the reversed undulator, 41% of the electron beam energy

should be converted to radiation, allowing the laser pulse

power to grow to 127 GW.

INTRODUCTION
Recent results of the UCLABNL helical IFEL experiment

demonstrated the possibility of doubling the energy of an

electron beam with a high-power laser. Reversing the pro-

cess, one could imagine the possibility of extracting half of

the e-beam power and converting it into coherent radiation.

The essence of this idea is described in another paper in these

proceedings as the low gain regime of tapering enhanced

stimulated superradiant amplification or TESSA [1]. FELs

are typically limited by the Pierce parameter ρ to less than 1
percent electro-optical power conversion and even the best

lasers don’t exceed efficiencies of about 30% so converting

nearly half of the e-beam power to coherent radiation would

be significant achievement.

Inverse free electron laser acceleration has seen progress

in recent years. The STELLA experiment at ATF demon-

strated efficient IFEL acceleration with gradients similar to

conventional RF-accelerating cavities and captured up to

80% of electrons with the use of a prebunched beam [2]. The

UCLA Neptune IFEL experiment first achieved accelerating

gradients surpassing that of conventional rf-accelerators [3].

The LLNL-UCLA IFEL experiment at Lawrence Livermore

National Lab used a multi-TW Ti:Sa laser and produced

significant peak gradients [4].

The UCLA BNL IFEL collaboration at ATF was con-

ceived to improve the average IFEL accelerating gradient

with the use of the first strongly period- and field-tapered

helical undulator. Whereas electrons propagating through a

linear undulator undergo sinusoidal motion thereby reduc-

ing to zero twice per period their transverse velocity, the

helical trajectories of the electrons propagating through the

undulator provide continuous transverse velocity which in

turn enables continuous energy transfer. The experiment

accelerated electrons from 52 to 106 MeV with a TW class

CO2 laser, averaging a 100 MeV/m accelerating gradient

along the 54 cm undulator, and accelerated up to 30% of

electrons from 52 MeV to a stable 93 MeV final energy with

<1.8% energy spread [5].

EXPERIMENTAL DESIGN
The IFEL decelerator project builds off of the experience

of the helical IFEL experiment by retuning the existing heli-

cal undulator to decelerate electrons instead of accelerating

them. The experimental setup is depicted in Figure 1. In

order to further increase the strength of the stimulated radia-

tion, compression and prebunching are necessary. The peak

current of the beam will be increased from 100 A to 1 kA

with ATF’s compressor. Furthermore, a combination pre-

buncher and chicane phase delay module is currently being

built at UCLA with the goal of increasing the fraction of the

beam accelerated to full energy. The electron beam acquires

an energy modulation at the resonant wavelength while the

chicane module delays the modulated beam in order to phase

lock to the ponderomotive wave at the entrance of the helical

IFEL undulator. 3D simulations show that 70 to 90% of the

injected beam should be accelerated to high energy. With a

30 MeV change in energy, 1 kA current, and 80% capture,

an estimated 24 GW e-beam power should be transferred to

the radiation field.

Helical Undulator Design
The tapering of the helical undulator was previously

changed [5], enabling the first demonstration of IFEL reso-

nant energy tuning. Since the undulator period is predeter-

mined by the dimensions of the magnets in the undulator, the

gap between magnets was changed in order to manipulate

the field and resonant energy along the undulator. In order

to reverse the effect of the accelerator, the undulator may be

reversed and the gap tapered in order to reduce the resonant

energy during the interaction. The highest stable energy elec-

tron beam that may be produced at the ATF is 70 MeV, and

the final energy of the decelerated electron beam is 42 MeV.

The experimental parameters are summarized in Table 1.

The undulator design follows closely the methods de-

scribed in [1] but differs slightly since the undulator period is

fixed (see Figure 2a). Equations 1 and 2 describe the approx-

imate longitudinal dynamics of a particle undergoing helical

IFEL interaction. Here, Kl =
eE0λ
m0c22π

and K = eBλw

m0c2π
are

the laser and undulator normalized vector potentials respec-

tively.

TUP042 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

478C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Advanced, Alternative and Compact Concepts



Figure 1: Diagram of the beamline setup for the IFEL decelerator project. The e-beam and laser both enter from the left

side of the figure, and the dipole ID1 cancels dispersion as it kicks the electrons onto the beamline with the laser pulse. IQ1,

IQ2, and IQ3 are focusing quadrupoles while IPOP1, IPOP2, and IPOP3 house beamline diagnostics. A prebuncher &

phase delay stage located just upstream of the undulator prebunch and phase-lock the e-beam to the ponderomotive wave.

Downstream of the undulator lies an energy spectrometer for the decelerated beam as well as a CO2 laser pickout for laser

diagnostics (joulemeter, spectrometer, and streak camera).

dγ
dz

=
kKlK
γ

sinψ (1a)

dψ
dz

= kw − k
1 + K2

2γ2
(1b)

Equation 1b describes the ponderomotive gradient due to

the combined interaction of undulator- and laser-fields as

evident by the presence of K and Kl in the equation. For

a stationary resonant phase, a resonant particle’s energy

is determined completely by zeroing the phase advance in

Equation 1b, yielding the energy of a resonant electron:

γr =
√

λw

2λ

(
1 + K2

)
. Matching the gradient in the resonant

energy to the ponderomotive gradient from Equation 1b

results in the tapering condition, Equation 2, determining

K in terms of λw and Kl . A positive resonant phase ψr
yields a tapering with increasing resonant energy along the

undulator while ψr < 0 results in a tapering for deceleration.

dK
dz
=
8πKKl sinψr − dλw

dz

(
1 + K2

)
2λwK

(2)

When the undulator period and laser parameters are speci-

fied along with the initial condition that K at the entrance be
such that the resonant energy is equal to the input beam’s 70

MeV energy, the differential equation yields K which in turn
determines the on-axis field strength along the undulator.

An undulator builder equation can then be used to estimate

the gap along the undulator needed to create the designed

on-axis field.

The laser and e-beam parameters used in the tapering de-

sign are specified in Table 1, and the calculated period and

resonant energy as well as the solutions to the IFEL/FEL

equations are shown in Figure 2. The initial seed power was

chosen to be large enough for significant deceleration but

small enough to increase the ratio between the signal (stim-

ulated power) to background (seed power). The resonant

Figure 2: The a) period and b) normalized undulator vec-

tor potential decreases along the undulator causing c) the

resonant energy to decrease. d) Solutions to Equation 1 de-

scribing the longitudinal IFEL dynamics were calculated

with the design seed laser and undulator tapering.

phase was set to a constant −π/4 as a compromise between
bucket depth and ponderomotive gradient.

Table 1: Design Parameters

E-beam energy 70 to 40MeV

Laser focal intensity 4 TW/cm2

Laser wavelength 10.3 μm
Rayleigh range 30 cm

Laser waist undulator midpoint

1/e2 spot size 0.99mm

M2 1.07

Resonant phase −π/4

Time Resolved Laser Diagnostics
The setup of the beamline for the IFEL decelerator exper-

iment is very similar to that of the IFEL accelerator experi-
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Figure 3: The radiation power grows along the undulator as

the electrons are decelerated.

Figure 4: The e-beam longitudinal phase space is shown at

the exit of the undulator. The beam loses 28 MeV as the

particles are decelerated from 70 to 42 MeV.

ment with the exception of the laser diagnostics. While the

peak power of the radiation is increased nearly 30% during

the interaction, since the laser pulse duration of 4.5 ps is

longer than the 1 ps e-beam duration, the total energy of

the radiation field should only increase by a few percent, ne-

cessitating temporally resolved power measurements of the

amplified pulse. In order to resolve the power gain, the am-

plified CO2 laser pulse will be extracted from the beamline

about 4 m from the undulator where intensities are below

damage thresholds for transport optics and sent to a streak

camera for time domain measurements and a grating for

spectral measurements. Furthermore in order to understand

better the laser evolution, small reflections from the laser

will be split off up- and down-stream of the undulator and

calibrated to yield relative energy measurements.

SIMULATIONS

Simulations were performed with the 3D FEL code Gen-

esis 1.3 [6] for a 70 MeV input e-beam, laser focusing pa-

rameters listed in Table 1 and 100 GW seed laser power.

The radiation power grows along the interaction as shown

in Figure 3. Figure 4 shows the output beam’s longitudinal

phase space at the end of the undulator. Up to 43% of the

beam is captured and decelerated from 70 to 42 MeV while

the radiation power grows by nearly 30%. The transverse

profile of the laser spot is also shown in Figure 5.

Figure 5: The transverse radiation profile is shown at the

exit of the undulator. Growth of the radiation at the center

of the seed is clearly visible.

CONCLUSIONS
While recent achievements in IFEL acceleration have fo-

cused on high-gradient acceleration, the UCLA-BNL helical

IFEL decelerator experiment aims to achieve high-gradient

deceleration in order to demonstrate high efficiency electro-

optical conversion. The undulator tapering design achieves

this by matching the resonant energy and ponderomotive

accelerating gradients for decelerating resonant phases with

the strongly tapered helical IFEL undulator. By compressing

and prebunching the electron beam, significant power gain

should be observable with time resolved laser measurements.

For moderate laser intensities, over 40% of the e-beam en-

ergy is predicted to be converted to coherent radiation.

This work was supported by DOE grant DE-FG02-

92ER40693, Defense of Threat Reduction Agency award

HDTRA1-10-1-0073 and University of California Office of

the President award 09-LR-04-117055-MUSP.
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RIVEN MICRO-ELECTRO-MECHANICAL SYSTEM FREE 
ELECTRON LASER

N. Sudar, P. Musumeci, UCLA Particle Beam Physics Laboratory, Los Angeles, Ca 90024, USA

Abstract
 The Free Electron Laser has provided modern science

with a tunable source of high frequency, high power,

coherent radiation.  To date, short wavelength FEL's have

required large amounts of space in order to achieve the

necessary beam energy to drive the FEL process and to reach

saturation of the output radiation power.  By utilizing new

methods for beam acceleration as well as new undulator

technology, we can decrease the space required to build

these machines.  In this paper, we investigate a scheme by

which a tabletop XUV FEL might be realized.  Utilizing

the Rubicon Inverse Free Electron Laser (IFEL) at BNL

together with micro-electro-mechanical system (MEMS)

undulator technology being developed at UCLA, we

propose a design for a compact XUV FEL. 

INTRODUCTION

Current short wavelength Free Electron Lasers (FEL)

require long and expensive particle accelerators to pro-

duce the necessary high energy electron beams, limiting

the housing of these machines to large scale national labs.

In order to make this technology more readily available,

it is necessary to investigate ways in which we can

decrease these space and monetary constraints.  In this

paper, we investigate a compact design for an FEL that is

driven by a beam that has been accelerated through the IFEL

acceleration scheme. Furthermore, we investigate the use

of micro-electromechanical system (MEMS) undulator

technology to decrease both size and resonant wavelength

of our FEL.

In an IFEL [1,2] a high power laser is copropagated

with the electron beam in an undulator magnet.  Through

interactions with the undulator field, the beam undergoes

transverse oscillations, allowing it to exchange energy with

the laser. By tapering the undulator magnets, the beam's

transverse oscillations will remain resonant with the laser

frequency as it gains energy, maximizing the interaction.

Utilizing laser intensities of 10-20 TeraWatts, the IFEL is

capable of sustaining GeV/m acceleration gradients over

meter scale distances, greatly decreasing the distance re-

quired to reach high beam energies [3]. The ability to also

preserve an excellent output quality [4] makes the IFEL a

great candidate for use in compact FEL design.

RUBICON IFEL

As input of our FEL amplifier we consider a beam

accelerated by the Rubicon IFEL at Brookhaven National

Laboratory.    Rubicon utilizes a strongly tapered undulator

driven by a high power 10.3 µm CO2 laser. Utilizing 625

GigaWatt  laser  intensities  we  achieve  acceleration  gradients

up to 100 MeV/m, accelerating the beam from 53 MeV to

an energy of 98 MeV in about 50 centimeters [3].
Particles in the beam will bunch around the periodic

minima of the IFEL ponderomotive potential as they gain

energy propagating in the undulator. This process creates

periodically spaced, short bunches of electrons with RMS

widths  ~1/10 of the laser wavelength while increasing the

peak current by about a factor of 5, Fig. 1.  Simulations and

measurements from the Rubicon IFEL[5] indicate that the

IFEL process preserves the initial beam quality, keeping

the normalized emittance of the accelerated bunch constant

throughout the interaction.

To further enhance the Rubicon IFEL's performance, ef-

forts are currently under way to install a pre-buncher before

injection into the IFEL.  Utilizing an undulator section tuned

to the IFEL drive laser wavelength we impart a modulation

on the beam, separating the beam into periodically spaced

bunches.  Utilizing a chicane to tune the resonant phase of

the bunches relative to the IFEL ponderomotive potential,

we can inject a large fraction of particles on crest of the

accelerating wave, Figure 2.  Initial simulations show

trapping and acceleration of 74% of the injected particles,

greatly increasing the peak current while also decreasing

the final energy spread to ~0.1%, providing us with a high

quality, high brightness, high energy electron beam, ideal

for seeding a high gain FEL amplifier.

MEMS UNDULATOR

The FEL process is achieved by sending a high energy

electron beam through a magnetic undulator field with a

period λu. The electrons wiggle in this field, and therefore

radiate. When the wavelength of the radiation, λr slips ahead

of the electron beam one period each cycle of transverse 

Figure 1: Current profile of Rubicon IFEL output beam.

IFEL D
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Figure 2: GPT simulation of  single bunch γ vs. z phase space in Rubicon IFEL with pre-buncher. (Top Left) Incoming 

Beam. (Top Right) Beam after pre-buncher modulator. (Bottom Left) Beam after pre-buncher chicane phase shifter. 

(Bottom Right) Beam after IFEL acceleration.

oscillation, constructive interference occurs . This

corresponds to the resonant condition:

 

where K = eB0/2π mc is the undulator normalized vector

potential, B0 is the peak undulator magnetic field, γ is the

electron beam energy, and e and m are the charge and

mass of the electron.

The FEL amplification induces a periodic energy modu-

lation in the beam as the FEL radiation interacts back with

the electron beam causing the electrons near the crest of

the field to accelerate forward and those near the trough to

decelerate.  As the beam propagates in the undulator, this

energy modulation is converted into density modulation,

creating a train of micro bunches separated by the resonant 

wavelength. As the bunching becomes stronger, the

electrons in the bunch radiate in phase and the FEL

exhibits exponential gain [6].

The main problem of directly using the output of an

IFEL accelerator to seed an FEL is related to the spiky

longitudinal structure of the beam as it exits the laser.
With a beam energy of ~100 MeV, using convential

permanent magnet undulators, (K~1, λu~0.01m) we ex-

hibit a resonant wavelength of λr~300nm. With an IFEL 

drive laser wavelength of 10.3 μm, we expect current 

spikes to have widths on the order of 1 μm. We can see 

that after 1 or 2 periods the radiation will have slipped out 

of the current spike halting the gain process.

In order for us to utilize the outcoming beam from the

Rubicon IFEL effectively it is necessary for us to use an

undulator with a  small  period and a small K in order to

λr=λu

(1+K 2)

2γ 2
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Figure 3: (Left) CAD of an MEMS undulator showing the yoke structure for flux direction in an undulator period.

(Right) Racetrack solenoidal coil Scanning Electron Micrograph fabricated at UCLA. (image courtesy of Harrison et al.)

create radiation with a wavelength small compared to the

width of the current spikes.  In this paper we investigate

the usage of MEMS technology being developed currently

at UCLA [7].  In particular, we consider  an undulator with

λu=1 mm and K=0.1 allowing us to achieve λr~15 nm.  With

our current spikes now being ~60-70 λr long, it is possible

for the radiation created in the tail of the bunch to slip

forward, driving the FEL feedback process responsible for

gain.

MEMS technology requires three main components, a

coil to produce magnetomotive force (MMF) , a magnetic

yoke to direct the created magnetic flux, and magnetic pole

tips that increase the flux density.  The MEMS devices

being developed at UCLA utilize a racetrack solenoidal

coil to generate the necessary flux, Figure 3. This particu-

lar design allows more coils to be be fit in a given surface

area, allowing a larger flux per period compared to typical

planar designs. To maximize the peak field and decrease

magnetic fringing, MMF flux is directed by yokes placed

on both sides of the undulator. Initial studies show achievable

undulator wavelengths, λu=25→1000 μm with K ranging

from K=0.0009 to K=0.1 respectively.

SIMULATION RESULTS

Simulations of the MEMS undulator FEL were done

using the 3-D simulation code Genesis 1.3. The current

profile input into Genesis was taken from General Particle

Tracer simulations of the Rubicon IFEL as seen in Figure 1.
Input parameters for the simulation can be found in Table 1.

Input beam parameters such as emittance, beam size,

and energy spread were chosen based on Ming Xie optim-

ization, noting that the beam quality entering the Rubicon

IFEL will be conserved.  We are able to achieve a 3-D gain

length of ~0.018.  Knowing that the current spikes are ~1

μm wide and that the radiation will slip ahead ~15 nm per

1 mm undulator period, we find that radiation from the tail

will slip out of the beam after ~70 mm, and thus experience

about 4 3-D gain lengths before exiting the current spike.

This allows radiation from the back of the current spike to

gain as it slips ahead, driving the micro bunching process 

Table 1: Genesis Simulation Input Parameters

γ 183.4

εn (mm-mrad) 0.15

σr  (μm) 5.51

Δγ/γ 0.001

λu 1

K 0.1

λr 15.2

ρ 0.004

Lg3D 0.0176

Saturation  (λu) 600

Power (MW) 13

responsible for the high gain FEL interaction. This pro-

cess will continue until the particles in the current spike

are maximally bunched, at which point saturation power

is reached.  In Figure 4, we see the radiation pulse from

maximally bunched particles in the 4th current spike.

Looking at the power as a function of z in Figure 5, we

can see that saturation is reached around 0.6 m.  In Figure

6, we see the spectrum of the outcoming radiation centered

around 15.2 nm.

Figure 4: Power output of FEL after 600 λu.
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Figure 5: Maximum radiation power along undulator. Sat
-

uration is reached at z~0.6 m.

Figure 6: Spectrum of output radiation at saturation.

CONCLUSION

We have demonstrated a potential strategy for manufac-
turing a tabletop XUV FEL utilizing the Rubicon IFEL at

BNL with modern  MEMS  technology.  IFEL acceleration

acceleration gradients allow us to achieve the necessary

beam energy in only 0.5 m and small undulator periods

allow us to reach FEL saturation power in only 0.6 m,

providing a cost and space effective alternative to modern

FEL machines.  Increases in the laser power driving the

IFEL could lead to even higher acceleration gradients and

thus higher beam energies, possibly allowing us to utilize

the same technology to produce high power X-Rays.
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TERAHERTZ FEL BASED ON PHOTOINJECTOR BEAM IN RF 
UNDULATOR 

I.V. Bandurkin, S.V.  Kuzikov#, M.E. Plotkin, A.V. Savilov, A.A. Vikharev, Institute of Applied 
Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia 

Abstract 
Photoinjectors, which can produce picosecond electron 

bunches of MeV-level, are attractive for THz generation. 
Fortunately, a long distance to reach scattering power 
saturation in FEL is not necessary, if bunch length is 
shorter than the produced THz half-wavelength. 
However, the energy of several MeVs does not allow 
providing long traveling of the flying bunch without 
longitudinal divergence. That is why, we suggest using 
specific rf undulator in a form of the normal wave in the 
helical waveguide at 3 GHz frequency. The mentioned 
wave has the -1st space harmonic with transverse fields 
and negative phase velocity (responsible for particle 
wiggling). This wave has also the 0th harmonic with 
longitudinal field and positive phase velocity equal to 
bunch velocity. Due to the synchronous 0th harmonic one 
can effectively channel low-energy bunches (due to 
longitudinal focusing field) as far as several meters 
distance. One might also inject electron bunches in 
slightly accelerating field, in this case the output THz 
pulse obtain nearly linear frequency modulation. Such 
long THz pulses with the mentioned modulation of the 
frequency can be efficiently compressed by pair of 
diffraction gratings. 

CONCEPTS OF THZ FEL BASED ON 
PHOTOINJECTOR ELECTRON BEAM 
In order to produce THz radiation, we suggest to use 

short bunches of electrons with bunch length less than a 
half of THz wavelength. Such bunches can be easily 
produced by means of the existing rf photoinjectors which 
are driven by high-power picoseconds lasers [1]. 
Typically rf gun might release bunches of 5-10 MeV and 
charge up to 1 nC. In order to produce 1 THz radiation, 
bunch length should not exceed 0.15 mm. This bunch 
length means that all electrons radiate THz wave in the 
phased condition (coherently). Unfortunately, the 
desirable short bunches cannot keep longitudinal size at 
long distance because Coulomb force causes strong 
divergence of particles. That is why, one should provide 
longitudinal focusing of electron bunches at whole length 
of THz FEL. To solve this problem, we suggest to escort 
each bunch by slow TM01 wave which, being in Cerenkov 
synchronism with electrons, executes longitudinal 
focusing in proper phase (at zero longitudinal electric 
field) like it happens in accelerators (autophasing). Of 
course, longitudinal focusing inevitably makes whole FEL 
more complicated and expensive, because it assumes 
exact injection in proper rf phase. However, in rf 

photoinjectors particles already are assumed to be 
synchronized with rf field. In our case we consider THz 
FEL as a prolonged rf gun. Second, due to focusing one 
might build long FEL and to produce long THz pulses. In 
order to multiply power of these long THz pulses, its are 
appealing to be compressed by means of special pulse 
compressor consisted of two gratings. Principles of the 
mentioned pulse compressor were elaborated for high 
power laser systems [2, 3]. In accordance with these 
principles, the pulse with the chirped frequency 
modulation is compressed in a system with frequency 
dispersion shaped by two gratings operated in non-mirror 
regime of the reflection [4]. In case of THz FEL the 
necessary frequency modulation can be provided by using 
non-equidistant periodicity of undulator’s periods. There 
are two opportunities. The first concept (Fig. 1) can be 
based on DC-magnet undulator with slow focusing TM01 
waveguide and pulse compressor. 

 
Figure 1: Concept of THz FEL with DC-magnet 
undulator, focusing TM01 waveguide, and built-in pulse 
compressor. 

 
Figure 2: Concept of THz FEL with helical rf undulator 
and built-in pulse compressor.  

In the second scheme (Fig. 2) the helical waveguide 
supports slow eigen mode consisted of two main space 
harmonics. The 0-th harmonic is represented by focusing 

Vph
(-1)<0

Vph
(0)=Ve

TM01-TM11 eigen mode

e-bunch
grating

grating

THz radiation

 ___________________________________________  

#kuzikov@appl.sci-nnov.ru 

Proceedings of FEL2014, Basel, Switzerland TUP046

Advanced, Alternative and Compact Concepts

ISBN 978-3-95450-133-5

485 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



TM01 wave, the -1st harmonic is TM11 wave with negative 
phase velocity which causes wiggling of electrons. The 
chirped pulse in this case is obtained using injection of 
particles in slightly accelerating rf field so that particles 
with growing energy naturally radiate power with 
growing frequency. 

BEAM DYNAMICS IN LONG 
WAVEGUIDE SECTION 

Principle of longitudinal bunch focusing is shown in 
Fig. 3. Here slow TM01 wave with phase velocity close to 
bunch velocity guides particles so that electrons near front 
are slightly decelerating, but back electrons are placed in 
slightly accelerating field. 

 
Figure 3: Scheme of bunch focusing in longitudinal 
direction. 

As one can see in Fig. 3 there are no forces which 
prevent transverse expansion of particles in the bunch. 
Moreover, there are deflecting radial electric field 
component, Er, which causes transverse defocusing. 
Although azimuth component of magnetic field, H , 
mitigates the mentioned divergence, one should provide 
longitudinal DC magnetic field, in order to avoid loss of 
current density due to defocusing phenomenon. That is 
why, in simulations of bunch dynamics with parameters, 
shown in Table 1, we used 2.5 GHz TM01 wave with 100 
MV/m Ez amplitude (typical values for rf gun) and axial 
DC magnetic field as high as 1 T magnitude. 

Table 1: Bunch Parameters 

Parameter Value 

Charge, nC 0.1 

Energy, MeV 5 

Length, mm 0.15 

Radius, mm 1.5 

 

Results of simulations for this case are presented in Fig. 
4 (XZ-plane) and in Fig. 5 (XY-plane) respectively. 250 
particles were used in simulations. Red dots describe 
incident bunch, blue ones show particle distribution 
behind 0.5 m, the green particles corresponds to 
approximately 1 m distance behind photoinjector. Note 
that in DC magnetic field particles slowly rotate around z-
axis (Fig. 5). The far an electron from axis, the bigger is 

angle of the rotation. The Figures 4 and 5 confirm that 
high-charge bunches can be efficiently guided at long 
distances (>1 m) in longitudinally focusing TM01 mode 
and in guiding DC magnetic field simultaneously.  

 
Figure 4: Space distribution of particles in plane XZ for 
bunch flying in waveguide with focusing TM01 wave: 1 – 
t=0, 2 - t=1.65 ns, 3 - t=3.33 ns. 

 
Figure 5: Space distribution of particles in plane XY for 
bunch flying in waveguide with focusing TM01 wave: 1 – 
t=0, 2- t=1.65 ns, 3 - t=3.33 ns. 

The used amplitude of focusing TM01 wave is 
comparable with fields in rf gun. This value means that 
necessary rf power is high enough. Therefore, it seems 
appealing to use this power for bunch guiding as well as 
for provision of particle’s wiggling at once. Principles of 
such rf structure, which plays a role of an accelerator and 
undulator simultaneously, were investigated recently [5-
7]. The mentioned periodic structure has helical 
corrugation (Fig. 6). One of the eigen modes in this 
corrugated waveguide is the mode consisted 
predominantly of the partial TM01 wave (0th space 
harmonic) and partial TM11 wave (-1st harmonic) as well. 
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In the slow eigen mode the phase velocity of the 0th 
harmonic is assumed to be equal (or close) to bunch 
velocity (Fig. 7). This harmonic does not have transverse 
deflecting fields exactly at axis so that perturbation of 
transverse bunch dynamics is minimized [8]. The -1st 
harmonic has negative phase velocity and strong 
transverse electric and magnetic fields at axis. This 
harmonic provides wiggling of electrons and production 
of radiation with essential Doppler’s frequency up-shift. 
In particular, in the 2.5 GHz  structure the bunch with 
parameters, shown in Table 1, can radiate photons with 
frequency close to 1 THz. 

 
Figure 6: 3D view of helical accelerating section. 

 
Figure 7: Dispersion of TM01-TM11 normal eigen mode in 
helical accelerating structure (solid red curve) and 
dispersion curves of partial weaves in cylindrical 
waveguide (dashed curves). 

 
Figure 8: RF undulator based on helical waveguide. 

The principal scheme of the described rf undulator is 
shown in Fig. 8. In the 2.5 GHz helical waveguide with 
parameters (average radius – 68.7 mm, period of 
corrugation – 90.2 mm, amplitude of corrugation – 14.1 

mm) with Ez=100 MV/m longitudinal focusing field of 
the 0th (TM01) harmonic the effective undulator 
parameter, determined by fields of the -1st harmonic, is as 
high as K 1. This value allows to obtain ~5 MW power at 
1 THz behind the undulator (about 1 MV/m field 
strength). 

UNDULATOR WITH NONUNIFORM 
PERIODICITY AND THZ PULSE 

COMPRESSOR 
We propose compression of a frequency modulated 

THz pulse by means of pair of diffraction gratings 
employed in the autocollimator regime [4]. The 
modulated input signal can be obtained from an undulator 
in which DC magnets are arranged with a variable spatial 
period. In rf undulator necessary frequency modulation is 
reached using bunch injection in slightly accelerating 
field (Fig. 9) or using slightly asynchronous wave relative 
to electron bunch.  

 
Figure 9: Injection of particle bunch in accelerating phase 
of Ez field component. 

In accordance with pulse compression scheme after the 
first grating different frequency components of the 
wavebeam are reflected with different angles relative to 
the grating plane and travel different distances to the 
second grating (Fig. 10). After the second grating all 
frequency components propagate in the common direction 
and become phased ones, i.e. rf pulse is compressed. 

 
Figure 10: Paths of rays in system of two paired gratings. 

In the proposed design, parameters of the gratings 
should be selected so to provide scattering to the -1st  
diffraction maximum only. Path length L in the 
compressor, defined according to Fig. 10, depends on 
frequency : 

 ))(cos(
)) (+cos(1(

)(
1

1-d
L , (1) 

Proceedings of FEL2014, Basel, Switzerland TUP046

Advanced, Alternative and Compact Concepts

ISBN 978-3-95450-133-5

487 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



where d is the distance between the gratings,  is the 
angle between the incident wave and the normal of the 
first grating, )(1  is the angle of the scattered wave 
which depends on frequency as follows: 

 
) ,2arcsin(sin)(1 kD  (2) 

where D – is a period of the corrugation, k= /c, c – is the 
light velocity. 

In the computer simulation initial pulse had the linear 
frequency modulation: 

 
))1(

2
exp()(A 2

2

0in titi
T
tAt , (3) 

where t is current time, T is pulse length,  is a 
difference of frequencies at the start and at the end of the 
input pulse (frequency modulation). Simple estimations in 
aberration-free approximation give the formula for 
compression coefficient: 

 
N

T
TC
out

2 , (4) 

where Tout – is a length of the output pulse, N – is a 
number of field periods in the input pulse. 

The Fig. 11 shows the input pulse and the output 
(compressed) pulse with central frequency 1 THz, N = 50 
periods, 45 , and .1.0/ These parameters 
correspond to parameters of THz radiation which could 
be obtained by undulator discussed in the previous text. 
As it follows from Fig. 11, the power in output pulse is 
roughly 10 times more in comparison with power in input 
pulse. This means that already considered undulator 
supplemented with pulse compressor is able to reach 50 
MW power level. 
 

 
Figure 11: Pulse compression by means of two gratings: 
incident 1 THz pulse (blue dashed curve) and the 
compressed pulse (red solid curve). 

Note that frequency modulation cannot be increased too 
much in comparison with the used value, because 

autocollimation regime of diffraction grating has the 
limited bandwidth. Nevertheless, one is able to increase 
pulse length (N) in a more long undulator, in order to 
obtain more power. In addition, there is a possibility to 
focus output THz wavebeam by means of the metallic 
focusing mirror. In already considered example 
wavebeam waist is close to transverse bunch size (1.5 
mm), so due to focusing to size ~ one can multiply 
power by factor ~102. In particular, in wavebeam, 
produced by the undulator of 10 m length, the field 
strength in minimal possible size of the wavebeam can 
reach ~1 GV/m. 

CONCLUSION 
Short electron bunches with charge ~0.1 nC, injected 

from photocathode, can be efficiently guided in the long 
waveguide (>1 m) with focusing synchronous S-band 
TM01 mode. Such bunches do not require microbunching 
to saturate output power, because they are shorter than the 
half-wavelength of the produced THz radiation.  
Necessary focusing field magnitude is ~100 MV/m, 
which is comparable with accelerating field in the 
existing S-band photoinjectors. In order to increase output 
field and power of THz radiation, it is appealing to use 
undulator (DC-magnet or rf) which allows forming pulses 
with chirped frequency. Such pulses could be compressed 
by factor 101-102 by means of grating’s pair. Using 
additional space focusing of THz wavebeam by mirror, 
one is able finally to reach in mirror focus more than 100 
MV/m THz field. 
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CHIRPED PULSE SUPERRADIANT FREE-ELECTRON LASER* 

Yen-Chieh Huang# and Chia-Hsiang Chen, Institute of Photonics, National Tsinghua University, 
Hsinchu, Taiwan 

Zhen Zhang and Juhao Wu, SLAC, Menlo Park, USA 

Abstract 
When a short electron bunch traverses an undulator to 

radiate a wavelength longer than the bunch length, intense 
superradiance from the electrons can quickly deplete the 
electron’s kinetic energy and lead to generation of an 
isolated chirped radiation pulse. Here, we develop a 
theory to describe this chirped pulse radiation in such a 
superradiant FEL and show the opportunity to generate 
isolated few-cycle high-power radiation through chirped-
pulse compression after the FEL. 

INTRODUCTION 
High power radiation is useful for applications 

requiring high energy density. In view of the high-power 
laser successfully demonstrated by optical chirped pulse 
amplification, a chirped-pulse FEL followed by a pulse 
compressor could be an ideal candidate to generate 
extremely high power radiation in the spectrum no readily 
accessible by a conventional laser source. It has been 
suggested previously the use of an energy-chirped 
electron beam to amplify a frequency-chirped seed laser 
in an FEL amplifier to obtain temporally compressed 
high-power radiation at one of the harmonics of the seed 
laser [1]. It was also suggested the use of an energy-
chirped electron pulse to generate self-amplified chirped 
radiation, which is then filtered to seed a downstream 
self-amplified-spontaneous-emission (SASE) FEL [2]. 
Wu et al. [3,4] pointed out that manipulating chirps in 
seed radiation and electron beam to an FEL allows 
generation of attosecond few-cycle pulses. In this paper 
we propose a scheme to generate a chirped pulse radiation 
directly from fast energy depletion of a short electron 
bunch in an undulator. An external compressor is then 
used to compress the chirped pulse to achieve few-cycle 
radiation. 

THEORY 
From energy conservation, the loss rate of the total 

electron kinetic energy is equal to the radiation power. To 
take into account all radiation energy at the expense of the 
electron kinetic energy, we started from the expression of 
the coherent synchrotron radiation power of a tightly 
bunched charge. Given initial electron energy  = 0 at the 
retarded time t = 0, one can derive the Lorentz factor  as 
a function of t  in the relativistic limit  >> 1  

dt 



/1

0


 ,   (1) 

where the pump depletion time d is defined as 

0,

0

r
d P

W
 ,                                    (2) 

with W0 being the initial energy of the electron bunch and 
Pr,0 being the initial radiation power of the electrons.  

The radiation power is proportional to the square of  
and can thus be expressed as  

2

0,
, )/1(

)(
d
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Nr t

P
tP

e 
 .                     (3) 

Furthermore, the wavelength of the dominant radiation 
mode at t satisfies 

)(2

1
2

2

t

au
ur 





 ,                           (4) 

where u is the undulator period and au = eBrms/m0cku is 
the undulator parameter with ku = 2/u, m0 the electron 
rest mass, e the electron charge, c the vacuum speed of 
light, and Brms the rms undulator field. Given a known 
relationship between the retarded time t and observation 
time t, the radiation power in (3) and wavelength in (4) 
can be expressed in terms of the observation time. 

By using Eqs. (3,4), one can write the temporal-
dependent radiation field as  

)](exp[
)13(

)(
3/2

0
n

n

n tj
tr

E
tE 

 
  (5) 

where E0 is the maximum or the initial radiation field, r = 
u/d is the ratio of the electron transit time through the 
undulator u to the electron energy depletion time d, and 
(tn) is the radiation phase as a function of time. The time 
variable tn = t/(Nur0/c) is the observation time normalized 
to the unperturbed slippage time Nur0/c with Nu being the 
number of undulator periods, and r0 being the initial 
radiation wavelength. The time duration tn = 1 is the 
radiation pulse width or the electron slippage length in the 
undulator without pump depletion. With pump depletion, 
the electron slows down when traversing the undulator 
and the time duration tn  1 gives the amount of thus 
increased radiation pulse width. Physically r is a figure 
indicating the degree of pump depletion in a given 
undulator. The frequency chirp of the radiation is 
embedded in the radiation phase 

0
3/1)13(2)(  



 n
u

n tr
r

N
t              (6) 

where 0 is an arbitrary initial phase.  
Figure 1 plots the chirped radiation field as a function 

of the normalized observation time for r = 1 from a 20-
peirod undulator. There are two important features in the 
plot; the field amplitude reduces and the radiation 
wavelength increases over time, both due to energy loss 
of electrons to superradiance in the undulator.   

 ___________________________________________  
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Figure 1: Fequency chirped radiation field from a CPS 
FEL with r = 1 and Nu = 20.  
 
   Previously we have assumed a particle-like electron 
bunch with zero size. To take into account the finite 
electron bunch length, the radiation power in Eq. (3) is 
multiplied by the so-called bunch form factor [5], which 
for a Gaussian electron bunch is given by  

2)2()( treF r
  ,            (7) 

where r is the radiation frequency and  is the rms 
temporal length of the electron bunch. As the electrons 
propagate down an undulator and radiate, the radiation 
frequency r decreases due to slowdown of electrons and 
 could increase due to debunching. If the multiplication 
r remains approximately a constant in an undulator, 
the modification needed to be done for the above theory is 
to divide the pump depletion time d in Eq. (2) by a 
constant form factor.  

THZ AND EUV CPS FEL 
In the following we first present a design example for a 

proof-of-principle experiment at THz frequencies using 
existing accelerator technologies and one at extreme-
ultra-violet (EUV) frequencies driven by a future 
dielectric laser accelerator (DLA) [6].  
   For the first design example at THz frequencies, we 
choose an accelerator system consisting of an S-band 
photoinjector followed by linear accelerators for electron 
injection, velocity bunching, and particle acceleration. 
The accelerator system is expected to generate an electron 
beam with some nominal parameters: rms electron bunch 
length = 60 fs, bunch charge = 15 pC, mean electron 
energy  = 30, rms relative energy spread / = 0.5%, 
positive energy chirp with head-to-tail energy difference 
 = 0.8, rms normalized emittance = 0.1 mm-mrad, and 
rms beam radius = 0.5 mm. The initial energy chirp is 
helpful to maintain a small electron bunch length and 
energy spread in the undulator. We assume here a 1.5 m 
long planar undulator with a period of 56 mm and 
undulator parameter of 1.7, permitting radiation 
generation at 2.5 THz for a beam with  = 30. To confirm 
maintenance of a short electron bunch in the undulator, 

we employ the simulation code, General Particle Tracer 
(GPT) [7], to simulate the propagation of the electron 
bunch through the undulator. Our simulation result shows 
that the electron bunch in the undulator undergoes 
compression first due to the initial positive energy chirp 
in the beam and is kept in a length of 587 fs. The initial 
energy chirp in the beam also helps to partially 
compensate the space-charge induced energy spread. To 
predict the chirped radiation field, we first calculate the 
bunch form factor with   = 60 fs and use it to modify 
the pump depletion time in our theory. At the undulator 
exit, the calculated degree of pump depletion is r = 12%. 
Figure 2 shows the radiation pulse envelope before (blue 
curve) and after (red curve) pulse compression by using a 
standard quadratic phase filter [8] with a chirping 
parameter of 0.0524 in units of the inverse square of the 
normalized observation time. For comparison, the 
transform-limited pulse (black dashed line) is also shown 
in the figure. It is seen that almost all the compressed 
pulse energy is already in the width of the transform-
limited pulse. The full width of the chirped pulse is 12 ps, 
containing 27 radiation cycles generated from the 27 
periods of the undulator. The power of the chirped pulse 
gradually drops to about 63% of its initial value due to 
pump depletion. At the end of the undulator the 
percentage bandwidth of the chirped radiation is 
broadened to 20.4%. After compression, the peak power 
of the output radiation pulse is increased nearly 10 times. 
The half width of the compressed pulse is about 1.3 ps, 
containing approximately 3 radiation cycles.  
 

 
Figure 2: Power envelopes of the radiation pulse before 
(blue curve) and after (red) compression using an 
optimized quadratic phase filter for the proposed proof-
of-principle CPS FEL at 2.5 THz. After pulse 
compression, the number of radiation cycles is reduced 
from 27 to just 3. For comparison, the transform-limited 
pulse is shown as a black dashed curve. 
 

It is envisaged that a DLA, driven by a laser at ~ 1 m, 
would generate electron bunches with a length in the nm 
range. Give the high repetition rate from the driver laser 
and the nm-bunched electrons, a CPS FEL could be 
useful to generate EUV and soft x-ray radiations with 
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both high average and peak powers. As a design example 
at the EUV wavelengths, we assume a DLA generating an 
electron bunch with initial energy of  = 200 and bunch 
length of ~1 nm. Debunching of electrons in an undulator 
is much less concerned for a 100 MeV beam. To integrate 
with a DLA, a dielectric laser undulator [9] is selected for 
this design, having a peak undulator field of 3.3 T. The 
3.3 T undulator field is consistent with a 1 GV/m laser 
field near the damage threshold of a dielectric for an 
incident fs laser pulse [10]. The undulator length is 157.5 
mm long, consisting of 150 undulator periods with a 
period length of 1.05 mm. Therefore, the initial radiation 
wavelength is 13.5 nm. The bunch charge for injection is 
75 fC, assuming the electron charge from an accelerator 
can be scaled by its driving wavelength. The calculated 
degree of pump depletion for this design is r = 5.2%. 
    Figure 3 shows the radiation pulse envelope before 
(blue curve) and after (red curve) pulse compression by 
using a quadratic phase filter with a chirping parameter of 
0.021 in units of the inverse square of the normalized 
observation time. The full length of the chirped pulse is 
7.3 fs. There are 150 radiation cycles in the pulse, 
generated from the 150-period undulator. The power of 
the chirped pulse gradually drops to about 80% of its 
initial value of 760 W due to pump depletion. At the end 
of the undulator the percentage bandwidth of the chirped 
radiation is broadened to nearly 10%. After compression, 
the peak power is increased by 13 times, reaching a value 
of 1 kW. The half width of the compressed pulse is about 
0.4 fs, containing 9 radiation cycles. The time-bandwidth 
product of the compressed pulse is ~0.5, which is about 
the value for a transform-limited Gaussian pulse. 

 
Figure 3: Power envelopes of the proposed EUV CPS 
FEL radiation pulse before (blue curve) and after (red) 
compression by a quadratic phase filter. After pulse 
compression, the peak power of the radiation pulse is 
increased by about 13 times and the number of the 
radiation cycles reduces from 150 to 9. 

CONCLUSION 
A short electron bunch emitting superradiance in an 

undulator can quickly lose its kinetic energy and generate 

a chirp-pulse radiation. We have developed a theory to 
describe the radiation field of such a CPS FEL. The phase 
of the chirped field strongly depends on how fast the 
electron energy is depleted in an undulator. In the linear 
regime where the degree of pump depletion is kept below 
10%, we show two design examples of CPS FEL in the 
THz and EUV spectra that generate few-cycle radiation 
after pulse compression by using standard quadratic phase 
filters. In the regime of strong pump depletion, we 
suggest to use tailor designed chirped mirrors or gratings 
to compensate the nonlinear chirp in the radiation field to 
achieve transform-limited pulse compression. A future 
effort would include numerical simulation of the CPS 
FEL subject to an arbitrary input beam. 
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STORAGE RING XFEL WITH LONGITUDINAL FOCUSING
I. Agapov∗, G. Geloni, European XFEL GmbH, Hamburg, Germany

Abstract
In present work we investigate the possibility of running

a high gain FEL on a storage ring using a longitudinally
focusing insertion to compress bunches passing an undulator.
If integrated into a storage ring similar to PETRA III such
device could potentially produce continuous ps pulses of
photons in the nm range with peak pulse powers of tens
of GW. Even without operating in FEL saturation mode
the longitudinal focusing can provide means to increase the
brightness and shorten the photon pulse length

INTRODUCTION
Low gain FELs with wavelength down to ∼ 200 nm (6 eV)

have been in operation at storage rings using optical cavities.
Short wavelength FELs presently use linacs as drivers since
they provide necessary electron beam quality. X-ray FELs
such as LCLS, European XFEL or SwissFEL are now in
operation or under construction worldwide. They use linacs
as drivers to assure beam qualities necessary for a SASE pro-
cess at those wavelengthes. For a typical wavelength (1 keV-
30 keV) the European XFEL requires emittances below 106,
energy spreads ∼ 1 MeV and peak currents ov several kA
at electron beam energies up to 17.5 GeV. The saturation
length (for basic definitions in the FEL theory see e.g. [1])
roughly defines the minimum practically sensible undulator
length. At European XFEL, for the shortest wavelength,
achieved with the maximum electron beam energy, the satu-
ration length can be a hundred meters, but for soft X-rays it
can be as short as 30 meters depending on the wavelength
and electron beam parameters. This makes it in principle
possible to fit such an undulator into a storage ring. Beam
parameters in latest generation light sources such as PETRA
III (see Table 1 ) are such that for UV photons the beam
quality is not far removed from that required for an FEL. For
shorter wavelength saturation length becomes larger and the
possibility of using the stored beam for SASE FEL directly
becomes limited. The interest in shorter wavelength storage-
ring based FELs has recently been growing since they could
combine extreme peak brightness and coherence of an FEL
with continuous operation and lower power consumption
of a storage ring (see e.g. [2] and references therein). An
insertion device with longitudinal focusing would consist of
a compression section, SASE undulator, and a decompres-
sion section. The rest of the ring could be passed with the
usual bunch length. A design sketch is presented in Fig. 1.
It could be used as an insertion or as a bypass subject to
space availability. This scheme is in principle similar to a
crab cavity type, discussed e.g. in [3], however longitudinal
phase space only is manipulated. In the following some
simulation studies for the possibility of integrating such an

∗ ilya.agapov@xfel.eu

insertion into PETRA III are presented. All calculations are
performed with Ocelot [4].

Table 1: PETRA III Beam Parameters [5], assuming high
bunch charge operation mode with 40 bunches

Parameter Value
Beam energy 6 GeV
Circumference 2304 m
Emittance εx , εy 10−9, 10−11
Energy spread 10−3 (6MeV)
Bunch charge 20 nC
Bunch length 44 ps or 13mm
Peak current 170A
Longitudinal damping time 10msec

Figure 1: Insertion device layout. Going from left to right,
the beam passes an RF module, a dispersive section (chicane
or arc), a number of undulators, a disperive section and
finally another RF module.

POSSIBILITY OF AN FEL INSERTION
DEVICE AT PETRA III

Longitudinal Phase Space Focusing
In a linac-based FEL bunch compression is a key factor,

but can allow for certain beam distortion as long as it pre-
serves the lasing bunch core. For a multiturn operation the
margin for such distortions is much thinner. Space charge
and Coherent Synchrotron Radiation (CSR) [6] effects play
much smaller role for longer bunches and higher energies,
so cleaner compression and decompression can be in princi-
ple expected than for a typical linac FEL. The requirement
is that no beam instabilities and distortions should appear
on the time scale faster than the longitudinal damping time
which is about 1000 turns for PETRA III. Neglecting collec-
tive interactions, the longitudinal phase space map for the
insertion is
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M = MRF2 · MC2 · MC1 · MRF1 (1)

where the dispersive sections maps are given by matrices

MC1,C2 =

(
1 R(1,2)

56
0 1

)
(2)

and the RF cavity maps are

MRF1,RF2 :
(
t
p

)
→

(
t

p + V (1,2) sin( fRF · t)

)
(3)

Here t and p are longitudinal coordinates usually mea-
sured in meters and relative energy units, R56 is the standard
notation for dispersive time delay and V (1,2) are total RF
voltages for the compressor and the decompressor. One eas-
ily checks that by choosing R(1)

56 = −R(2)
56 and V (1) = −V (2)

the whole transfer map reduces to unity. So when collective
self-interactions and diffusion are neglected the insertion
has no theoretical footprint on longitudinal beam dynam-
ics. The possible undulator parameters used in simulations
are given in Tables 2 and 3, and the beam compressor pa-
rameters corresponding to PETRA III beam parameters are
shown in Table 4 and 5. 800 MHz cavity was chosen for
demonstration since it has the wavelength longer than the
electron beam size. 1.3GHz cavity of European XFEL type
could also be used, but half its wavelength is shorter than
the electron bunch length and the bunch tails will not be
compressed fully (see Figs. 2, 3). The system length with
undulator is of the order of 200m. No optimization has been
performed so far wrt. length, RF power, potentaial for using
storage ring arcs etc., so this number could be sufficiently
improved.

Table 2: Possible Parameters of a 20mm Soft X-ray Undula-
tor

Parameter Value
Period lw = 0.02m
Field K = 0 − 10.0
Radiation wavelength at 6GeV 300 eV-17 keV
Section length 0.9m
Optics FODO with β = 4m

Table 3: Parameters of a 68mm Soft X-ray Undulator of
European XFEL Type (for 6 GeV electron beam)

Parameter Value
Period lw = 0.068m
Field K = 0 − 10.0
Radiation wavelength at 6GeV 100 eV-5 keV
Section length 0.9m
Optics FODO with β = 4m

An obvous drawback of the system is the large amount
of RF power required. Since the longitudinal focusing is
proportional to V · fRF higher RF frequency will result in

Table 4: Parameters of the Bunch Compressor and Decom-
pressor used in Simulations with 20x Compression for Nom-
inal Bunch Length

Parameter Value
RF frequency 800MHz
Cavity length (at 35MV/m gradient) 45m x2
Chicane length 20-30m
Dipole fields 0.2 T
R56 compressor -0.15m
R56 decompressor 0.1 5m

shortening the section length. With 12 GHz cavities the
length can be reduced to a few meters only. However the
bunch length at PETRA III is longer than the RF wavelength
for frequencies about & 1GHz. One can still achieve com-
pression in that case, but it would result in a specific current
shape 3. If lowmomentum compaction operation is assumed
where the bunch length is shortened by a factor of say, 10,
such high frequency cavities could be employed efficiently
(see Table 5). Producing shorter bunches without loosing
bunch current at PETRA III is however presently impossible.

Table 5: Parameters of the Bunch Compressor and Decom-
pressor with 50x Compression for Short Bunch Operation

Parameter Value
RF frequency 3.9GHz
Cavity length (at 35MV/m gradient) 9m x2
Chicane length ∼20m
Dipole fields ∼0.2 T
R56 compressor -0.15m
R56 decompressor 0.15m

Undulator
The radiation wavelength is

λr =
lw
2γ2

(
1 +

K2

2

)
(4)

And the Pierce parameter is

ρ =
1
γ

*
,

(
K AJJ lw
8πσb

)2 I
IA

+
-

1
3

IA = 17k A (5)

gain length
LG = lw/(4π

√
3ρ) (6)

So to increase the energy reach of a SASE FEL into the
harder part of the spectrum one chooses possibly short un-
dulator period. If using the FODO optics, decreasing the
beam size is possible down to

√
2εL where L is the period

length. E.g. 4m FODO optics will require short undulators
of ∼ 1 m length with quadrupoles between them. Power es-
timates assuming 0.02mm and 0.068mm period undulators
are presented in Figs. 4-6.
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Figure 2: Simulated longitudinal phase space at the entrance
(green), after the bunch compressor and at the exit (identical
to the entrance phase space) of the insertion device, with
800MHz cavity.Current profiles before (blue dashed line)
and after (solid blue line) are shown.

Figure 3: Simulated longitudinal phase space at the entrance
(green) and after the bunch compressor (red) with 12GHz
cavity. Current profiles before (blue dashed line) and after
(solid blue line) are shown.

Figure 4: Steady state SASE simulations for Eγ = 1266eV ,
K=5.0, 50x compression.

Influence on Beam Dynamics
The feasibility question from the beam dynamics point of

view reduces to the turn-to-turn preservation of beam quality.
Synchrotron radiation induces bunch diffusion, mostly in the
longitudinal phase space. Such diffusion is in principle a lim-

Figure 5: Steady state SASE simulations for Eγ = 335eV ,
K=10.0, 50x compression.

Figure 6: Steady state SASE simulations for Eγ = 100eV ,
lw = 0.068, K=10.0, 50x compression.

iting factor even for linac-based FEL performance, however
for the device in question the diffusion footprint is similar to
that of standard ring insertion devices and is not in principle
a limiting factor. Moreover, the FEL undulators can poten-
tially be used in place of damping wigglers for reducing the
emittance. The FEL-induced energy spread however is to be
taken into account for more detailed studies. A major limit-
ing factor in FELs is the coherent synchrotron radiation [6].
In the design discussed the bunch length ( 1 ps) is 5-6 orders
of magnitude longer than the critical wavelength of the bend-
ing magnet radiation ( 2-20 keV for 0.1-1 T dipoles), whereas
CSR manifests itself when the bunch length is comparable
to the wavelength of the radiation emitted. Estimates based
on taking into account the power enhancement factor

g(λ) = N
�����

∫ ∞

0∞
n(z) exp(2πiz/λ)dz

�����

2
(7)

where N is the number of particles in the bunch, n(z)
the bunch form factor and λ the radiation wavelength, show
negligible effect on the total emitted power of sycnchrotron
radiation. Another SASE undulator effect on the beam is
microbunching which is washed away in dispersive sections
and should not present a problem.
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CONCLUSION AND OUTSTANDING R&D
NEEDS

Figure 7: Steady state SASE simulations for Eγ = 335eV ,
K=10, 50x compression assuming β = 4m optics equalizing
vertical and horizontal emittance is possible.

Figure 8: Steady state SASE simulations for Eγ = 335eV ,
K=10, 20x compression assuming β = 4m optics equalizing
vertical and horizontal emittance and bunch shortening down
to 4 ps is possible.

Several issues need to be further addressed.
Although CSR should not be a limiting factor, possibilities

for other instabilities need investigation.
Electron optics design has to be performed to match the

existing beam transport. In this work power estimates were
done based on standard FODO optics with 〈β〉 = 4m. Due
to large difference in the vertical and horizontal emittances,
special optics producing round beams will improve the per-
formance. This could be achieved by emittance exchange
bewteen the vertical and the horizontal (see Fig. 7) plane
or possibly by an asymmetric low-βx optics. The energy
spread after the first focusing RF cavity is significant (5%).
This will require very large momentum acceptance optics in
the insertion. On the other hand, the performance can be im-
proved with a transverse gradient undulator [7]. Moreover, if
same current short bunch operation (∼4 ps) of a storage ring
could be achieved, the performance is improved significantly
(see Fig. 8).

With proper optimization of the layout for the X-ray wave-
length of interest to experiments, operation of ∼100m long
insertion device with longitudinal focusing as an FEL in the
present or next [8] generation of light sources producing
ps photon pulses of high peak power seems theoretically
possible. The major problem is however due to the fact that
straight sections of 100m length are not feasible in present
storage ring light sources. Thus a major step on the way
to practically implementing the proposed FEL scheme is in
R&D towards storing high current beams in storage rings.
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STATUS OF ELECTRON BEAM SLICING PROJECT AT NSLS-II, BNL∗

A. He, F. Willeke, L.H. Yu, BNL, Upton, NY 11973, USA

Abstract
The Electron Beam Slicing (e-beam slicing) at NSLS-II,

Brookhaven National Laboratory, supported by the Labora-
tory Directed Research and Development (LDRD) Program,
is focused on the development of the new method to generate
ultra-short x-ray pulses using focused short low energy (∼20
MeV) electron bunches to create short slices of electrons
from the circulating electron bunches in a storage ring. The
e-beam slicing activities are staged in 3 main phases. In
Phases 0, the theory of e-beam slicing is developed, the
low energy linac compressor is simulation designed, the
radiation separation between the satellite and core is ana-
lyzed by simulation and the properties of the e-beam slicing
system are discussed and compared with other ultra-short
x-ray sources. In Phase I, the crucial parts of the e-beam
slicing scheme will be tested experimentally which include
the micro-focusing test of low energy electron beam in space
charge dominated regime and the electron beam slicing test
using the Accelerate Test Facility (ATF) electron beam as
the high energy beam. The kick back system will be sim-
ulation designed to increase the repetition rate of e-beam
slicing system. At Phase II, the design of e-beam slicing
project at NSLS-II will be proposed. Phase 0 has completed
successfully, Phase 1 is under way. This paper presents an
update on the status of Phase 0.

INTRODUCTION
The community interested in science using sub-pic-

second x-ray pulses is growing rapidly. Laser slicing is one
of the approaches to generate ultra-short x-ray pulse [1–6].
Typically, for laser slicing the x-ray pulses are of the order of
100 fs with repetition rate of order of 1 kHz and the number
of photons per 0.1% bandwidth per pulse is of the order
of 1000. To generate ultra-short x-ray pulses with many
orders of magnitude higher repetition rate, another method
is proposed by Zholents [7, 8] using a crab cavity which
provides pulse length of order of a pic-second. It provides
a continuous stream of x-ray pulses [9] with a much higher
average flux. A new source of ultra-short x-ray pulses is
x-ray free electron laser, with the pulse energy many orders
of magnitude higher than storage ring and pulse width of
100 fs or less [10]. However, compared with the storage
ring sources, the fluctuation of the intensity and wavelength
from a SASE FEL is large, and, the repetition rate is low.
For example, the repetition rate of LCLS SASE FEL is 120
Hz [11]. Hence, even though the single pulse energy is much
lower than the SASE FEL pulse, the high repetition rate and
high pulse to pulse stability of storage ring sources continue
to attract a wide range of user interests.

∗ Work supported by DOE under contract LDRD12-023 and LDRD14-022

The electron beam slicing method [12,13] is a different
approach to generate ultra-short x-ray pulses of the order
of 100 fs pulse length. As shown in Fig. 1, when a short
electron bunch from a low energy linac (for example, 20MeV,
200 pC, 150 fs) passes 35 µm above a storage ring bunch
(30 ps) at a right angle, it kicks a short slice (∼160 fs) of
electron bunch vertically. The radiation from the short slice
is separated from the core bunch. This method has many
advantages, i.e., small space in storage ring for interaction,
very short radiation pulse length (∼160 fs), high pulse flux,
high repetition rate and high stability. We expect the new
method may provide a complimentary approach to other
ultra-short x-ray pulse sources.

Figure 1: Illustration of electron beam slicing.

THEORY OF E-BEAM SLICING

We explored the new method by calculating the angular
kick received by a high energy electron (labeled as bunch
1), generated by a point charge in the low energy linac elec-
tron bunch (labeled as bunch 2) and integrated over the 3-D
electron distribution of the low energy bunch. The result
gives the angular kick as a function of the 3-D position of
an electron in the storage ring bunch:

∆θy =
eq2Z0c
2πE1

γ2(1 − β1 β2 cos ϕ)√
γ22 (1 − cos ϕ)2 + sin2 ϕ

1
√
2σy

× fy (ρ,u1, y1)

, (1)

where fy gives the profile as a function of the high energy
electron’s position

fy (ρ,u1, y1) =∫ ∞

0
Re[W (u1 + iy)][e−(ρy−y1)2 − e−(ρy+y1)2 ]dy

(2)
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with

ρ ≡

√√
γ22

γ22 (1 − cos ϕ)2 + sin2 ϕ
·
σ2

x sin2 ϕ + σ2
z (1 − cos ϕ)2

σ2
y

y1 ≡
d − y1
√
2σy

u1 ≡
z1 sin ϕ + x1(1 − cos ϕ)√

2σ2
x sin2 ϕ + 2σ2

z (1 − cos ϕ)2

.

(3)

E1 is the energy of the storage ring electron 1, ϕ is the
crossing angle between the beam axis of the low energy
bunch and the beam axis of the high energy bunch, while
d is the vertical distance between the centres of the low
energy beam and the high energy beam. x1, y1, z1 are the
coordinates of the high energy electron, σx ,σy ,σz are the
RMS beam size of the low energy bunch. q2 is the charge
of low energy bunch, γ2 is its dimensionless energy, Z0 =
377 Ω is the vacuum impedance. W is the error function:
W (u) = e−u

2
er f c(−iu). Eq. (1) gives the angular kick as

a function of the electron’s 3-D position x1, y1, z1 in the
storage ring bunch 1. The profile function Eq. (2) describes
the profile of the slice bunch and can be used to estimate the
pulse width of the slice [14].

BUNCH COMPRESSOR SIMULATION
The estimated examples [12–14] show to obtain the suffi-

cient angular kick to separate the slicing from the core, very
short (∼ 150 fs), focused (∼ 35 µm×∼ 35 µm), high charged
(50 pC ∼200 pC) bunch is required. To reduce the cost, we
simulation designed a 5 MeV bunch compressor using BNL
photo-cathode electron RF-gun to generate a low energy
bunch with the 166 fs RMS bunch length, 28 µm and 31
µm RMS beam size in the vertical and horizontal direction
separately, with 50 pC charge [15]. To increase the repetition
rate of e-beam slicing system, we carried out a simulation
study to design a system consisting of the LBNL’s VHF gun
operating at 186 MHz with repetition rate of 1 MHz [16],
superconducting rf cavity at 1.3 GHz, several solenoids and
a compressor chicane with a matching section. The simula-
tion code used is IMPACT-T [17]. To check the effect of the
Coherent Synchrotron Radiation (CSR), we compared the
simulation results with the results when the CSR effect is
turned off in IMPACT-T, and also compared with simulation
using the code PARMELA which does not take CSR into
account [15]. Our comparison shows that the CSR effect is
negligible in our case. We carried out a multi-objective opti-
mization procedure using the genetic algorithm [18]. Some
optimized results are shown in Table. 1. For example, at 20
MeV with 200 pC charge and a 8.7 m compressor chicane,
the optimization leads to 148 fs RMS bunch length at the fo-
cal point with 46 µm, and 25 µm for horizontal and vertical
RMS beam size respectively. Fig. 2 shows the histograms of
6-D phase space at the final focus point of the compressor

with the color bar indicating the particle density. A more
detailed description is to be found in [19].

Table 1: Performances of Compressor

Case Charge Energy σL
a σH

b σV
c

[pC] [MeV] [fs] [µm] [µm]
1 150 18 130 47 28
2 200 20 148 46 25
3 200 22 128 42 25

a the longitudinal rms bunch length of the linac bunch
b the horizontal rms beam size of the linac bunch
c the vertical rms beam size of the linac bunch

Figure 2: The histograms of 6-D phase space at the final
focus point of the compressor. The color bar shows the
particle density.

PHOTON FLUX AND REPETITION RATE
If we use a 20 mm period in-vacuum-undulator of NSLS-

II as the radiator [20], the photon flux for 8 keV x-rays is
1015 photons/sec/0.1%BW for a beam current 500 mA.With
about 1000 bunches, bunch current is 0.5 mA. As an esti-
mate, for a slice of 0.3 ps out of the 30 ps core bunch length,
the slice fraction is 0.3 ps/30 ps=1%. Since revolution
time is about 2.6 µs, the single pulse photon flux is 1015 ×
0.3 ps/30 ps × 2.6 µs/1000 = 2.6 × 104 photons/0.1%BW.
If we choose a camshaft current of 3 mA, the flux can be
increase to 15.6 × 104 photons/0.1%BW.

The emittance increase sets the limitation on the repetition
rate. For a single bunch, the emittance increase due to an-
gular kicks is equal to the emittance increase rate times the
damping time. One angular kick of 5σ′y with a slice of 300
fs in a 30 ps bunch increases εy by 12%εy . With a repetition
rate of 100 Hz for a single bunch, and damping time of 10
ms, the emittance increase is 12%εy . If we distribute the
kicks uniformly over all 1000 bunches, the repetition rate
would be 100 kHz. For 100 kHz repetition rate, the photon
flux is 2.6×109 photons/sec/0.1%BW for the example above.
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For most synchrotron light source users, the requirement
on vertical emittance is not very stringent. Thus depend-
ing on the tolerance of the vertical emittance increase, the
repetition rate limit can be 100 kHz to 1 MHz at the expense
of a slightly reduced separation for the same kick.

SPECIFIC EXAMPLE
Slice Profile at Licker and Radiator

Figure 3: NSLS-II lattice (left). Phase space for y′ versus z
at the crossing point at 8.3 m right after the kick (right).

Figure 4: Phase space for (y, y′) at the crossing point right
after the kick (left) and at the radiator (right).

We use the 6-D phase space distribution shown in Fig. 2
for the low energy bunch from the linac compressor simula-
tion as an example to calculate the slice profile. The formula
for angular kick gives the optimum vertical distance from the
linac beam to the storage ring beam as 35 µm. To improve
angular separation of the slice from the core, we should
choose the crossing point in the storage ring with maximum
βy to minimize the core vertical divergence. In the mean-
time, to reduce the slice pulse length, we need to minimize
βx . This criterion leads us to choose the slicing point at the
position of either about 8.3 m (point A) or 19.3 m (point
B) in the left plot of Fig. 3 where βx = 3.8 m, βy = 25 m.
These two positions have vertical betatron phase advances
from the radiator U20 at position 26 m of about 125◦ and 88◦
respectively. Using the 6-D distribution of the linac bunch at
the final focus point shown in Fig. 2, we calculate the angular
kick received by particles in the storage ring bunch after the
crossing and plot the phase space distribution. In the right
plot of Fig. 3 we show the phase space for y′ versus z right
after the kick with crossing point at 8.3 m. In the left plot
of Fig. 4, we show y′ versus y at the crossing point at 8.3 m,
right after the kick. The right plot of Fig. 4 gives the phase
space plot of y versus y′ at the radiator at 26 m. The right

plot of Fig. 3 shows a thin slice is kicked up right after the
crossing, while the left plot of Fig. 4 shows how the slice is
separated from the core in (y, y′) phase space, right after the
kick. The right plot of Fig. 4 shows the same phase space
after a 125◦ phase advance at the radiator. The transport of
phase space distribution is carried out by the tracking code
"ELEGANT" [22]. The phase space rotation is such that
the slice can be separated from the core both angularly and
spatially.

Figure 5: Compare phase space distribution in (z, x) plane
and (z, y′) plane for 90◦ and 45◦ respectively.

Table 2: Quantitative Comparison of 90◦ and 45◦ Crossing
Angle

σt
σy,slice
σy,core

slice fraction εy,slice
εy,core

∆y
σy,core

[fs] [µm/µm] [%] [pm/pm] [pm/pm]
90◦ 320 12.5/3.3 2 43.7/10 38/3.3
45◦ 150 7.03/3.3 1 22/10 29/3.3

The RMS slice length in this case is 320 fs, much larger
than the linac bunch length of 128 fs. This is because the
horizontal crossing time at the interaction point at 8.3 m
in Fig. 3. It is possible to reduce the pulse length due to
the crossing time by reducing the crossing angle [14]. The
simulation shows the bunch length is reduced to 150 fs at
the expense of only a small reduction of spatial separation
from 38 µm to 29 µm. In Fig. 5 we compare the phase space
distribution for the 90◦ crossing and 45◦ crossing. The left
plot is for the (z, x) phase space with the colour scale repre-
senting the kick angle, clearly showing the tilted distribution
for the case of 90◦ gives longer pulse length in z direction.
In the right of the plot we give the distribution in (z, y′)
plane, showing clearly the reduction of pulse length for 45◦
crossing. Table. 2 gives the comparison of quantitative anal-
ysis of these two cases. The RMS pulse length of the slice
is reduced from 320 fs to 150 fs when crossing angle is 45◦.
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Table 3: Separation Performances of Hard X-ray Synchrotron Radiation from Electron Beam Slices

separate type Flux/pulsea Fluxb Peak Intensity SNR τc

[photons/0.1%bw] [photons/sec/0.1%bw] [photons/sec/0.1%bw/mm2] [fs]
90◦ spatial+angular 10 × 103 10 × 108 2.1 × 1010 12 320

spatial 18 × 103 18 × 108 6.5 × 1010 5 320
45◦ spatial+angular 5 × 103 5 × 108 1.1 × 1010 8d (2.6) 150

spatial 5 × 103 5 × 108 3.6 × 1010 8e (2.7) 150

a assume NSLS-II’s revolution time is about 2.6 µs, then Flux/pulse= Power×2.6 µs
b assume the repetition rate of the low energy linac is 100 kHz, then Flux=Flux/pulse×100 kHz
c radiation pulse length
d with 10 ps of the detector’s time resolution
e with 10 ps of the detector’s time resolution

Figure 6: Optical scheme of e-beam slicing beamline.

Radiation Separation
The thin slice bunch and core bunch pass through the 3 m

long U20 in-vacuum undulator and radiate x-ray pulses of
length 150 fs−320 fs (depending on the crossing angle) and
30 ps respectively. Due to the spatial and angular differences
in vertical phase space of the two bunches, the very short,
satellite hard x-ray radiation can be separated from the core
bunch radiation with sufficient signal to noise ratio (SNR).
We propose a conceptual optical scheme [23] shown in Fig. 6
allowing for the separation of the satellite radiation from
the core. To get reliable estimates of the separation perfor-
mances, a wavefront propagation study was performed using
the ŞSynchrotron Radiation WorkshopŤ (SRW) physical
optics computer code [24].
Two methods are used to separate the radiations. One is

the pure spatial separation, and the other one is the spatial
and angular hybrid separation [13]. The separate perfor-
mances on the observation screen is shown in Table. 3. For
example, at 90◦ crossing angle, using spatial and angular
hybrid separation, the separate SNR is 12 and the flux per
pulse reaches 10000 photons/0.1%BW at the expense of rel-
atively longer 320 fs pulse length. Since the repetition rate
can reach 100 kHz, the average flux per second for this case
can reach 1 × 109 photons/sec/0.1%BW. At 45◦ crossing
angle, the satellite hard x-ray pulse 150 fs is much shorter.
The smaller angular kick results in a smaller SNR at 2.7.
However, If a fast detector with a time resolution around sev-
eral picoseconds is used in the femtosecond x-ray diffraction
experiment, SNR can increase significantly [13].

CONCLUSION
These results presented have clearly confirmed the feasi-

bility of electron beam slicing approach as a new method of

the generation of short x-ray pulses. Experimental tests are
scheduled in the next future.
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AT KYOTO UNIVERSITY 
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Institute of Advanced Energy Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan  
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Abstract 
We are developing a compact accelerator based 

terahertz (THz) radiation source by free-electron laser 
(FEL) at the Institute of Advanced Energy, Kyoto 
University. The system consists of a 1.6-cell S-band 
BNL-type photocathode RF-gun, a focusing solenoid 
magnet, a magnetic bunch compressor, focusing 
quadrupoles and an undulator. The system will generates 
an ultra-short electron pulse in a few hundred 
femtoseconds shorter than radiation wavelength, 
expecting for a super-radiant emission from the undulator. 
The target radiation wavelength is 100 to 300 μm. A 
tracking simulation and optimization are performed by 
using PARMELA and General Particle Tracer (GPT) 
code. The FEL radiations are analyzed by a 1 dimensional 
FEL theory. The design parameters, simulation results 
and status are reported and discussed in this paper.  

INTRODUCTION 

A new compact terahertz radiation source is under the 
development at the Institute of Advanced Energy, Kyoto 
University. The system was designed to be simple, 
compact and economical aimed using for scientific 
researches or industrial applications. The system consist 
of a 1.6-cell S-band BNL-type photocathode RF-gun, a 
focusing solenoid magnet, a 4-dipole magnetic chicane 
bunch compressor, quadrupole magnets, a planar halbach 
undulator and a photocathode drive laser system. 
Currently, the RF-gun, the undulator and the laser system 
have been prepared. The magnetic chicane and the 
quadrupoles are newly designed components. The system 
is located in the same accelerator room with Kyoto 
University Free-Electron Lasers (KU-FEL) [1]. The 
schematic view of the proposed system is shown in Fig. 1.  

 

 
 

Figure 1: Schematic view of the compact THz-FEL 
system at Institute of Advanced Energy, Kyoto University. 

BEAM DYNAMIC STUDY 
The multi-particle beam dynamics was investigated by 

numerical simulation using PARMELA [2] and GPT [3]. 
Both codes track particles in the 6-dimensional phase 
space including the space-charge effect. The simulation of 
the RF-gun was performed by PARMELA. Then the 
results are converted to GPT file format and used as the 
input for the beam dynamics simulations from the RF-gun 
exit to the end of the undulator by GPT. The parameters 
of the system was optimized to provide the electron beam 
with a high peak current, a small beam size and a low 
energy spread suitable for the FEL radiation generation 
inside the undulator. 

For the simulation of multi-particle beam dynamics, 
10,000 macro particles per 2,856 MHz with the total 
charge of 100 pC are assume to be emitted from 
photocathode plug illuminated by the lasers.  

Photocathode RF-gun 
The 1.6-cell S-band BNL-type photocathode RF-gun, 

which was manufactured by KEK since 2008, is a new 
adoption component of the laboratory. The RF-gun 
performances have been studied by numerical simulations 
in [4]. In this study, this RF-gun numerical model is used.  

The photocathode RF-gun is illuminated by a pico-
seconds mode-locked Nd:YVO4 UV laser system [5]. The 
laser system consists of an acousto-optic modulator, beam 
position stabilizer, two of double pass amplifiers, SHG 
and FHG crystals. The cathode plug was made from 
copper and loaded to the RF-gun by a load-lock system. 
The quantum efficiency (QE) of the cathode plans to be 
improved by coating the cathode surface with Cs and Te.  

For the simulation, the RF-gun operates at a high 
accelerating condition with average accelerating voltage 
of 80 MV/m in order to reduce the space-charge effect. 
The accelerating field ratio between half-cell and full-cell 
are assumed to be 1:1. We made several calculations and 
concluded that the lasers are injected at a low accelerating 
phase which provides a lower energy spread and a better 
linearization of an energy chirp. The laser profiles are 
Gaussian distribution in both transverse and longitudinal 
with specified cut-off limits. The simulation parameters of 
the RF-gun are listed in Table.1. 

Quadrupoles 

Undulator 

Magnetic
Chicane 

Solenoid 

RF-gun 
Q1 Q2 
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Table 1: The Photocathode RF-gun Parameters 

RF-Gun Parameters Values 

Type 
 
Accelerating field  
Bunch charge  
Solenoid field strength 
Laser type 
 
 
Laser longitudinal length 
Laser transverse size 
Laser injection phase 

1.6-cell S-band BNL 
type photocathode  
80 MV/m (avg) 
100 pC 
1,800 G 
Forth harmonics of 
pico-seconds mode-
locked Nd:YVO4 
rms 6.2 deg, max 12 deg 
max radius 1 mm. 
12 deg 

 
Magnetic Chicane 

The magnetic chicane bunch compressor which consists 
of 4-rectangular H-type dipole electromagnets is a newly 
designed. The chicane creates an energy dependent path 
inside where the path length of electrons with higher 
momentum is shorter than electrons with lower 
momentum. Consequently, the electron bunch become 
shortens in the longitudinal leading to increasing of the 
peak current. The schematic of the magnetic chicane is 
shown in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Schematic of the magnetic chicane. 
 

Table 2: The Magnetic Chicane Parameters 

Magnetic Chicane Parameters Values 

1st order momentum compaction (R56) 
Deflection angle 
Energy slits - Slit width 
                    - Offset from centre 
Magnets - Geometrical length 
               - Distance between magnets 
               - Magnetic field 
               - Coil current 

 -113.5 mm. 
 29.5 deg. 
2 mm 
112.2 mm 
75 mm. 
125 mm 
0.168 T 
1969.6 A-turns 

 
The energy slits consist of two metal plates whose 

positions can be adjusted in horizontal axis. The slits are 
placed between the 2nd and 3rd magnet to remove 
electrons which do not contribute to the FEL radiation. 
The deflection angle of the chicane can be varied from 0 
to 35 degree. The optimized chicane parameters given by 

simulation corresponding to the RF-gun parameters are 
shown in Table. 2. 

Undulator and THz-radiation 
The undulator for the compact THz-FEL is a planar 

Halbach type, an adjustable gap and a deflection plane in 
vertical. Since the electron bunch will be shorter one and 
the radiation wavelength is very long in our case, the 
slippage effect is significant which cause FEL interaction 
only a few period of the undulator. Therefore the short 
undulator period of 10 has been chosen. The quadrupoles 
are installed upstream the undulator to focus an electron 
beam to the undulator. The undulator parameters are 
listed in Table. 3. The THz-radiations are generated by 
injecting an ultra-short electron bunch to the undulator. 
When the electron bunch length is significantly shorter 
than the FEL wavelength, each individual electron moves 
sinusoidal and emits the radiation in almost the same 
phase called “super-radiation”. The power of super-
radiation, Psr, can be estimated by the 1-dimensional FEL 
theory [6]   

 

௦ܲ ൏ ሺ4ߨ
್
ఒೞ
ܾሻଶߩଷ ܲ , 

 
where lb is the bunch length, s is the undulator resonance 
wavelength, b is the bunching factor	ܾ ൌ 	 ห〈݁ఏ〉ห where θ 
is the phase of the electrons inside the FEL radiation 
wave, ρ is the FEL parameter and Pe is the power of the 
electron beam.  
 

Table 3: The Undulator Parameters  

Undulator Parameters Values 

Type 
Number of period 
Period length  
Undulator gap 
Peak magnetic field 
Undulator parameter (K) 
FEL resonance wave length 
Quadrupole magnetic field gradient 
(T/m) 

Plannar Halbach  
10 periods 
70 mm. 
40 mm. 
0.275 T 
1.802 
244 µm 
Q1 = 1.4, Q2 = -
2  

SIMULATION RESULTS 
For the RF-gun section, PARMELA simulation has 

been performed to obtain the electron bunch with a linear 
energy chirp which is suitable for the bunch compression 
by the chicane. The energy time phase-space, the current 
profile and the transverse phase-space the electron bunch 
at the RF-gun exit are shown in Figs. 3 and 4. The 
FWHM bunch length and the peak current are 4 ps and 
24.4 A. The transverse phase spaces of both horizontal (x 
axis) and vertical (y axis) are the same.  

At the undulator entrance, GPT simulation has been 
performed to optimize the chicane parameter. The 
FWHM bunch length reduces to 0.4 ps, the peak current 
is up to 90 A and the bunching factor is 0.26. The bunch 

Energy 

Time 

tail 

head 

Energy-time phase space  

 
  

 
 

Energy slits 

Bending  
magnets  

Gap 

Electron 
beam

High energy path 

Low energy path  
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charge reduces to about half of the initial bunch charge 
because of the energy slits. The energy time phase-space, 
the current profile and the transverse phase-space at the 
the undulator entrance are shown in Fig. 5, 6. The 
electron beam properties are listed in Table 4.  

 

 
Figure 3: Energy time phase-space (a) and current profile 
(b) at the RF-gun exit (PARMELA simulation results). 

Figure 4: Transverse phase-space in x-x′ and y-y′ at the 
RF-gun exit (PARMELA simulation result). 

 
Figure 5: Energy time phase-space (a) and current profile 
(b) at the undulator entrance. 

 

 
Figure 6: Transverse phase-space in x-x′ (a) and y-y′ (b) 
at the undulator entrance (GPT simulation result). 
 

The rms beam size, transverse and longitudinal 
normalized rms emittances of the whole system are 
shown in Figs. 7, 8 and 9. The undulator has a strong 
focusing in horizontal (non-deflection plane) and no 
focusing in vertical (deflection plane). The average 
horizontal and vertical rms beam sizes of the beam inside 
the undulator are 0.59 mm and 0.32 mm, respectively.  

 
Figure 7: RMS beam size (GPT simulation results). 
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Figure 8: Transverse normalized rms emittance (GPT 
simulation results). 
 

 
Figure 9: Longitudinal normalized rms emittance (90% of 
particles of the bunch, GPT simulation results). 
 

Table 4: Summary of the Electron Beam and the THz 
Radiation Properties  

Parameters Values 

RF-gun exit  
Beam energy - Average  

                   - Maximum 
                   - Minimum 

RMS Energy spread  
Bunch length (FWHM) 
Bunch charge 
Peak current 
RMS beam size (mm) 
Normalized RMS emittance 
(mm mrad) 
 

 
7.02 MeV 
7.15 MeV 
6.94 MeV 
0.61 % 
4 ps 
99.9 pC 
24.4 A 
σx =0.17, σy = 0.17 
 y̅ = 1.29ߝ  ,x̅ = 1.27ߝ

Undulator Entrance 
Beam energy  
    - Average  

- Maximum 
- Minimum 

Energy spread 
Bunch length (FWHM) 
Bunch charge  
Bunching factor 

 
 

7.04 MeV 
7.15 MeV 
6.93 MeV 
0.89 % 
0.4 ps 
48.6 pC 
0.26 

Peak current 
RMS beam size (mm) 
Normalized RMS emittance  
(mm mrad) 
 
THz-radiation 
Radiation wavelength 
FEL parameter 
Super-radiation power 

93.7 A 
σx = 0.66 , σy =  0.46 
 y̅ =  2.2ߝ  , x̅ = 8.9ߝ
 
 
 
244 μm 
0.0243 
0.078 MW 

CONCLUSION 

The multi-particle beam dynamics of the compact THz-
FEL has been investigated by the numerical simulations. 
The electron bunch at the undulator entrance has the 
average energy of 7.04 MeV, the energy spread of 0.89%, 
the bunch length of 0.4 ps, the peak current of 93.7 A, the 
bunching factor of 0.26 and the average rms beam radius 
inside the undulator of 0.67 mm. The calculated FEL 
parameter is 0.0243. Such a beam will provide the super-
radiation power of 0.078 MW for the wavelength of 244 
µm. A seeding FEL scheme [7] is also under 
consideration to obtain a high power FEL. 
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Laboratory for Electron Beam Research and Application, Nihon University, Chiba, Japan 

H. Zen, T. Kii, H. Ohgaki, Institute of Advanced Energy, Kyoto University, Kyoto, Japan 

T. Sakae, Nihon University School of Dentistry at Matsudo, Chiba, Japan 

Abstract 

The free electron lasers (FELs) of the Laboratory for 

Electron Beam Research and Application (LEBRA), 

Nihon University and of Kyoto University (KU) were 

combined to produce tunable FEL wavelengths from the 

visible to the mid-infrared region (0.4–20.0 µm). We have 

previously verified that visible light from the LEBRA-

FEL can control the germination of lettuce seeds, a well-

known photochemical reaction in plants. We found that 

red light (660 nm FEL) promotes the germination and far-

red light (740 nm FEL) inhibits it. In this article, we 

further examine the photochemical effects on lettuce seed 

germination of various wavelengths from visible to mid-

infrared generated by combining the two FELs. The red 

spectra of FEL ranging from 600 to 680 nm (activity 

peak: 660 nm) promoted germination at an activity level 

of over 40%, whereas the far-red spectra of FEL from 700 

to 760 nm (activity peak: 740 nm) inhibited germination 

at a similar activity level. For the other wavelengths 

examined, we did not observe the promotion or inhibition 

of seed germination at an activity level of more than 40%. 

However, the unique characteristics of the combination of 

two FELs may prove to be a useful tool because of its 

high pulse radiation energy, narrow spectral half-

bandwidths, and tunable wavelengths from visible to mid-

infrared. It may allow the identification of novel 

photochemical reactions in living organisms. 

INTRODUCTION 

In 2001, the Laboratory for Electron Beam Research 

and Application (LEBRA) achieved the first lasing of 

0.9–6.5 µm, in the near- and a small part of the mid-

infrared regions of free electron lasers (FELs), in which 

higher harmonics were generated by using nonlinear 

optical crystals. Now, the FELs cover a wide range of 

wavelengths from visible to mid-infrared regions from 

400 nm to 6.5 µm [1]. In 2012, the Institute of Advanced 

Energy in Kyoto University (KU), succeeded in 

producing a FEL (KU-FEL) that covered a large part of 

the mid-infrared region, and its high-energy and tunable 

wavelengths have recently been extended from 5 to 20 µm [2]. Following these breakthroughs, we have focused 

on using both these FELs for investigating photochemical 

reactions in living organisms. In 2013, we verified that 

the visible LEBRA-FELs can control the germination of 

lettuce seeds, a well-known photochemical reaction in 

plants [3, 4], and showed that red light (660 nm FEL) 

promotes germination, whereas far-red light (740 nm 

FEL) inhibits it [5]. We also found that the FEL treatment 

was still effective when using neutral density filters to 

reduce radiation energy at 660 nm and 740 nm to as low 

as about 0.05 µJ/pulse (10 min irradiation) and about 0.63 µJ/pulse (10 min irradiation), respectively [5].  

The aim of this study is to determine the photochemical 

efficiency in lettuce seed germination tests of the tunable 

wavelengths of FEL from 400 nm to 20 µm, generated by 

combining the two FEL facilities at LEBRA and KU [1, 

2]. The results showed that lettuce seed germination was 

promoted when the seeds were irradiated by the red FEL 

spectra from 600 to 680 nm and inhibited by the far-red 

FEL spectra from 700 to 760 nm. The activity levels that 

corresponded to the photochemical efficiency were more 

than 40% for the promotion and inhibition. For the more 

than 25 other FEL wavelengths examined, ranging from 

visible to mid-infrared regions, photochemical 

efficiencies of less than 40% activity was observed for 

promoting and inhibiting lettuce seed germination. 

MATERIALS AND METHODS 

Lettuce Seeds and Imbibition 

Lettuce seeds (Lactuca sativa L.) from the Red Wave 

cultivar (a leaf lettuce) were obtained from a commercial 

supplier (Lot Nos. 546427 and 546430; Sakata Seed Co., 

Yokohama, Japan) and were used within the 

recommended period. Prior to irradiation experiments, the 

seeds were imbibed, as described in our previous report 

[5]. 

Setup of FEL Irradiation Systems 

The setups of the LEBRA-FEL and KU-FEL irradiation 

systems are shown in Figure 1 (A-1 and B-1). The sample 

stages for the FEL irradiation experiments are shown in 

the magnified views (A-2 and B-2). In the sample stage, 5 

or 6 lettuce seeds can be irradiated at once. A set of 

typical germination results at a wavelength of 690 nm is 

shown in Figure 2 (A and B). 

Radiation Sources 

We use the definitions in the Photonics Spectrum 

Reference Chart (Laurin Publishing, Pittsfield, MA) 

relating to ranges for the visible (400–750 nm), near- 

infrared (750 nm to 3 µm), and mid-infrared spectra (3-30 
 ___________________________________________  
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Figure 1: Setup of the two irradiation systems: LEBRA-

FEL (A-1; view from front) and KU-FEL (B-1; view from 

top). Parts shown in yellow ovals in A-1 and B-1 are the 

sample irradiation stages, both of which are enlarged in 

A-2 and B-2, respectively. The inset (A/B-3) shows the 

hollow 6 mm in diameter where five lettuce seeds can be 

placed. Each path for the given wavelengths, indicated by 

red arrows, can irradiate the seeds on the sample stage. 1: 

flat mirror (Sigma-Koki); 2: lens (Sigma-Koki); 3: photo 

seed germination apparatus; 4: safety light-1; 5: laser 

power/energy meter (FieldMaxII-TOP); 6: detector cards 

(left: visible, right: infrared; Edmund Optics, Inc., Tokyo, 

Japan); 7: infrared conversion viewer (Newport Corp.); 8: 

output port of the FEL beam transport; 9: off-axis 

parabolic mirror (Sigma Koki);10: safety light-2; 11: 

safety light-3. 

 

Figure 2: Examples of 690 nm FEL irradiation 

experiments. A: Inhibition experiment. B: Promotion 

experiment. Prior to 690 nm FEL irradiation, the seeds 

were depleted of active materials by exposure to LEDs. 

Agar plates were divided into eight blocks: No. 1–4 for 

irradiation experiments, No. 6 and 7 for controls. Five 

developmental stages (St. 0–4) defined previously [5] 

were used to evaluate the irradiation experiments. Scale 

bars = 10 mm 

 µm). The LEBRA-FEL can generate visible, near-

infrared, and part of the mid-infrared spectra. The KU-

FEL can produce a large part of the mid-infrared spectra. 

We collaborated closely on the specifications for the 

irradiation light sources, particularly for the longer 

wavelengths in the mid-infrared region. The typical beam 

parameters of the two FELs have been described 

previously [1, 2], in which the FEL radiation energies 

could be reduced by combined neutral-density glass filters 

(Kenko Tokina Co. Ltd., Tokyo, Japan) or a polarizing 

filter (WP25H-K, Thorlabs Inc, Newton, NJ). The 

irradiation energies used here are listed in Table 1 and 

typical half-bandwidths have been reported previously 

[5]: 8 nm for the 660 nm FEL, and 16 nm for the 735 nm 

FEL. The radiation power is measured by a power meter 

(FieldMaxII-TOP, Coherent, Inc., Portland, OR), a 

pyroelectric energy detector (818E-20-50S, Newport 

Corp., Irvine, CA), or a multi-function optical meter 

(1835-C, Newport Corp.). 

Depletion of Active Materials in Seeds 

After imbibition for a given time (usually 50 min [5, 

6]), the seeds were depleted of the naturally occurring 

active materials that accumulate during seed storage [7]. 

To deplete the active material produced in response to red 

light, the seeds were exposed to far-red FEL. Then to 

deplete the active material produced in response to far-red 

light, the seeds were exposed to red FEL [5]. These 

characteristics were manipulated by a 10 min exposure to 

660 or 735 nm light-emitting diode (LED) light, both of 

which were installed in a photo seed germinating 

apparatus (GR-8, Shimadzu Rika Co., Tokyo, Japan). This 

apparatus is designed specifically for lettuce seed 

germination tests: it contains a row of small, divided 

sections with built-in LED lighting sources and each 

section can be separately illuminated by 735, 660, 505, or 

470 nm LEDs. To deplete the naturally occurring active 

materials, conditions for pre-exposure to LEDs were 

chosen based on the manufacturer’s instructions. After a 

50 min imbibition, the seeds were sown on two layers of 

washed filter paper in glass Petri dishes (4.5 × 4.5 cm, 2 

cm deep), and were immediately transferred to the 

chambers (6 × 6 cm, 3 cm deep) of the photo seed 

germination apparatus. The seeds were pre-exposed for 10 

min to red or far-red light at 25.0 °C. The seeds were then 

irradiated for 5 min at a given FEL wavelength to 

determine whether the wavelength can promote or inhibit 

germination of the lettuce seeds. 

FEL Irradiation Experiments and Germination 

Tests 

About thirty-five seeds were exposed to red (660 nm) 

or far-red (735 nm) LED light for at least 10 min in the 

photo seed germination apparatus, and were then removed 

one by one from the Petri dishes with fine forceps. The 

seeds were immediately placed in a sample irradiation 

glass stage (1.5 × 1.5 cm) with a small hollow 6 mm in a 

diameter, which was large enough to place 5-6 seeds in 

without touching (Figure 1; enlarged view of A/B-3). The 

FEL irradiation experiments did not exceed 2 h [5, 6], 

including time for imbibition, pre-exposure with LED 

(usually 10 min), and irradiation time (5 min). These FEL 

irradiation experiments were repeated three or four times. 

Controls were taken at the beginning and the end of the 

irradiation experiments. To achieve continuous incubation 

under oxidative conditions, immediately following 

irradiation, the seeds were moved from the sample stage 

to a 7 cm Petri dish, which had been prepared with 0.4% 

agar in distilled water. Unirradiated control seeds were 

TUP060 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

506C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Applications



also transferred. Each Petri dish was shielded from light 

by wrapping in a double sheet of aluminum foil, and then 

incubated at 25.0 ± 0.5 °C in a climatic test chamber 

(Atmos Chamber MTH-2200; Sanyo, Osaka, Japan) or an 

incubator (SLC-25A, Mitsubishi Corp., Tokyo, Japan). 

The germination processes were recorded and evaluated 

within 20–24 h of incubation under a dissection 

microscope. All handling was performed in darkness or 

carried out under safety lights (white lights) covered with 

band pass filters (BPB-45 or BPN-50, Fujifilm Corp., 

Tokyo, Japan), as well as green LEDs (4 units; 520 nm 

spectrum, half-bandwidth; 30 nm). Either of the two kinds 

of band pass filters was fixed on the front of a white light 

(0.5 W-LED, Panasonic Co., Tokyo, Japan). The safety 

lights had no effect on the seed germination for up to 20 

min irradiation. This means that under the safety lights, 

the seeds can be manipulated without being affected by 

the light during the operations (usually not exceeding 5 

min). The installation of the safety lights is shown in 

Figure 1. 

Evaluation 

Except for observing and evaluating the state of 

germination, all other operations were carried out in 

darkness or under the safety lights. To evaluate the 

irradiation experiment results, the seed germination 

processes were determined and divided into five 

developmental stages (St. 0–4) within 20–24 h of 

incubation [5]. Figure 2 shows an example of the 

irradiation experiments at a given FEL wavelength. To 

evaluate effectiveness of the FEL irradiation experiments 

simply, we further divided the five developmental stages 

into two groups: one includes seeds at stages St. 0–2, and 

the other includes seeds at stages St. 3 and 4. This made 

evaluating the efficiency of FEL easier, because almost all 

the seeds normally develop to St. 4 within 20–24 h 

incubation at 25 °C in the dark. The seeds in the first 

group (St. 0–2) showed little or no activation in the 

promotion experiments, whereas the seeds in the second 

group (St. 3 and 4) showed activation in the promotion 

experiments. This was reversed for the inhibition 

experiments. 

RESULTS AND DISCUSSION 

One of the most important prerequisites is to switch the 

seeds into either of the two active states of germination, 

promotion or inhibition, so that the seeds fully respond to 

the photo-potential of a given wavelength of light. In the 

promotion experiments, the active materials produced by 

red light were depleted by irradiating some of the seeds 

with far-red light, and then the response of the seeds to 

various wavelengths of light was examined. In contrast, in 

the inhibition experiments, the active materials produced 

by far-red light were depleted by irradiating some of the 

seeds with red light, and then the response of the seeds to 

different wavelengths was examined. The reversibility of 

the active states of promotion and inhibition produced by 

red light and far-red light, respectively, was repeatedly 

demonstrated by far-red FEL and red FEL in our previous 

report [5]. Other studies have shown that LEDs can 

retrieve the reversibility of photoreactions in lettuce seed 

germination [8] in the same manner as fluorescent lights, 

sodium light illuminators, and incandescent lights. 

Therefore, instead of FEL irradiation, we prepared the 

two photosensitive states of lettuce seeds by exposing 

them to either red (promotion) or far-red (inhibition) LED 

light. Both the seed lots used here showed high 

photosensitive states: the activity levels of promotion or 

inhibition exceed 93%. This means that the seed were 

sufficient to determine whether the FEL spectra, ranging 

from visible to mid-infrared, affect the seeds. 

Efficiencies of Visible Spectra 

The results of the irradiation experiments at visible 

wavelengths are summarized in Table 1. The active 

wavelengths for promoting seed germination are 600–680 

nm (>40% promoting activity) and those for inhibition are 

700–780 nm (>40% inhibiting activity). The values of 

inhibition and promotion given in Table 1 are plotted to 

show the typical apparent patterns of the effectiveness of 

wavelengths for lettuce seed germination (Figure 3). 

Interestingly, there are two active peaks for inhibition, 

which resemble the typical color curve of red-absorbing 

materials, as reported by Hartmann and Mollwo [7], who 

used a xenon arc cinema projector as a lighting source. 

Furthermore, the wavelengths at 410 nm and 500 nm 

seemed to be effective in germination of the lettuce seeds, 

which are consistent with previous work [9] although 

further FEL experiments are required. 

 

Figure 3: Action spectra for promotion (red line) and 

inhibition experiments (blue line) constructed from the 

data shown in Table 1. Activity levels over 40% are 

recognized as effective. 

Efficiencies of Near- and Mid-Infrared Spectra 

Based on reviews covering recent biological 

applications of infrared radiation sources [10], some 

studies of the biological and biomedical effects of infrared 

spectra have been published [10], and it is a promising 

treatment for certain medical and scientific fields [10]. We 

intend to use near- and mid-infrared radiation sources to 

identify the biological effects of radiation on cells, tissue, 

and small living organisms. Therefore, our initial work 

has focused on irradiating lettuce seeds, the germination 
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of which can be easily controlled by visible light exposure 

and can be evaluated within a day. Table 1 also 

summarize the efficiencies of near-infrared and mid-

infrared irradiation, respectively. Even using high 

radiation energies, activities of over 20% for either 

promotion or inhibition were not detected. Under these 

conditions, heat effects are negligible because both 

LEBRA-FEL and KU-FEL use discontinuous pulsed 

spectra of 2 and 1 Hz, respectively, rather than continuous 

pulsed spectra. Even increasing the irradiation time from 

5 min to 10 or 20 min for the 9 µm FEL and 20 µm FEL 

did not affect the spectra with over 20% activity (data not 

shown here). 

Finally, we would like to propose here that new 

photochemical techniques with tunable wavelengths (0.4–

20 µm) produced by combined use of LEBRA-FEL and 

KU-FEL (and other FELs in the future) may offer a useful 

tool for investigating photo-triggered biological systems, 

including the nervous system, in living organisms.  
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Table 1: Effect of Visible, Near-Infrared and Mid-

Infrared Spectra (1)  on Lettuce Seed Germination  

FEL µm 

Inhibition Promotion Evaluation(2) % 
Energy µJ/pulse 

St. 

0-2 

St. 

3-4 

St. 

0-2 

St. 

3-4 
Inhi- 

bition 

Promo- 

tion 

0.41 2 19 10 9 9.5 47.4 11.7 
0.44 1 20 15 5 4.8 25.0 12.5 

0.47 2 19 17 3 9.5 15.0 12.5 

0.50 6 10 17 0 37.5 0.0 9.5 
0.53 6 13 20 2 31.6 9.1 18.4 

0.56 3 15 13 7 16.7 35.0 23.7 

0.60 1 23 10 15 4.2 60.0 3.2 
0.63 0 17 5 19 0.0 79.2 3.2 

0.66 0 22 2 22 0.0 91.7 7.8 

0.68 0 17 2 14 0.0 87.5 3.3 
0.69 6 17 15 8 26.1 34.8 5.2 

0.70 11 11 20 2 50.0 9.1 9.2 

0.72 4 12 17 0 25.0 0.0 11.1 
0.74 17 7 26 3 70.8 10.3 17.7 

0.76 10 6 16 0 62.5 0.0 10.7 

0.80 0 16 17 0 0.0 0.0 19.4 
0.85 0 15 13 1 0.0 7.1 22.3 

0.90 3 20 22 2 13.0 8.3 14.0 

0.95 2 22 21 3 8.3 12.5 4.8 
1.0 1 21 22 1 4.5 4.3 10.5 

2.0 3 21 24 0 12.5 0.0 175 
3.0 5 23 25 2 17.9 7.4 600 

4.0 3 22 26 0 12.0 0.0 650 

5.0 5 22 30 0 18.5 0.0 700 
6.0 3 19 24 1 13.6 4.0 325 

7.0 3 12 13 2 20.0 13.3 319 

9.0 2 16 17 3 11.1 15.0 350 
11.0 1 11 14 0 8.3 0.0 308 

13.0 1 21 19 1 4.5 5.0 350 

15.0 4 17 18 2 19.0 10.0 350 
17.0 1 14 14 1 6.7 6.7 304 

19.0 4 16 19 1 20.0 5.0 350 

20.0 0 20 20 2 0.0 9.1 300 

(1) Wavelengths from 0.41 to 3 µm were generated by 

LEBRA-FEL and those from 7 to 20 µm were 

generated by KU-FEL. 
(2) The effects of the irradiation experiments are 

denoted by numbers of seeds counted and evaluated by 

lettuce seed developmental stages [5], and expressed in 

percentages calculated by following formulas: 

Inhibition (%) = a/(a + b) × 100, where a is the number 

of seeds at St. 0–2 and b is the number of seeds at St. 

3–4. Promotion (%) = c/(c + d) × 100, where c is the 

number of seeds at St. 0–2 and d is the number of seeds 

at St. 3–4. 
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NARROW LINEWIDTH, CHIRP-CONTROL AND RADIATION 
EXTRACTION OPTIMIZATION IN AN  

ELECTROSTATIC ACCELERATOR FEL OSCILLATOR 
H. Marks*, A. Gover, H. Kleinman, J. Wolowolsky, Tel Aviv University, Israel 
D. Borodin, M. Einat, M. Kanter, Y. Lasser, Yu. Lurie, Ariel University, Israel 

Abstract 
In recent years the electrostatic accelerator FEL based 

in Ariel has undergone many upgrades. By varying the 
accelerating potential the resonator allows lasing between 
95-110 GHz. It is now possible to remotely control the 
output reflectivity of the resonator and thereby vary both 
the power built up in the resonator and that emitted. This 
has allowed fine control over the power for different user 
experiments. A voltage ramping device has been installed 
at the resonator/wiggler to correct drops in voltage which 
occur due to electrons striking the walls of the beam line. 
This has allowed stable pulses of just over 50 μs with a 
chirp rate of ~80 kHz/μs. 

INTRODUCTION 
The Israeli Electrostatic Accelerator FEL (EA-FEL) is 

one of the few FEL oscillators besides the UCSB FEL [1] 
that can operate quasi-CW. The Dutch FOM operated 
along similar principles and at higher power but has since 
been dismantled [2]. It is most fitting for studying the 
physics of single mode laser oscillation and developing 
narrow line-width high power applications in the mm-
wave/THz regime, it has in an earlier configuration 
displayed particularly narrow line-width for an FEL [3]. 

The EA-FEL is a straight-line Van-de-Graaff ion 
accelerator. It was converted into an energy-retrieving 
electron accelerator. The electron beam is injected from a 
50 keV electron-gun into the accelerator from ground 
potential. The beam is accelerated up to the positively 
charged high-voltage (HV) terminal in the center of the 
pressurised gas tank. An FEL wiggler/resonator assembly 
is installed in the HV terminal. After passing through the 
wiggler in the terminal, the beam is decelerated and 
transported in a straight line up to the collector. The mm-
wave radiation, coupled out of the FEL resonator in the 
terminal, is guided through an optical transmission line 

 The laser was upgraded and is now providing longer 
higher power pulses (up to 50 s) to a user room. A 
variable cavity radiation out-coupler was installed as the 
front mirror of the laser cavity. It is useful for realizing 
the concept of radiation power extraction maximization of 
an FEL oscillator [4]. A voltage ramp generator that was 
installed in the accelerator terminal made it possible to 
stabilize the voltage of the resonator/wiggler assembly 
during the laser pulse, and in this way to attain longer 
laser pulse operation. It also makes it possible to attain 
narrow laser line-width and controlled frequency chirp 
that may be used for spectroscopy. 

METHOD 
In order to improve the parameters of FEL operation 

beyond those reported [3] a number of steps were taken. 
The wiggler was removed from the system and errors in 
the magnetic field were corrected [5]. Next a new 
resonator was installed that operates using the Talbot 
effect to separate the electron beam from the radiation 
(see Fig. 1). Section 1 is a Talbot (interference) wave 
splitter composed of a straight rectangular waveguide 
10.7X25 mm2. It allows passage of the electrons whilst 
fully reflecting the split radiation pattern.  

Section 2 is a waveguide with two corrugated walls 
10.7X15 mm2. The third section begins with a section of 
smooth walled waveguide identical to that in the first 
section. After 145 mm there is a transition from a 
rectangular waveguide to a parallel plate waveguide. In 
one dimension the radiation is guided, in the other free 
diffraction occurs. The electron beam leaves this section 
via a hole in an inclined parabolic mirror, whilst the 
radiation which is split either side of the hole is reflected 
upwards to a second off-axis mirror. The second off-axis 
mirror reflects the radiation to an outcoupling element 
whose reflection and transmission properties can be 
remotely controlled. The outcoupling element consists of 
3 polarisers, the wires of the first and third of which are 
held vertical, perpendicular to the electric field of the 
radiation excited in the resonator, whilst the middle 
polariser is free to rotate. 

The accelerator is based on the build-up of positive 
static charge within the tank, electrons which hit the walls 
of the beam line cause the accelerating voltage to drop. To 
correct for this a remotely controlled voltage ramp 
generator was developed for stabilizing the 
resonator/wiggler potential during the laser pulse and for 
controlling laser frequency chirp. The ramp generator is 
connected between the resonator/wiggler assembly and 
the high voltage terminal (that are isolated from each 
other). The ramp voltage generator can produce a voltage 
ramp of up to 25 kV during the electron beam pulse 
duration. 

Table 1: EA-FEL Parameters 
Beam Energy:                              1.34-1.44 MeV 
Wiggler Period:                           44.4 mm 
Number of Periods (Nw):             26 
Radiation Frequency:                  95-110 GHz 
Resonator Internal Loss:             30% 
Cathode Current:                         0.5-3 A 

 ____________________________________________ 
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Figure 1: The mm-wave Talbot effect confocal resonator. 

RESULTS 
Changing the reflectivity of the outcoupling grids 

between pulses allows finding the maximum output 
power point for lasing (see Fig. 2). Power was measured 
in the user room (maximum 2 kW for a 0.93 A current) 
and extrapolated back to the resonator to compare with 
the simulation program FEL3D. Losses in the 
transmission line were measured to be ~80%, this could 
be reduced to 30% fairly simply, but the work has not 
been prioritised. The pulse to pulse variation in power is 
due to the ever rippling voltage of the electrostatic 
accelerator.   

Nw is the number of wiggler periods of which there are 
a total of 26, 20 of these encompass the corrugated 
waveguide. Due to the Talbot splitting we need to 
consider an effective Nw. 
 

Figure 2: By changing the reflectivity of the outcoupling 
from the resonator it was possible to vary the power built 
up within and emitted from the resonator.  
 

With imperfect transport and a consequent loss in the 
accelerating potential of ~0.5 kV/ s the longest pulse 
attainable was just over 30 s. By using the voltage 
ramping at 25 kV with a time constant of 3.34 μs it was 
possible to attain pulses of just over 50 s. An example of 
such a long pulse measured at the end of the transmission 
line in the user room is shown in Fig. 3. The power 
reflectivity of the out-coupling grids was set to 0.87, the 

Cathode current was 1.12 A. The total pulse energy in the 
user room was 39.5 mJ, which translates to 200 mJ at the 
resonator exit (~5 kW). 
 

Figure 3: Sample long pulse obtained using the voltage 
ramping device installed within the accelerator.  
 

To record the spectral lasing line of the FEL the laser 
output was mixed in the user room after attenuation with 
a local oscillator (LO) at a frequency close to the lasing 
frequency. The intermediate frequency (IF) signal out of 
the mixer was recorded, and the data was later processed 
using a Matlab spectrogram program. Single longitudinal 
mode operation of the FEL was verified over the course 
of many experiments. For the pulse shown in Fig. 3 single 
mode operation begins after 3.5μs. The spectrogram of 
this pulse after 3.5μs is shown in Fig. 4. The spectrogram 
of the ~50 μs pulse was taken with time windows of 2.5 
μs whilst the oscilloscope was set to 500 MHz. The 
general trend in Fig. 4 is for the IF to increase in 
frequency, however, early in the pulse due to the voltage 
ramping the IF signal decreases before rising again. Due 
to the falling accelerating potential the IF frequency 
chirps over the 50 μs from 10 MHz to ~14 MHz, a total 
chirp rate of 80 kHz/μs.  In this case it is clear the LO was 
set above the lasing frequency, hence the increasing IF as 
the lasing frequency drops.  

The rate of change of the frequency grows with time. In 
the first 10 μs the linewidth is particularly narrow, f/f = 
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1.2x10-6, which is close to the Fourier Transform limit. 
Were the chirp to be eliminated the entire signal would be 
Fourier Transform limited.  
 

Figure 4: Spectrogram of the IF frequency of the sample 
pulse shown in Fig. 3. 

CONCLUSION 
An important milestone in the EA-FEL project has 

been reached demonstrating the great versatility of the 
system. Basic laser-oscillator physics effects can be 
studied in this system in the context of FEL oscillators. 
The record narrow linewidth achieved and the controlled 
chirp effect are promising features for fine single-pulse 
spectroscopic applications. All the new technological 
modifications were successfully operated. The main 
challenge left to overcome is to reduce beam leakage by 

improving the diagnostic systems. By doing so it should 
be possible to increase lasing pulse times to be of the 
order of milliseconds.  

REFERENCES 
[1] L. R. Elias et al, “The UCSB electrostatic accelerator 

free electron laser: First operation”, Nuclear 
Instruments and Methods in Physics Research 
Section A, Vol. 237, Issues 1–2, 15 June 1985, pp. 
203–206. 

[2] A. G. A. Verhoeven et al, “First microwave 
generation in the FOM free-electron maser”, Plasma 
Phys. Control. Fusion, Vol. 40, Issue 8A, August 
1998, pp 139-156.  

[3] Y. Socol et al, “Physical Review ST Accelerators and 
Beams”, Phys. Rev. ST Accel. Beams 8, 080701  
August 2005, pp1-9.  

[4] A. Abramovich et al, “Efficiency Enhancement of a 
Pre-Bunched Free-Electron Maser Oscillator by 
Locking to a Single Eigen Frequency of the 
Resonator”, Nuclear Instruments and Methods in 
Physics Research Section A, Vol. 429, 1999, pp 107-
110. 

[5]  H. S. Marks et al, “Wiggler improvement based on 
single axis magnetic measurement, synthesized 3-D 
field simulation of trajectories and sorting of lateral 
focusing magnets”, Nuclear Instruments and Methods 
in Physics Research Section A, Vol. 660, (2011) pp. 
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FACILITY FOR COHERENT THZ AND FIR RADIATION

A. Meseck, Helmholtz-Zentrum, Berlin, Germany

V. Ziemann, Uppsala University, Uppsala, Sweden

Abstract

Linac based THz sources are increasingly becoming the

method of choice for a variety of research fields, justify-

ing the increasing demand for high repetition rate THz FEL

facilities world wide. In particular, pump and probe exper-

iments with THz and FIR radiation are of major interest

for the user community. In this paper, we propose a facil-

ity which accommodates an SRF-linac driven cw THz-FEL

in combination with an FIR undulator which utilizes the

micro-bunched beam. The layout permits almost perfect

synchronization between pump and probe pulse as well as

nearly independently tunable THz and FIR radiation.

INTRODUCTION

In recent years several accelerator based facilities for THz

radiation started to operate. In order to extend the capability

of these facilities toward pump-probe experiments a second

radiation source synchronized on the femto-second level to

the THz source is desirable. The second source could be an

external conventional laser system. This option, however,

requires complex synchronization of the accelerator based

source and the laser. In this report we discuss a way to

generate two frequencies from the same electron-beam, such

that the synchronization is inherently given.

Figure 1: The geometry.

We base our proposal on a 10 MeV electron beam with a

typical charge on the order of 300 pC that drives a conven-

tional FEL in oscillator configuration with a frequency of

1 THz. The micro-bunching introduced in the oscillator is

converted in a short beam line to a comb-like bunch with a

spiked longitudinal distribution capable of generating high

harmonics in a second undulator. In the remainder of the

report we discuss first the conceptual design, followed by a

numerical simulations and concluding remarks.

CONCEPTUAL

Initially we intended to consider an electron beam that had

acquired a longitudinal correlation in a buncher cavity, bunch

it in an oscillator with a transverse-gradient undulator and

then compress it in order to up-convert the micro-bunching

to higher frequencies. This proved to be impossible, be-

cause the typical momentum spreads generated in THz os-

cillator destroyed the delicate structures in phase-space. In

the process, however, we developed methods to analyze the

propagation of distribution functions that proved useful in

the analysis of even the simpler setup, we eventually had to

settle for.

We started by considering a distribution in longitudinal

phase space zb , δb after the initial buncher given by

Ψb (zb , δb ) =
1

2πσzσδ
(1)

× exp






−

1

2










1

σ2
z

+
h

2

σ2
δ



 z
2
b
− 2

h

σ2
δ

zbδb +
δ2
b

σ2
δ













whereσz is the initial bunch length andσδ the initial relative

momentum spread. The parameter h is the conventional

chirp parameter (dE/dz)/E0 of a buncher system, where

dE/dz denotes the energy gain per unit length and E0 the

average energy of the beam, 10 MeV in our case.

After modulating the energy in the THz oscillator δu =
δb + a cos(kt zb ) with amplitude a and wavenumber kt cor-

responding to 1 THz we get the distribution function

Ψu (zu , δu ) =

∫

dδb

∫

dzbΨb (zb , δb ) (2)

δ(zu − zb )δ (δu − δb − a cos(kt zu ))

and after ensuring that the Jacobian is unity and doing the in-

tegrals we obtainΨu (zu , δu ).We can apply the same method

for the propagation through the beam line with a given R56

and finally get the distribution function immediately up-

stream of the second undulator Ψf (z f , δ f ) as

Ψf (z f , δ f ) =
1

2πσzσδ

exp
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 [z f − R56δ f ]
2 (3)

−2
h

σ2
δ

[z f − R56δ f ](δ f − a cos(kt [z f − R56δ f ]))

+
(δ f − a cos(kt [z f − R56δ f ]))2

σ2
δ













.

This expression is easily coded in Matlab to produce contour

plots of phase space and projections onto the longitudinal

axis. The algorithm is extremely rapid. Each run only takes

a few second and allows convenient parameter variations.

Playing with the parameters for chirp h, bunching ampli-

tude a and R56 of the beam line resulted in the comb-like
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Figure 2: The final longitudinal distribution for a bunching system that is optimally set up according to the parameters

given in the main text.

beam shown in the upper graph in Fig. 2. There we show

a bunch with initial bunch length σz = 1.5 mm, momen-

tum spread σδ = 10−3 propagated through a system with

h = 2.7/m, a = 0.01,R56 = −4.8 mm. Note that we also

show a 1 THz oscillation in red for comparison. The bottom

graph shows the Fourier-transform of the comb-like bunch

with harmonics extending way above the tenth harmonics.

We need to point out that the modulation amplitude is rather

large compared to the incoherent momentum spread.

Figure 3: A contour plot of the longitudinal distribution

corresponding to Fig. 2. Note that the left slopes of the

distribution is rather steep resulting in high harmonics.

The optimum set of parameters to produce the most pro-

nounced comb-like bunch can be understood intuitively by

requiring that the modulation in phase space, as shown in

Fig. 3 is distorted in such a way in the beam line that one

side of the sine-like modulation becomes vertical. A simple

linearized model leads to the relation 0 = 1 + R56(h + kta)

which resembles the requirement for maximum compression,

but here the chirp is replaced by the chirp h and the slope

of the modulation in the FEL kta. It turns out that with our

chosen parameters kta is much larger than any reasonable

h, such that an initial chirp will only affect the results in a

minor way.

NUMERICAL

We tested the feasibility of the scheme with h = 0 by

simulating the THz oscillator with an optical cavity length

of 8.042 m, an undulator with 30 periods of 10 cm each

and Krms = 1.14 with FELO [1]. For the simulations we

assumed the same beam parameters as in the previous section

and equal horizontal and vertical normalized emittances of

5 mm mrad.

We found that in saturation the output power reached about

13 MW as shown in Fig. 4 and the modulation amplitude

reached 2.6 % after an initial transient of about 300 pulses as
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Figure 4: The radiation profile of the THz-FEL after 300

passes is shown
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Figure 5: The energy deviation of electrons is plotted against

electron phases. Phase space plots for each slice are overlaid

on top of each other. There are 30 slices of 300 µm each.
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Figure 6: The electron energies as a function of electron

phases is plotted for the central slice.

shown in Fig. 5. The gain settles to 15 % in the steady state.

Since FELO is a one-dimensional code we verified the three-

dimensional behavior of the system and in particular the

micro-bunching of the electron beam using Genesis [2] while

utilizing the THz photon intensity obtained in the previous

FELO runs as well as the same electron beam parameters.

Figure 7: The dispersion and R56 for the beam line between

the undulators.

Since the optimized THz-FEL saturates, the maximum

bunching for the fundamental wavelength is already achieved

at the exit of the THz-FEL. Figure 6 shows the longitudinal

phase space of the central slice at the undulator exit. The im-

printed energy modulation as well as the nonlinear shape of

it, typical for saturation behavior, are clearly visible. Gener-

ally, in an FEL the maximum bunching of higher harmonics

is reached before the fundamental bunching saturates. Thus,

the harmonics for which we are aiming in this study are

somewhat over-bunched. Therefore it is crucial to adjust

the bunching, following the discussion in the previous sec-

tion, before the entrance of the second undulator which is

tuned to the sixth harmonics. For this, we designed a simple

beam line consisting of two identical weak dipole magnets

and six small quadrupole magnets. The dipoles bend about

12 degree each in the same direction, while the quadrupoles

take care of beam size and dispersion compensation. The

R16, R26, and R56 of the beam line are depicted in Fig. 7. We

expect a negligible incoherent synchrotron radiation from

this beam line, however, there still might be a small contribu-

tion of coherent synchrotron radiation as the current profile

is not smooth as discussed below.

For the simulation we modeled an electron distribution

suitable for the code elegant [3] corresponding to the distri-

bution obtained from GENESIS and propagated it through

the beam line to the entrance of the second undulator. The

longitudinal current profile at this position is shown in Fig. 8,

while its corresponding spectrum is depicted in Fig. 9. The

amount of micro-bunching which can be expected after the
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Figure 8: The longitudinal current distribution propagated

to the entrance of the second undulator.
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Figure 9: The spectrum corresponding to Fig. 8 obtained by

Fourier-transformation.
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Figure 10: The output power profile (top row) and spectrum (bottom) from the second undulator that is driven by the current

distribution from Fig. 8 with zero (left), 0.5 % (center), and 1 % (right) micro-bunching.

passage through the beam line depends on the effect of co-

herent synchrotron radiation and space charge forces. These

effects need to be studied in full 3D and are subject to future

studies. From our simple tracking simulations, we expect a

maximum bunching of about 2 %. Assuming that the bunch-

ing will smear out, due the effects mentioned above, we

perform simulations for initial micro-bunching of 0.5 % and

1 %. This longitudinal electron beam distribution is used

as input to GENESIS simulations of the second undulator

with 20 periods of 2.4 cm each and Krms = 0.76. This cor-

responds to a resonant frequency of 6 THz or equivalently

λ = 50 µm. We find that the initial bunching is crucial. In

spite of the current profile with higher spikes, significant

radiation output can only be achieved with an initial micro-

bunching. Figure 10 demonstrates the effect of micro-bunching

clearly. Dependent on the initial micro-bunching we obtain

radiation with a peak power of 12 W to 45 W. Even if we

do not expect to initiate the FEL process, we think that us-

ing GENESIS is justified as we study coherent emission of

micro-bunched beam.

CONCLUSIONS

We discussed a scheme where the micro-bunching gen-

erated in a THz oscillator is preserved and optimized in a

simple beam line to provide a comb-like longitudinal cur-

rent distribution. This is used in a second undulator tuned

to harmonics to generate radiation at the harmonic that is

inherently synchronized with the THz radiation from the

first undulator. The expected FIR peak output power of

12 W to 45 W is comparable to IR peak output powers from

storage rings operating with similar bunch charges but at

considerably higher energies.
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CAVITY LENGTH CHANGE VS. MIRROR STEERING  
IN A RING CONFOCAL RESONATOR* 

S. Benson#, Jefferson Lab, Newport News, VA 23606, USA 

Abstract 
In principle, a ring confocal resonator allows for the 

use of a short Rayleigh length without the extreme sensi-
tivity to mirror steering typical in a near-concentric reso-
nator [1]. One possible weakness of such a resonator is 
that the cavity length is no longer independent of the 
mirror steering. This is one of the strengths of a linear 
resonator. In this presentation, it is shown that, in a simple 
2-dimensional corner cube type ring confocal resonator, 
the cavity length is, in fact, not dependent on the mirror 
steering to first order in the mirror angles. Thus the ring-
confocal resonator might be a very easy-to-operate and 
stable resonator for short Rayleigh range operation in FEL 
oscillators. 

INTRODUCTION 
It is well known that the optical mode in a confocal 

resonator has much lower sensitivity to mirror steering 
than a near-concentric design. Since the mode size in the 
return path of the confocal resonator is rather large it is 
more practical to make the confocal resonator for an FEL 
in a ring configuration so that the mode does not have to 
pass through a narrow wiggler gap on the return leg. This 
may lead to a couple of problems. The first is astigma-
tism, which may be addressed using cylindrical or toroi-
dal optics. The second is a potential coupling of mirror 
steering to cavity length changes. Decoupling of cavity 
length and mirror steering, a given in linear resonators, 
makes laser optimization very straightforward. A depend-
ence of cavity length on mirror steering would greatly 
complicate operation of the FEL. This note will derive the 
change in cavity length as each mirror is steered in a ring 
confocal resonator. As will be seen, the properties of the 
ring resonator tend to make the cavity length extremely 
insensitive to mirror steering. 

DEFINITION OF VARIABLES 
Let us first describe the ring confocal resonator and de-

fine our variables.  The resonator is shown in Fig. 1.  The 
two flat mirrors that deflect the beam away from the elec-
tron beam axis are called the flat deflecting optics or 
FDOs.  The curved mirrors that bring the beam back 
towards the wiggler are called the fold mirrors or FMs.  
The angle that the FDOs deflect the beam (twice the angle 
of incidence on the FMs) will be referred to as  The 

transverse separation between the forward and reverse 
legs of the resonator will be represented by B. The dis-
tance between the FDO and the FM is equal to B/sin C. 
The distance from the cavity center (assumed also to be 
the wiggler center) to the FDO is A. The FMs are concave 
mirrors that collimate the beam that emerges from the 
wiggler. The radius of curvature for a ring confocal reso-
nator should be Reff = 2(A+C). The actual radius of curva-
ture will be longer by sec( ). It is useful to know the 
effective radius of curvature as a function of the round 
trip distance in the resonator. Since the distance in the 
backleg between the FDO and the FM is C•cos( ), the 
round trip cavity length Lrt=2(2A+C(1+cos( ))). Using 
this we have Reff = Lrt/2 + C(1-cos( )). 

NORMAL VIBRATION MODES 
To calculate the change in cavity length for a given mir-

ror angle tilt it is useful to define normal modes of the 
resonator that are linear combinations of all four mirrors. 
Since the angular shifts are all linear one can represent a 
change in the angle of any one mirror as a linear combina-
tion of these four modes. Since there are four mirrors, it is 
possible to define four normal modes related to the four 
angles via a non-singular matrix to be derived below. 
There is a default beam path that goes through the center 
of the wiggler, hits the centers of each mirror, and returns 
a distance B away from the wiggler in the backleg. The 
default beam path is parallel in the forward and back-
wards directions in the resonator. Define the following 
four modes of the beam path with respect to the default 
beam path. Assume that the mirrors rotate about the point 
that the default beam path intersects the mirror surface: 
 

 Mode 1 – In this mode the light paths are still 
parallel in the forward and backward direc-
tions but they move either towards the center 
of the ring or away from the center. 

 Mode 2 – In this mode the light path is parallel 
in the forward and backward directions but the 
two paths both move in the same direction 
with respect to the default beam path.   

 Mode 3 – In this mode the light path goes 
through the center of the wiggler and is a dis-
tance B away in the backleg at that point.  The 
path goes through the wiggler at an angle and 
returns with the opposite angle so the mode 
looks wedged from above. 

 Mode 4 – In this mode the light path again 
goes through the center of the wiggler at an 
angle but the angle in the backleg is the same 
as in the forward leg.  The mode as a whole is 
tilted. 

 ____________________________________________  

*Authored by Jefferson Science Associates, LLC under U.S. DOE Cont-
ract No. DE-AC05-84-ER40150, the Office of Naval Research, and the
Joint Technology Office. The U.S. Government retains a non-exclusive,
paid-up, irrevocable, world-wide license to publish or reproduce this
manuscript for U.S. Government purposes 
#felman@jlab.org 
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Any mode can be made from these four. It is possible to 
define a matrix that relates the modes to the individual 
mirror angles. This matrix can then be inverted to give the 
individual mode changes for a given tilt in one mirror. 

In this note, the discussion is limited to one plane.  Any 
changes in cavity length due to vertical steering should be 
second order in the angle (which is a very small quantity) 
and so should be negligible. 

To derive the normal modes in terms of the mirror an-
gles it is useful to review the nature of a two-dimensional 
corner cube.  The beam will exit parallel to the input 
beam unless an angular error between the two mirrors is 
introduced.  Movement of the beam to one side on the 
entrance automatically leads to movement in the same 
direction on the output (i.e. beam left motion stays beam 
left unlike a mirror where beam left turns into beam 
right).  The curvature in the FM does lead to behavior 
different from a corner cube.  Changes in position on the 
FM lead to a relative change in the angular orientation 
between the mirrors.  This has the effect of stabilizing the 
mode so that it tends to move towards the position where 
the input and output angles are the same. 

Mode 1 
In this mode one only rotates the two FMs.  If both of 

these mirrors turn the opposite direction then the separa-
tion between the forward and backward beams increases 
and decreases but the beam path is parallel to the default 
path.  Devine the transverse shift as , where a positive  
is away from the ring center. To first order, the FDO and 
the FM act as a two-dimensional corner cube. Thus, the 
exit beam from the two mirrors is also shifted away from 
the center by the same amount. Since the beam has moved 
on the FM however, it is necessary to steer the FM slight-
ly to maintain the exit beam parallel to the input beam to 
correct for the angle caused by the mirror curvature.  The 
angle necessary to correct the angle is /Reff. The geome-
try of this is shown in Fig. 2 where all offsets have been 
greatly exaggerated.  In fact, the mirror steering angles 
are in μrad or less and the bend angles are in rad.  The 
mode movements are in hundreds of microns while the 
beam separation is on the order of a meter. 

To see how sensitive this is, let us consider an example. 
Assume a ring confocal resonator with an angle  = 30° 
and a distance B = 68.6 cm. Assume that the radius of 
curvature in the plane of the ring is given by the formula 
above and that Lrt=64.084 m.  The effective ROC should 
therefore be 32.23 meters and the actual ROC must be 

33.36 m.  In this case a one microradian tilt in both FMs 
in the opposite directions will move the mode by 32.2 μm 
both in the wiggler and in the backleg (both away from 
the ring center).  The 1/e2

 waist size for a Rayleigh range 
of 70 cm and a wavelength of 1.06 μm is 486 μm so this 
is quite a small shift compared to the mode size. 
 

 
Figure 2: Geometry for Mode 1 shift.  Both parallel rays 
move out from the center by a distance . The black curve 
is the default path and the red is the position for mode 1. 

Mode 2 
This mode requires all four mirrors to move.  The mode 

is a bit unnatural since one is fighting the tendency of the 
mode to move the same direction on the output as at the 
input.  One wants the FDO and the FM to both rotate 
approximately the same amount but the FM must rotate a 
bit less to account for its ROC.   For a common axis shift 
of distance , the FDO must shift by an angle FDO = /C.  
This actually moves the return leg up by 2  so that the 
beam moves in the opposite direction instead of the same 
direction. It also changes the angle of the beam by 2 FDO 
and this must be compensated for by also rotating the FM 
by about the same amount.  Since we have moved up on 
the FM however, there is an extra angle provided by the 
curvature so the FM does not have to move quite so far.  
The net result is: 

 

The final expression in parentheses is equal to 0.957 for 
the numerical example above.  Thus the two mirrors move 
almost the same amount.  The mirrors at the opposite end 
of the cavity rotate in the opposite direction, with the FM 
again rotating a bit less than the FDO.  The geometry for 

Figure 1: Layout of the ring confocal resonator with the leg lengths and mirror labels defined. 
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this configuration is shown in Fig. 3.  Note that for the 
numerical example above, the distance in microns is close 
to the tilt angle of the mirrors in micro-radians. The mode 
moves by 1.37 μm for 1 μrad of mirror tilt.  This is 23.5 
times less sensitive than the movement in Mode 1. 

 
Figure 3: Geometry of Mode 2.  Here both mirror rotate 
by a positive angle.  The FM rotates slightly less than the 
FDO to account for the radius of curvature.  The angles 
shown are exaggerated by about a factor of 1000 to show 
that they occur. The black path is the default position and 
the red path is the rotated position. 

Mode 3 
In this mode we again only need rotate the FMs.  If 

they are rotated in the same direction we find that the 
separation between the forward and back branches is 
smaller on the upstream end than at the downstream end 
for a negative (clockwise) angle.  The geometry looks the 
same as Fig. 2 except that the input and return ray for 
mode 3 are slightly converging so that they intersect with 
the default rays at the position of the center of the wig-
gler.  If a ray leaves the wiggler center at an angle  with 
respect to the default ray, it will be offset by a distance 

Reff/2 at the FM.  Since the purpose of this mirror is to 
collimate the beam, the exit ray will be parallel to the 
default ray if the FM is not rotated.  To get the return ray 
to intersect the default ray at the position of the wiggler 
center one must rotate the FM by an angle: 

 

So to create a mode with rays at an angle Mode3 with 
respect to the default ray, one must rotate the FMs by a 
little more than half the mode angle  

 

Remember that in this case the two FMs rotate in the 
same sense, i.e. both positive or both negative angles.  For 
the numerical example above the fraction in this equation 
is 0.506 so the wedge angle is essentially twice the mirror 
rotation. 

 
Figure 4: Geometry of Mode 3. The green rays are the 
upstream rays mirrored onto the downstream end.  The 
red rays are the downstream rays. The blue lines are per-
pendicular to the return leg rays 

Mode 4 
Finally in Mode 4 all four mirrors rotate the same di-

rection but the FMs rotate slightly less than the FDOs. 
This looks just like Fig. 3 except that the mode 4 rays are 
at a slight angle with respect to the default rays and they 
are in opposite directions on the upstream and down-
stream mirrors. The analysis is the same as for Mode 2 
except that the quantity  is equal to (A+ C cos ) where 

 is the angle of the mode with respect to the default 
mode.  The ratio between the mode rotation  and the 
mirror tilt FDO is found from 

For the parameters of the resonator detailed above, the 
ratio is about 12 to 1, so you have to tilt all the mirrors by 
12 μrad to get 1 μrad of mode tilt. 

CHANGE IN CAVITY LENGTH 
Now that we have defined the modes let us derive the 

change in the cavity length for each mode compared to 
the default rays.  The blue vertical lines in Fig. 2 show the 
intersections between a vertical line and the point where 
the rays hit the FDO.  The distance between the left blue 
line and its corresponding line on the other end of the 
resonator is obviously the same for the default rays and 
the Mode 1 rays.  Note that, by construction, the red lines 
are parallel to the black lines and therefore, all the angles 
of incidence and angles of reflection are the same.  Any 
change in the cavity length would be due to a difference 
in the path length from the left blue line back to the left 
blue line.  The distance along the red path is simply 

 

The distance along the black path is the same but with-
out the 2  term and the extra distance 2s where 
s= cot( ).  The path difference is then: 
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It can be shown that the expression in brackets is iden-
tically zero via trigonometric identities.  Mode 1 therefore 
does not change the cavity length with respect to the 
default path. 

Mode 2 is more complicated due to the fact that the an-
gles are now not the same. The opening angle for the 
Mode 2 path in Fig. 3 (red lines) is now 

. The distance along the path for Mode 2 is then: 

 

The path for the default ray from the left blue line back 
to the left blue line is 

 

It is useful to use the relations (true for small ) 

.  
The change in path length is then  

 

where we have used the expression C=B csc( ). We now 
have: 

 

which is again zero. So the path length change for mode 2 
is also zero to first order in the angular offsets. 

For Mode 3 we can use the anti-symmetric nature of 
the mode to argue that any change in the mode orbit 
length in one half of the resonator is cancelled out in the 
other half. In Fig. 4 we show the geometry for Mode 3 
with the upstream end reflected onto the downstream end.  
The upstream end is represented by the green rays and the 
downstream end is represented by the red rays. 

One can see that each change from the default rays is 
mirrored in the opposite end. When the calculation is 
done carefully one finds, in fact, that the path difference 
from the default rays is –B Mode3 on the downstream end 
and B Mode3 on the upstream end to first order in Mode3 so 
the net change in path is zero for Mode 3. 

The same asymmetry argument can be used for Mode 4 
to state that, since the path length change for Mode 2 is 
zero, the path length change for Mode 4 must also be 
zero. 

Since any mode in the resonator can be derived from a 
linear combination of these four modes and since each of 
the modes has no change in the cavity length one comes 
to the startling conclusion that the ring confocal resonator 

round trip path length is independent of the mirror steer-
ing to first order in the mirror tilt angles. 

RELATION BETWEEN INDIVIDUAL 
MIRROR STEERING AND MODE SHIFTS 

It is useful to derive the relation between the mode 
changes, which may involve a change in all four mirrors 
to the mode changes when only one mirror is shifted.  Let 
us first number the mirrors as 1 through 4 with the up-
stream FDO being 1 and the upstream FM as mirror 4.  
Let us also define the quantities G=(A+Ccos )/(A+C), 
H=(A+C), F=(1-C/Reff) and J=C/(A+cos ).  As noted 
above F and G are usually very close to but slightly less 
than unity. The quantity 2H is the same as the effective 
radius of curvature of the FMs and J is usually small 
compared to one. We can represent the modes by the 
following steering operator: 

 

When the angle vector ( , 2, 3, 4) is multiplied by 
this matrix it will give a set of mode amplitudes.  Modes 1 
and 2 are defined by the distances that the axes move 
while Modes 3 and 4 are defined by the angles that the 
rays tilt. One can also invert this matrix to get the angles 
for a given combination of modes: 

 

When this is multiplied by a vector of the mode ampli-
tudes (M1, M2, M3, M4) we get the angle vector ( , 2, 3, 

4). 
It is worth noting some features of this resonator.   

1. Modes 2 and 4 are suppressed due to the na-
ture of the end mirrors as corner cubes.  In fact 
the fold mirrors do not change modes 2 and 4 
at all.  

2. The resonator mode position in the wiggler 
(via mode 1) is fairly sensitive to the tilt of any 
of the 4 mirrors.  For the example resonator, 
the beam moves 161 μm in the wiggler for a 
10 μrad shift in either of the fold mirrors and 
150 μm for a 10 μrad shift in either FDO.  

3. The mode is extremely stable in angle.  To get 
100 μrad of mode tilt one needs 2.2 mrad of 
tilt in mode 4 and 50 μrad in mode 3. 

CONCLUSION 
The conclusion is a bit counter-intuitive but is con-

sistent with the use of corner cubes in interferometers, 
where path length changes are critical.  Since each of the 

Proceedings of FEL2014, Basel, Switzerland TUP069

FEL Oscillator

ISBN 978-3-95450-133-5

519 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



modes does not change the cavity length (to first order in 
the mirror tilts), and since any mode may be produced by 
a linear combination of the four modes, then the resonator 
mode is independent of the mirror tilts.  The counter-
intuitive nature comes from the nature of a corner cube.  
When one turns a corner cube, the beam comes back 
exactly along the original angle independent of the angle 
of the cube.  The route through the cube also changes but 
in such a way that the length change in one leg is exactly 
compensated by the other.  The net change is then exactly 
zero. 
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NUMERICAL CALCULATION OF DIFFRACTION LOSS FOR 
CHARACTERISATION OF A PARTIAL WAVEGUIDE FEL RESONATOR* 

Q. Fu#, K. Xiong, P. Tan, B. Qin, Y. Q. Xiong  
State Key Laboratory of Advanced Electromagnetic Engineering and Technology(AEET)  

School of Electrical and Electronic Engineering  
Huazhong University of Science and Technology (HUST), Wuhan 430074, China 

Abstract 
Waveguide is widely used in long wavelength Free-

Electron Lasers to reduce diffraction losses. In this paper 
the amplitude and phase transverse distribution of light 
emission produced in a partial-waveguide FEL resonator 
is calculated by Fresnel principle. To acquire high power 
out-coupled and optimize resonator structure of HUST 
THz-FEL, the characterisation of reflecting mirror is 
discussed to reduce diffraction loss. 

OPTICAL MODES OF WAVEGUIDE FEL 
The geometry of HUST THz-FEL waveguide resonator 

is shown in Fig. 1. A rectangular waveguide made of 
good conductor is located at the middle of two reflecting 
mirrors. The cross section of the waveguide is a×b and the 
length is L. Two mirrors are at a distance from waveguide 
entrance, therefore the optical beam propagates in free 
space during waveguide and mirrors. 
 

 
Figure 1: Layout of waveguide resonator. 

To simplify this problem, the resistance of the metallic 
waveguide walls is neglected and the optical modes in the 
waveguide can be expressed as the solutions of a 
homogeneous Helmholtz equation [1]: 

2 2( ) ( , , ) 0k x y z                     (1) 

where k  is the wavenumber of radiation. 
Since this waveguide is adopted to a planar undulator 

with vertical periodic magnetic field, the eigenmodes in 
the waveguide is the pi modes with horizontal 
polarization, and it can be expressed as a combination of 
TE and Hermite-Gaussian mode: 

2
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1 tan
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                (2)

 

 

where 
2 2

2
2n

nk k
b

, z , R z and Rz are the 

Gaussian beam x-radius, the x-radius of curvature of 
wave-fronts and the Rayleigh range. The distance z is 
measured with respect to the beam waist, in this case, the 
center of waveguide, then: 
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                        (3) 

The solution describes an optical beam with a Gaussian 
amplitude distribution in horizontal direction and a cosine 
amplitude distribution in vertical. 

DIFFRACTION LOSS 
Optical beam is guided in waveguide so diffraction loss 

mainly occurs between waveguide and mirrors. In our 
case, the process starts from a given radiation field 
distribution out of waveguide, spreading to mirror and 
back to waveguide in free space. The shape of mirror 
work as diaphragm and the concave geometry will 
modulate the phase of optical wavefronts to focus the 
beam back into waveguide. 

Propagation in Free Space 
The Fresnel diffraction integral shows the electric field 

of diffraction pattern is given as a convolutional type 
function.  

____________________________________________  
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Analytical solution of this equation is difficult. For 
numerical computation, the wavefront of free space part is 
processed with 2D fast Fourier transformation. 

The field can be calculated as a multiplication of initial 
optical field and a function related to free-space 
propagation length in the Fourier space [2]. 

0

0

( , ) ( , ) ( , )

( , ) ( , )
z z

z

F x y F x y h x y

F x y F h x y
      (5) 

where  

 
2 2

2( , )
kikz i

z

x y
zieh x y e

z
                  (6) 

Reflecting from Mirrors 
The effect of reflecting mirrors can be expressed as 

below:  

, ,R x y rM D x y                 (7) 

The constant r  is the amplitude reflection coefficient, 
M  is the modulation of phase which is related to the 
concave type and curvature radius of mirrors, ,D x y  
represents the geometrical shape of mirrors, which can be 
regarded as a diaphragm. , 1D x y inside the mirror, 
and 0 outside.  

For spherical mirror: 

2 2x yik
M e                    (8) 

Because of guiding effect, the curvature radius of the 
wavefront is different in vertical plane and horizontal 
plane. A pair of toroid mirror may fit the wavefronts 
better and retain more optical energy. 

For toroid mirror, phase delay on mirror is separated in 
2 directions according to various curvature radius in x, y 
axis. Hence the modulation of phase is defined as 

2 2

x y

x yik

M e                   (9) 

Diffraction Loss 
Since the energy inside a diaphragm is defined by [3]:  

*( , ) ( , )
S

I E x y E x y dxdy               (10) 

The diffraction loss of propagation from waveguide to 
mirror, and then reflected back to the entrance of 
waveguide can be determined. 

entrance 0fficiency=1- I ILoss E          (11) 

SIMULATION AND RESULT  
Out of waveguide, the laser beam will propagate 

through a distance in the free space to the mirror then 
back to the entrance of waveguide. The simulation will be 
started with the eigen mode at waveguide entrance. The 
propagation and the optical field back to waveguide will 
be calculated by using Fresnel diffraction principle.  

In the numerical simulation, which has been performed 
using HUST THz-FEL resonator structure, the loss 
efficiency at different wavelength is calculated to 
optimize the curvature radii and geometry of mirror. The 
configuration of HUST FEL is listed below: 
 

Table 1: Configurations of Resonator  

Configurations Size 

Waveguide horizontal size/a 40mm 

Waveguide vertical size/b 10mm 

Free propagation distance 905mm 

Waveguide length/L 1130mm 

Wavelength range 50 m-150 m 

Mirror diameter 60mm 

 
Figure 2: Diffraction loss efficiency as a function of 
curvature radius. 
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Here we take the first-order eigen mode at the opening 
of waveguide as initial field distribution, and calculate the 
diffraction loss efficiency between waveguide and 
reflecting mirror. 

The diffraction loss of first-order eigen mode at 
different wavelength is plotted in Fig. 2 as a function of 
curvature radius of spherical mirrors. It is evident that 
diffraction loss is more significant at long wavelength 
range, which is the main reason why waveguide is widely 
adopted at long wavelength free electron lasers.  

At various wavelength ranges, low loss situation occurs 
when curvature radius is 0.9m, and the loss efficiency at 
that spot is 3.8%. Diffraction loss at long wavelength is 
more sensitive, but loss efficiency at 50 m does not 
increase much while curvature radii rise above 0.9m.  

In order to make further effort to reduce the diffraction 
loss, we also finished the computation of the performance 
of toroid mirrors. Since the radiation is guided in vertical 
direction and propagates freely in horizontal, the 
horizontal curvature radius of wavefronts would be larger 
than vertical ones to maintain more energy on the 
waveguide entrance.  

 
Figure 3: Vertical curvature radius at 0.9m, diffraction 
loss efficiency as a function of horizontal curvature radius. 

Fig. 3 shows diffraction loss efficiency as a function of 
horizontal curvature radius when vertical curvature radius 
is 0.9m. The performance of toroid mirror in different 
wavelength is similar to spherical one: diffraction loss is 
higher and more sensitive at long wavelength.  

The diffraction loss efficiency at different curvature 
radius in 2 directions is illustrated in Fig. 4. 

 
Figure 4: Wavelength at 150 m, diffraction loss 
efficiency as a function of 2-dimension curvature radius. 

The best configuration at 150 m is a pair of toroid 
mirrors with Rx=1.9m in horizontal, and Ry=0.9m in 
vertical and the loss efficiency of that configuration is 
1.7% ,  which is less than the loss with a pair of spherical 
mirror at R=0.9m. This calculation proved that the 
optimization of mirror in concave type and curvature 
radius can indeed reduce diffraction loss in HUST THz-
FEL resonator. 

CONCLUSION 
In general, toroid mirror can achieve a better 

performance than spherical mirror. By optimizing mirror 
concave, it can lower nearly a half of diffraction loss  and 
allows larger room for concave mechanical error.  

However, in practice, adoption of toroid mirror is more 
expensive and time-consuming to process, and more 
importantly, it will increase the difficulty when using He-
Ne lasers for alignment mirrors [4]. The laser spot can not 
be well-focused in both directions and form a round dot. 
Alignment accuracy might be  effected. 
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I. Pinayev #, F.Z. Altinbas, D.R. Beavis, S. Belomestnykh, I. Ben-Zvi, K.A. Brown, J.C. Brutus, 
A.L. Curcio, L. DeSanto, A. Elizarov, C.M. Folz, D.M. Gassner, H. Hahn, Y. Hao, C. Ho, 

Y. Huang, R. Hulsart, M. Ilardo, J. Jamilkowski, Y. Jing, F.X. Karl, D. Kayran, R. Kellermann, 
N.D. Laloudakis, R. Lambiase, V.N. Litvinenko, G. Mahler, M. Mapes, W. Meng, R. Michnoff, 

T.A. Miller, M. Minty, P. Orfin, A. Pendzick, F. Randazzo, T. Rao, J. Reich, T. Roser, J. Sandberg, 
B. Sheehy, J. Skaritka, K. Smith, L. Snydstrup, A. Steszyn, R. Than, C. Theisen, R.J. Todd, 

J.  Tuozzolo, E. Wang, G. Wang, D. Weiss, M. Wilinski, T. Xin, W. Xu, A. Zaltsman,  
BNL, Upton, New York, USA 

 M.A. Kholopov, P. Vobly, BINP, Novosibirsk, Russia 
 G.I. Bell, J.R. Cary, K. Paul, I.V. Pogorelov, B.T. Schwartz, A. Sobol, S.D. Webb,  

Tech-X, Boulder, Colorado, USA 
 C. Boulware, T. Grimm, R. Jecks, N. Miller, Niowave Inc., Lansing, Michigan, USA 

 P. McIntosh, A. Wheelhouse, STFC, Daresbury Lab, Warrington, UK

Abstract 
The status of FEL-based Coherent Electron Cooling 

Proof-of-principle Experiment at BNL is presented. The 
experimental set-up is comprised of a 2 MeV CW SRF 
electron gun and 20 MeV CW SRF linac and 8-m long 
helical FEL amplifier. The status of the accelerator 
commissioning, and progress in the construction of the 
helical undulator at Budker INP, is also reported. 

PROJECT OVERVIEW 
Figure 1 shows the overall layout of our experiment 

[1, 2]. A CsSb photocathode inside a 2 MeV 112 MHz 
SRF gun will generate the electron beam when 
illuminated with a 532 nm laser. Two 500 MHz copper 
cavities will provide energy chirp for the ballistic 
compression of the electron beam. The compressed 
bunches will be accelerated further to 22 MeV by a 704 
MHz 5-cell superconducting RF linac. 

After passing through a dogleg the electron beam will 
merge with 40 GeV/u gold ion beam. The ions will 
“imprint” their distribution on to the electron beam by 
modulating its density. This modulation will be amplified 
in a high-gain FEL comprising of three 2.5-m-long helical 
undulators. 

The ions will co-propagate with electron beam through 
the FEL. Therein, the ion’s average velocity is matched to 
that of the group velocity, e.g., to the propagation speed 
of the wave-packet of the electron beam’s density 
modulation.  A phase shifter, a system of four dipoles 
forming a chicane structure, follows each undulator. The 
phase shifters between the undulators will match the 
phase advance of the optical packet with electron density. 
The one at the exit of the FEL provides the means to tune 
the phase of the wave-packet such that the ions with the 

nominal energy experience zero longitudinal electric field. 
The dependence of time-of-flight on the ion’s energy 

will insure that the off-energy ions will be accelerated or 
decelerated, depending on the sign of their energy error. 
Such interaction will lessen the energy spread in the ion 
beam [1]. The used electron beam will be bent away from 
the ions’ path and then dumped. 

RF SYSTEM 
112 MHz RF Gun 

The 112 MHz SRF cavity [3, 4], modified by Niowave, 
was installed into the RHIC tunnel. Modifications 
included cavity incorporation into a new cryomodule, 
addition of the two manual tuners for coarse adjusting of 
the cavity’s resonant frequency. After the installation the 
cathode launching mechanism manufactured by Transfer 
Engineering was attached and after several attempts was 
aligned with cavity (see Fig.2). This mechanism will 
allow in place exchange of the multialkaline 
photocathodes planned for usage. The 112 MHz gun was 
equipped with a water-cooled fundamental power coupler, 
as shown in Fig. 3. It will be used to fine-tuning of the 
cavity’s frequency. The cathode stalk, situated inside the 
cavity, is maintained at room temperature by circulating 
water. Both parts can freeze and piping can be damage if 
water flow stops. To protect the cavity we developed an 
emergency blow out system which we expel water with 
gaseous helium if water block is sensed. 

Although its design accelerating voltage is 2 MV, 
during the test we were limited the maximal voltage to 1 
MV by the increasing radiation levels in the semi-open 
test environment. The SRF gun will be tested at its full 
accelerating voltage during September 2012. The 112 
MHz 2 kW amplifier for the gun is already in place. 

After the cavity conditioning and reaching the design 
voltage we will test photocathode operation in the SRF 
environment

 ___________________________________________  
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Figure 3: View of the 112 MHz power coupler mounted 
on the translation stage for tuning. On the left side 
viewport for the seed laser injection can be seen. 

500 MHz System 
The Daresbury Laboratory, UK provided two 500 MHz 

copper cavities on a long-term loan to BNL. Presently, the 
cavities are refurbished and are installed into the RHIC’s 
tunnel (Fig. 4). The cavities are water cooled, and water 

flow switches as wells as four body temperature sensors 
are connected to the machine protection system. We are 
installing infrared temperature gauges of the ceramic RF 
windows, after this procedure the cavities will be ready 
for full power tests. 

The cavities will be fed from an amplifier installed a the 
adjacent building. The output of the amplifier is 
connected to a circulator for protection. The power will be 
split using a special waveguide tee to avoid cavities 
crosstalk. A remotely controlled phase shifter is installed 
for the proper matching. 

 
Figure 4: 500 MHz cavities with water manifold installed 
in the RHIC tunnel. The RF power is fed from the two 
waveguides on the top of the cavities. 

704 MHz Accelerating Cavity 
The BNL conducted the test of the two 20 MV 5-cell 

accelerating cavities (Fig. 5). One was fabricated by 
Advanced Energy Systems [4], and the other by Niowave. 

 

Figure 1: Layout of the coherent electron cooling proof-of-principle experiment in the RHIC tunnel. 

 
Figure 2: Cathode launch mechanism with 112 MHz gun 
inside the clean room. 
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After the test we selected the AES one for placing in the 
cryomodule, which is now is being built by Niowave. The 
main remaining issue is design of a fine cavity tuner, the 
testing of which is scheduled in September. 

 

Figure 5: 704 MHz cavity manufactured by AES at 
vertical test facility. 

DIAGNOSTICS 
The diagnostics for the CeC system [5, 6] include nine 

beam position monitors  (BPMs), two integrating current 
transformers (for measuring the current and the beam’s 
transmission), four flags to measure the beam sizes (as 
well as the emittances and energy spread at 22 MeV), and 
one pepper pot (for measuring the emittance of the low-
energy beam in the 2 MeV section). The view on the flag 
installed into the low energy section is shown in Fig. 6. 
Another flag is preceded with pepper-pot target. The 
target has three positions: fully retracted for the normal 
operations and two for the measuring of emittance in each 
plane. We will employ beam-loss monitors to control the 
beam losses in the CeC beam-line and the irradiation of 
the helical undulator. The longitudinal profile of ion beam 
will be observed using the existing RHIC wall-current 
monitor with a 6 GHz bandwidth.  

The transvers beam position will be monitored with 4-
buttons pick-up electrodes connected to Libera Brilliance 
BPM receiver manufactured by Instrumentation 
Technologies. Position of the electron beam will be used 
for fast interlock by MPS. 

 
Figure 6: View of the vacuum cross with flag installed 
into the low energy beamline. The GigE camera will be 
added soon. 

HELICAL UNDULATOR  
Figure 7 shows the field integrals of the first out of 

three helical wigglers manufactured at BudkerINP. The 
wiggler was tuned to reach the requirements for CeC PoP 
project using 1D Hall probe. Fine tuning of the helical 
wiggler presently is being performed with a 3D Hall 
probe. The delivery of the first of the three helical 
undulators is scheduled for September. 

 
Figure 7: The first and second integral of the wiggler field 
after the initial tuning. 
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OTHER SYSTEMS 
We are steadily progressing with installation the 

cryogenic system and the driver laser. The laser is 
acquired and will generate flattop pulses of variable 
durations from 100- to 500-picoseconds, and with the 
leading- and the falling-edges below 50 picoseconds. The 
optical peak power should exceed 1 kW at 532 nm. The 
laser will be synchronized with the RHIC’s timing system 
via a low-level RF system. The laser will be installed in 
the special shed outside RHIC tunnel and optical power 
will be transferred via optical fiber. 

The solenoids are installed as well as most of the 
vacuum system for the low energy part as shown in Fig. 8. 
The RHIC personnel protection system was modified to 
include the components of the CeC PoP project and allow 
local run of the equipment without need to close the 
whole tunnel. 

 

 
Figure 8: Solenoids and the vacuum chamber in the low-
energy drift section. On the left side there is a portable 
clean room used for the particle free assembly. On the 
background the quiet helium source for the 112 MHz gun 
is placed on a platform 

 

PLANS 
We plan to commission the 500 MHz bunching cavities 

and 112 MHz gun in September this year. We plan to be 
install the linac, the helical undulators, the high power 
beam dump, and the balance of equipment during the 
RHIC shutdown in 2014 and commission the electron part 
of the equipment during Run 15. 
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HIGH POWER OPERATION OF THE THz FEL  

AT ISIR, OSAKA UNIVERSITY 

K. Kawase#, S. Suemine, R. Kato, A. Irizawa, M. Fujimoto, M. Yaguchi, S. Funakoshi,  
R. Tsutsumi, K. Miyazaki, K. Furukawa, K. Kubo, A. Tokuchi, G. Isoyama,  

ISIR, Osaka University, Osaka, Japan 

 

Abstract 
To enhance the power of the THz FEL, we have 

developed a 27 MHz grid pulser for the thermionic 
electron gun. It makes the bunch intervals 4 times longer 
and increases charge of the bunch 4 times higher than the 
dc-beam injection scheme whereas the beam loading is 
the same as that in the dc scheme. In this new operation 
mode, where a single FEL pulse lases in the cavity, we 
have succeeded in obtaining the micropulse energy 
exceeding 200 J at a wavelength of 67 m.  

INTRODUCTION 

The THz FEL has been developed using the L-band 
electron linac system at the Institute of Scientific and 
Industrial Research (ISIR), Osaka University. The first 
lasing was demonstrated at wavelengths from 32 to 40 m in 1994 [1]. Some years later, the linac system was 
substantially upgraded for higher stability and 
reproducibility of its operation. In addition, the pulse 
duration of the klystron modulator was expanded from 5 
to 10 s for FEL, so that the THz-FEL reached the power 
saturation first time at a wavelength of 70 m [2]. The 
FEL currently operates over the wavelength range from 
25 to 150 m [3].  

We pursue research on the upgrade of the FEL to 
expand the wavelength range and to increase the FEL 
power. One of the key factors to achieve such objectives 
is a higher beam current, which is expected to increase 
FEL gain and the saturation power of the FEL [4]. We are, 
therefore, developing a new operation mode of the linac 
system for higher bunch charge.  

In the present scheme of the linac operation for the 
FEL, an electron pulse with a current of 0.6 A and a 
duration of 8 s is extracted from the electron gun, and 
pre-bunched at the rf frequency of 108 MHz using the 
sub-harmonic buncher system. The electron beam that is a 
train of bunches at 9.2 ns intervals for the 8 s duration is 
accelerated using the 1.3 GHz rf structures consisting of a 
pre-buncher, a buncher, and a 3 m long acceleration tube 
of the travelling wave type. The electron beam with the 
charge of 1 nC/bunch is transported via the FEL beamline 
to the THz-FEL. In this operation, the rf power measured 
at the exit of the traveling-wave acceleration tube is 
reduced to 24% of that without the electron beam. 
Therefore, the beam loading is too high to further increase 
the beam current [5].   

On the other hand, the optical cavity of the FEL is 
5.531 m long, and accordingly, the round-trip time of a 
light pulse is 36.9 ns, meaning that four FEL pulses 
independently arise and develop in the cavity. Because a 
single FEL pulse is sufficient to lase, we can increase the 
bunch charge four times higher by expanding the bunch 
interval to 36.9 ns whereas the beam loading in the 
acceleration tube is kept at the same level. Therefore, we 
have developed a simple and compact grid pulser system 
for the electron gun to generate a train of electron pulses 
with a peak current of 2.4 A and a duration of 5 ns at 
intervals of 36.9 ns, which corresponds to the repetition 
frequency of 27 MHz, continuing for 8 s.  

In this paper, we will report recent results of the THz-

FEL in high power operation using the electron beam of 4 
nC/bunch.  

EXPERIMENTAL SETUP 

The schematic drawing of the L-band linac and FEL 
system at ISIR is shown in Figure 1. The electron beam is 
extracted from the electron gun with the thermionic 
cathode operating at -100 kV DC and pre-bunched using 
the three-stage sub-harmonic buncher (SHB) system. The 
SHB system consists of two 108 MHz 1/4 wavelength 
resonators and one 216 MHz resonator. The electron 
beam is bunched and accelerated with 1.3 GHz travelling-

wave RF structures, including a pre-buncher, a buncher, 
and a 3 m long  acceleration tube. The accelerated 
electron beam is tuned using the diagnostic beamline with 
the analysing magnet and the Faraday cup so that the 
electron energy is constant over the pulse and the 
instantaneous energy spread is small. After beam tuning, 
the electron beam is transported via the FEL beamline to 
the FEL that consists of a planar type permanent magnet 
wiggler and an optical cavity. The THz-FEL beam is 
transported from the accelerator room through the 
shielding wall to the experimental station in the 
measurement room.  

 

 
Figure 1: Schematic diagram of the L-band linac and the 
FEL system at the ISIR, Osaka University.  

 ___________________________________________  

#kawase@sanken.osaka-u.ac.jp                 
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Grid Pulser 

To drive the electron gun at the repetition frequency of 
27 MHz, we developed a simple and compact grid pulser 
system using a field effect transistor (FET). To extract 
electron pulses with a peak current of 2.4 A from the 
cathode (YU-156, Eimac), the output pulse height from 
the grid pulser is required to be over -150 V. For the 
efficient capture of electrons by the SHB system, the 
pulse duration is required to be less than 5 ns (FWHM), 
which corresponds to the half-period of the 108 MHz rf. 
To meet requirements for the voltage and the speed, we 
selected two candidates for the FEL (2SK408 and 
2SK410, Hitachi), and developed a delayed shunt circuit 
for the gate of the FET to determine the pulse duration 
and to reduce the trail of the output pulse by grounding 
the gate and removing remaining charge in it. The 
schematic diagram of the grid pulser circuit is shown in 
Fig. 2. The input pulse train at the repetition frequency of 
27 MHz for the duration of 8 s is amplified by the 
transistor amplifier and divided into two lines. A pulse in 
the main line triggers the FET on the gate stage and a 
high voltage pulse is generated on the drain stage. The 
pulse in the other line is delayed using a coaxial cable and 
turns the transistor to shunt the base stage of the FET.  
 

 

 

 

In order to determine the optimal delay for shunting, the 
output signal of the grid pulse was measured for several 
cable lengths of the delay-line. The results of the 
measurement are shown in Fig. 3. As the results of these 
measurements, we select the delay-line length 40 cm 
longer than the length of main line.  

Figure 4 shows the time profile of the electron beam 
generated using the grid pulser and measured with a core 
monitor at the exit of the electron gun system. The peak 
current of each bunch is almost constant, and the bunch 
repetition frequency is 27 MHz. The bunch duration of 
the electron beam is measured to be less than the 
specification, 5 ns. 
 

 
Figure  3: Tuning result of the delayed shunt timing.  

 

 

(a) 

 
(b) 

 
Figure 4: The waveform of the electron beam generated 
with the new grid pulser system. This waveform shows 
the core monitor signal measured at the exit of the 
electron gun. (a) full length waveform of the generated 
electron beam. (b) horizontal axis is expanded.  

 

 

 

 
Figure 2: Schematic diagram of the grid pulser circuit.  
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Beam Loading 

Figure 5 shows the RF power exiting the acceleration 
tube in the 108 MHz operation with the beam current of 
0.6 A (a) and that in the 27 MHz operation with a current 
of 2.0 A (b). As expected, the beam loading in in the 27 
MHz operation with 2.0 A is lower than that in the 108 
MHz operation with 0.6 A.  

 

(a) 

 
(b) 

 
Figure 5: Beam loading at the acceleration tube for the 
dc-injection with the beam current of 0.6 A (a) and the 27 
MHz operation with the peak current of 2.0 A (b).  

 

 

Electron Beam Spectra 

To generate a high quality and high intensity FEL, the 
electron beam with a constant energy and small energy 
spread is necessary.  

The time-resolved energy spectrum of the electron 
beam was measured using an analysing magnet and the 
Faraday cup with a slit. The signal from the Faraday cup 
is measured with an oscilloscope by changing the 
magnetic field of the analysing magnet, so that a two-

dimensional energy spectrum of the electron beam is 
obtained.  The typical spectra in both operations are 
shown in Fig. 6. In both cases, the projected spectral 
width is about 1% and the r.m.s. uniformity of the peak 
energy through the macropulse after 2 s is estimated to 
be about 0.1%. After the beam tuning, we achieve a 
similar quality of the electron beam in the energy spectra. 

 

 

(a) 

 
(b) 

 
Figure 6: The typical energy spectra of the electron beam. 
(a) the dc-injection operation. (b) the 27 MHz operation.  

 

 

RESULTS 

By using the 27 MHz operation of the electron beam, 

we generate the THz-FEL with the pulse interval of 36.9 

ns and with the macropulse length of a few microseconds. 

As the preliminary results, the maximum macropulse 

energy is achieved to 26 mJ for the wavelength of 67 m 

at the user area. The wavelength of the FEL is variable by 

changing the magnetic field strength of the wiggler, that 

is, by changing the gap length of the wiggler. Figure 7 

shows the variation of the macropusle energy of the FEL 

by changing the gap length of the wiggler for the 27 MHz 

operation and the dc-injection (108 MHz operation) cases, 

respectively. At present, the macropulse energy of the 

FEL at the 27 MHz operation is two times larger than that 

at the 108 MHz operation. Roughly speaking, because the 

number of pulses is reduced in one-quarter, the 
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micropulse energy is increased eightfold in the 27 MHz 

operation.  

 

 
Figure 7: Macropulse energy of the FEL in the 27 MHz 

operation (red) and the 108 MHz operation (blue).  

 

The time structure of the FEL macropulse is measured 

by using a fast response THz detector (Molectron,  

pyroelectric detector P-5). The typical waveform of the 

observed signal is shown in Fig. 8. From the measured 

waveform, the maximum micropulse energy is estimated 

to be 200 J for the wavelength of 67 m. By assuming 

the pulse duration of 20 ps which is typical bunch 

duration of the electron beam accelerated by the L-band 

linac, the peak power of the THz pulse is estimated to be 

10 MW, and by focusing it with the radius of 200 m, the 

peak intensity is estimated to be 16 GW/cm2.  

The typical specifications of the THz-FEL at the ISIR 

are listed in Table 1.  

 

 
Figure 8: Typical waveform of the generated THz-FEL 

measured by a fast pyroelectric detector.  

 

 

CONCLUSION 

By increasing the bunch charge of the electron beam 

combining a new grid pulser system and the sub-

harmonic buncher system, we achieve the 

intensification of the micropulse energy of the FEL 

in eight times compared with the dc-beam injection 

scheme. As a preliminary result, the peak intensity is 

estimated to be 16 GW/cm
2
 at the wavelength of 67 m. This intense coherent and monochromatic THz 

radiation will open various research fields such as 

nonlinear responses of the materials in the THz 

region. The present results are not final ones. After 

optimization of various parameters and 

measurements of the THz pulse duration by the 

several methods, we will have more intense THz 

pulse and more precise characterization of that.  
 

 

Table 1: Typical Specifications of the THz-FEL at the 

ISIR (Preliminary) 

Parameter value 

Wavelength range  25 – 150 m 

(Frequency) 2 – 12 THz 

Macropulse energy at user area >10 mJ (70 m) 

Repetition rate of macropulse  5 Hz (max. 10 Hz) 

Macropulse duration  2 ~ 6 s  

Bunch separation 9.2 ns or 36.9 ns 

Energy stability of macropulse 3 ~ 7% (r.m.s.) 
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HIGH POWER COUPLED FEL OSCILLATORS FOR THE GENERATION 
OF HIGH REPETITION RATE ULTRASHORT MID-IR PULSES

M. Tecimer, THz-FEL Group, UHM, Honolulu, HI 96822, USA

Abstract
100-200 MeV range ERL driven high gain FEL

oscillators generating few cycle short, high intensity mid-
IR pulses with tens of MHz repetition rates might become 
attractive tools in various strong field applications. In a 
recent study a mode-locked, coupled FEL oscillator 
scheme has been presented to generate multi-mJ level, 
ultra-short (<10 cycles) output pulses tunable within the 
entire IR region. The current work elaborates on an 
improved FEL oscillator scheme that can cope with the 
high power levels accumulated within the coupled cavity
while operating unidirectionally, eliminating the feedback 
in the reverse direction. The various operational regimes 
of the coupled laser system are discussed.

INTRODUCTION
The objective of the study is to draw on the potential of 

the ERL based FEL devices to produce multi tens of mJ 
level, ultra-
within the entire IR region (and beyond) with at least 
several tens of MHz repetition rates. The latter would be a 
major step in overcoming the performance limitations of 
the current ultra-short laser technology in the high-field 
applications, a domain that is being dominated by 
conventional NIR/MIR sources. The achieving of the goal 
relies on taking advantage of  the high powers deposited 
in the beam (average as well as per bunch) by a 100-
200 MeV range superconducting ERL system operating at 
high repetition rates and elaborating on schemes with 
high extraction efficiency that would enable the 
generation of few cycle long intense radiation pulses.

In a recent study a high gain FEL oscillator scheme is 
investigated that encompasses two coupled oscillator 
cavities [1]. In general terms the system operates as an 
injection locked laser system whereby the first FEL cavity 
(master oscillator) provides a strong ultrashort, wide-
bandwidth seed signal that is transmitted through the 
coupler mirror (less than a few percentage coupling ratio) 
into the amplifier cavity. The latter can be driven in 
different operational regimes. The most straightforward 
manner is using the second cavity as a passive pulse 
stacker cavity. In this mode its finesse is set to optimize 
the outcoupled pulse energy (unless an intracavity 
application is considered). On the other hand injecting  
the spent beam into the second FEL oscillator cavity 
where it further interacts with the optical pulse that is 
coupled in and building up within this cavity leads to the 
injection locked operation. In this operational modus the 
resultant radiation field circulating in the amplifier cavity 
can be approximated in the first order by summing up the 
coupled fields that are coherently accumulating and 
boosting up the intracavity power in an enhancement 

cavity (EC) and the field build up resulting from the 
injection locked FEL interaction. The extent of the latter 
contribution can be defined by adjusting the undulator 
and resonator parameters of the two cavities. In the 
studied cases the amplification effect based on the 
coherent pulse stacking of an EC turns out to be superior 
to the growth of the intracavity fields due to the FEL 
process. Note that unlike the latter, coherent pulse 
stacking does not suffer from a saturation mechanism that 
limits the amplification and the associated field build up 
over many roundtrips. (Reaching the steady-state in an 
EC is a different process than the FEL saturation.) It
should also be emphasized here that prior to its injection 
into the amplifier cavity the beam already starts acquiring 
a relatively large energy spread since the master FEL 
oscillator is driven at zero cavity detuning and saturation 
is attained. Nevertheless, at the presence of the 
accumulating fields within the amplifier cavity and the 
broad band interaction with it, the spent beam's energy 
transfer into the radiation fields exceeds significantly the 
one due to the fresh injected beam's FEL interaction in the 
master oscillator, increasing accordingly the final beam 
energy spread.

In realizing the above mentioned operational regimes a 
nearly 100% percent coupling efficiency (in coupling the 
seed) is ensured while a decoupled, virtually reverse 
feedback free configuration is implemented. Our 
simulations that allow reverse feedback (bidirectional 
coupling) indicate a limit value for the coupling ratio back 
into the master oscillator at around 10-8 [2] in order to 
recover nearly the same performance that results from the 
fully decoupled case.

On the other hand the high intracavity power levels 
circulating particularly within the amplifier cavity 
necessitate designs that can cope with thermal related 
effects on the mirrors (distortion of the fields, damage at 
the mirror surfaces) by adopting proper measures in time 
and space. Whereas the average power can be controlled 
over the duty cycle (macropulses at lower duty cycle) it is 
also essential to increase the mode waist on the mirrors. 
In addition cryocooled laser optics developed for high 
power applications can be utilized to alleviate the 
thermally induced adverse effects.

COUPLED FEL OSCILLATORS
The composite resonator shown in Fig.1 is a special 

case of two coupled lasers in the weak coupling limit [1] 
(transmission of mirror B << 1.0). In order to incorporate 
the features that are briefly addressed in the introduction a
hybrid cavity design is adopted. While the first cavity 
supports the Gaussian (fundamental) mode the second 
(amplifier) cavity is a Bessel-Gauss (BG) type cavity [3-
5]. Here we take advantage of two salient features of the 
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BG cavities: i) the field distribution at mirrors C and D is 
an annulus with an approximately Gaussian radial 
intensity, ii) if an ordinary BG beam is imaged by a lens 
the outcome is a modified BG beam and vice versa [5]. 
All mirrors are dielectric mirrors with minimal absorption 
losses. The coupling mirror B has an optical 
waveguide/fiber optic placed at the beam axis that is 
terminated with an axicon on its tip. All transition 
surfaces (dielectric layer to fiber optic, axicon to free 
space) are individually impedance matched (coated) so to 
minimize any distortion of the reflected fields in the 
master oscillator (note that the coupling ratio is anyhow 
less than 0.01-0.02 ) and to maximize the coupling 
efficiency into the amplifier cavity (stressing here that 
this is not a hole coupling). The mirror lens set (optical 
delay line) incorporated into the amplifier cavity ensures 
the proper mode matching at the plane of coupling. 
Figure 2 shows the extent of the annular beam 
(normalized field Amplitude) at mirrors C and D for the 
wavelength range of interest and for a cavity length of
~26 m. One  should  also  indicate  at  this  point  that the
Gaussian cavity (master oscillator) too can be replaced by
a BG type cavity. BG type cavities offer a wide range of 
beam manipulation means that however is not the topic of 
this report.

Mode-locking in FEL Oscillators Operating at 
Zero Cavity Detuning

A key aspect in our approach is that the master 
oscillator is driven in a single spike modus that is realized 
in a short pulse high gain FEL oscillator with perfectly 
synchronized optical cavity length (~zero cavity detuning)
[6, 7]. In this regime that is dominated by high FEL gain, 
low cavity loss and optical pulse-electron beam slippage 
effects, the radiation stored in the cavity evolves into an
ultrashort, intense spike. As demonstrated experimentally 
[7] this mode of operation enables also a high FEL 
extraction efficiency reaching up to many percentages 
which, along with a highly energetic electron beam, 
builds the first step towards achieving mJ level FEL 
pulses. The dynamics of an FEL operating in this regime 
is characterized by the so called short bunch limit [8]. As 
a result of the high gain FEL interaction, in the short 
bunch limit the spike width can become even shorter than 
the cooperation length lc = r/4 r and denote the 
radiation wavelength and the FEL parameter [8], 
respectively. Furthermore, as was demonstrated in Ref. 7, 

the FEL interaction induces a frequency chirp in the 
generated spike, making further compression of the pulse 
duration possible while bringing the pulse width 
ultimately down to a few cycles. Along with the 
mentioned high extraction efficiency, the generation of 
ultrashort (<10 cycles) spikes is an additional factor 
provided by the presented high gain FEL oscillator 
operated at perfect synchronism towards achieving high 
peak intensities.

Coherent pulse stacking as well as injection locked FEL 
amplification of the frequency combs in the seeded cavity 
are discussed in [1] and the references therein. It is 
worthwhile to turn the attention to the mode-locking 
process that leads to the formation of the described ultra-
short, ultra-broad bandwidth, chirped optical pulses in the 
master oscillator. The fact that the high gain FEL 
operation at perfect synchronism enables the generation 
of ultrashort optical pulses that are propagating with a 
(nearly) self-similar shape from one roundtrip to the next 
indicates that the interaction can sustain and amplify a 
vast number of longitudinal cavity modes excited within 
an ultrabroad bandwidth (frequency comb) while a fixed 
phase relationship (phase locking) between all of them is 
established.
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Figure 2: Plot of the norm. Amplitude cross section at the 
BG cavity mirrors. Keeping the tilt angle fixed annular 
beam's width and radius can be increased by lengthening 
the cavity.

The mode-locking process of frequency combs that is 
of interest here relies on a self-starting and self-sustaining
phase and amplitude (loss) modulation. As already stated 
in [1], this passive mode-locking process is supported and 
sustained by the energy transfer from the radiation pulses 
to the particles that reach the bottom of the ponder-

Figure 1: Schematic layout of the coupled cavities. Here the second cavity that supports the BG beam serves as a 
passive EC. The output is an annular beam.
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omotive potential well as they execute synchrotron 
oscillations with frequency s ~ P1/4 [9] in the phase 
space. The time scale of the process is dominated by the 
slippage of the optical pulse during half a synchrotron 
oscillation period (electrons absorbing energy from the 
pulse tail) and as such it is a pulse intensity dependant 
process [1, 2]. The time scale and magnitude of the loss 
changes dynamically in response to the pulse intensity 
and vice versa. The slippage dominated interaction leads 
also to a phase modulation manifested by the induced 
chirp in the optical pulse. The complex index of refraction 
guiding of the optically bunched beam [10] is also pulse 
intensity dependant in the exponential gain regime. Its 
evolution in the course of the high gain FEL interaction is 
an additional effect that needs to be accounted for in the 
overall analysis. As indicated in [1], it would be useful to 
model the combined non-linear, self induced phase and 
amplitude modulation process by the master equation 
approach for mode-locking [11] relating and contrasting 
the described high gain FEL dynamics at zero cavity 
detuning to mode-locking in ultrafast optics.

Whereas constraints are imposed on the generation of 
few cycle high intensity pulses by using atomic lasers for 
high field applications (arising from power scaling limits 
due to material damage of the gain medium and artificial 
modelocking elements, (undesired) intensity dependent 
nonlinearities, restricted operational wavelength range) 
the mode-locking process exploited in this study allows to 
overcome these limitations, opening up ways for pertinent 
new applications. On the other hand major challenges 
inherent to the FEL interaction in realizing the envisaged 
operational modus in the mid-IR spectral region are 
described in [1].

SIMULATIONS
Simulations are carried out using the FEL modeling 

that is based on the multifrequency expansion of the fields 
with no averaging carried out in the source term [1]. Since 
the modeling employs transverse mode expansion too,
adopting the optical guiding approach [12] would allow 
more accurate predictions of the high gain FEL dynamics, 
even an oscillator is treated in our case. The transverse 
guiding effects are not taken into account in the results 
presented in this report.

The considered FEL scheme is assumed to be driven by 
a 100 MeV rf linac, ~80 pC-150 pC bunch charge , 100 fs 
( z) long bunches with 0.5% energy spread ( E). For the 
sake of simplicity in transporting and injecting the spent 
beam for the injection locked operation transverse 
emittance is neglected. Planar undulator modules
consisting of 10 to 23 periods ( u=6cm) with uniform 
fields are used in the respective resonators.  

Figure 3 displays the temporal profile (at saturation) of 
the generated seed spike that is inherent to this low loss, 
ultrashort pulse, high gain FEL regime. Figure 4 displays 
the broadening of the spike's spectrum (at saturation) by 
increasing the bunch charge up to 150 pC. The spike 
duration shortens according to the scaling dependency    
P-1/4 companied with a stronger chirp in the pulse. Note 

the down shift of the initial resonance frequency (~6 m) 
following the beam energy loss due the FEL interaction. 
In Fig.5, adjusting the loss and the slippage, the next 
satellite spike develops to a similar peak power level as 
the primary spike, exhibiting an evolution somewhat in 
analogy to the formation of limit cycle oscillations in the 
cavity detuned FEL oscillators at saturation.

Figure 3: The seed spike's FWHM is around 3-4 radiation 
cycles.cyc es.

Figure 4: Pulse spectrum at saturation for 80 pC and
150 pC bunch charges. 

Figure 5: Double spike generation at saturation. The 
delay between the pulses amounts to ~200 fs.
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In order to amplify the BG beam (~ truncated Bessel 
beam) injected into the coupled cavity we employ a 
technology already developed for high power fiber 
lasers/optical waveguides. Bessel-like beams can well be 
generated by selectively exciting high order LP0n fiber 
modes. The adopted approach here involves the use of 
hollow core photonic band gap (or photonic crystal) 
fibers/optical waveguides (HC-PBF/HC-PCF) [13] with a 
large core aperture (5.5-6.0mm). The large core aperture 
favors the excitation of higher order modes (HOM), 
exhibiting extremely low attenuation as well as low 
dispersion for the wavelength range of interest. It is also 
beneficial for very high power applications. On top of it, 
the technology of HC-PCFs offer enormous design 
flexibility in tailoring broadband dispersion 
characteristics (controlling dispersion and its slope,
achieving ultra-low, ultra-flattened dispersion) and the
implementation of highly efficient (>99%) grating based
mode converters. The latter is crucial to enforce the gain
medium (in addition to the injected Bessel beam) to 
couple selectively to the desired HOM along the 
interaction region. Matched doubled-chirped mirrors can 
be included into the resonator design for an additional
dispersion control.

The injection locked FEL simulations carried out here 

of the coupled oscillator FEL is shown in Fig.6. The delay 
line mirrors ensure the proper synchronization between 
the electron and radiation pulses and the proper mode 
matching of the seeded Bessel beam at the entrance of the 
HC-PBF (undulator entrance). The aperture of ~5.5-6 mm 
is chosen to allow a loss free transport along the undulator 
for a beam with 80 pC charge.

It is worthwhile to note at this point that the injected 
pulse's mode structure can be better matched by replacing 
the fiber optic/axicon configuration depicted in Fig.1 with 
a mode converter written HC-PBF of the desired radial 
order.

Figure 7 shows the pulse energy evolution of the 
outcoupled pulse at mirror D (The intracavity pulse 
energy amounts to nearly 1.5J). Here the contribution 
from the injection locked FEL interaction makes up less 
than 5% of  the total pulse energy (which nevertheless
exceeds by far the energy extracted from the electron

beam in the master oscillator). Figure 8 displays the 
frequency response of the injection locked amplifier 
cavity to the input seed wave. The truncation at 12 m is 
due to the mirror reflectivity characteristics. By adjusting 
the undulator and resonator settings the contribution is 
increased up to ~20% for the BG beam as depicted in 
Fig. 9. Here, the pulse energy evolution of the BG beam,
the Gaussian beam as well as the passive Enhancement

Figure 6: Schematic layout of the coupled injection-locked FEL cavities. By adjusting the settings of the resonator and 
the undulator modules in the respective cavities (basically cavity loss and slippage) the contribution arising from the 
injection locked FEL to the circulating power in the amplifier cavity can be varied. Note that the shown components are 
not scaled.

Figure 7: Outcoupled pulse energy evolution. 
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Cavity are contrasted, respectively. The pulse energy is 
normalized to the maximum pulse energy attained by the 
BG beam.

A detailed description of the presented scheme along 
with the simulation results will be reported elsewhere.

CONCLUSION
In the presented study the used simulation model 

yields, under the described idealized conditions, Joule 
level intracavity as well as tens of mJ outcoupled high 
rep. rate ultrashort, broad bandwidth mid-IR pulses. The 
studied coupled FEL oscillator configuration enables 
efficient injection locked amplification of beams with 
large energy spread (dirty beams) at the presence of the 
accumulated, ultrashort, broad band, high intensity 
intracavity radiation pulses. Further studies focus on the 
following topics: i) rather than using the relatively low 

charge spent beam, injection of high intensity 'dirty'
beams (using a different beam source/accelerator system)
into the second cavity will push up the FEL saturation 
power,  ii) increasing the  intensity of the seed pulses 
(and the extraction efficiency) by replacing the Gaussian 
master oscillator with a Bessel-like beam cavity.  In the 
latter case it might be sufficient to drive the second cavity 
only as a passive EC while reaching pulse intensity levels 
still useful for high field applications that are presented in 
Ref. [2]. 
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Figure 9: The pulse energy evolution in the amplifier 
cavity. BG refers to an FEL that is based on Bessel-like 
beam in the cavity. In the case of the Gaussian cavity it is 
assumed (hypothetically) that the reverse feedback 
vanishes.
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COMMISSIONING STATUS OF THE ASTA FACILITY AT FERMILAB* 
A.H. Lumpkin#, J. Ruan, D. Broemmelsiek, D. Crawford, D. Edstrom, N. Eddy, E. Harms, 

J. Hocker, J. Leibfritz, J. Santucci, G. Stancari, D. Sun, J. Thangaraj, R. Thurman-Keup, 
A. Warner,  and J. Zhu 

Fermi National Accelerator Laboratory, Batavia, IL 60510 USA 

Abstract 
Early commissioning results and status of the Advanced 

Superconducting Test Accelerator (ASTA) at Fermilab 
will be described. The ASTA facility will consist of an L-
band rf photocathode (PC) gun, two superconducting L-
band rf booster cavities, transport lines, and an 8-cavity 
TESLA style cryomodule. Early results include first 
photoelectrons from the Cs2Te photocathode and 
operations at 3-5 MeV from the rf PC gun. Measurements 
of beam size, position, energy, and charge have been 
obtained with the beam profile station and Faraday cup at 
that low energy location. Diagnostics for the 20-50 MeV 
energy beam are also described as well as the first 
conditioning results for the cryomodule cavities. 

INTRODUCTION 
The Advanced Superconducting Test Accelerator 

(ASTA) facility [1] is currently being constructed at 
Fermilab with initial commissioning steps already in 
progress. The electron beam has been generated in a 
photoinjector based on a UV drive laser and the L-band 
rf photocathode (PC) gun cavity which is shown in 
Fig. 1. Low energy results at 3-5 MeV sampled after the 
gun are described.  Initial commissioning of beam to the 
low energy beam dump will be done with one booster 
cavity. The beam line with one 4-dipole chicane, 
extensive diagnostics, and spectrometer has been 
installed in the  linac for 20-50 MeV operations in the 
coming months. Downstream of this location is the 8-
cavity cryomodule in which all cavities have been 
operated individually. Updated cryomodule results will 
be presented. The feasibility of using the commissioned 
linac and cryomodule to provide 300-MeV beams to 
drive EUV FEL oscillator tests at 120 nm was described 
previously [2]. 

EXPERIMENTAL ASPECTS 
The injector portion of the facility, the first cryomodule, 

and the proposed FEL oscillator configuration are shown 
in Fig. 2. After the L-band rf pC gun, two L-band 
superconducting booster cavities will provide up to 
50 MeV acceleration capability. At this time, the first 
cavity has been temporarily replaced by a spool piece, and 

the second cavity has been installed and conditioned to 20 
MV/m. Only results from the diagnostics after the rf gun 
and cryomodule conditioning will be presented. 
 

 
Figure 1: The L-band photoinjector with photocathode 
transfer hardware, and with two solenoid magnets. 

The Drive Laser 
The drive laser is based on an Yb fiber laser oscillator 

running at 1.3 GHz that is then divided down to 
81.25 MHz and amplified. The four-stage origination and 
amplification is a set of commercial components from 
Calmar collectively referred to as the seed laser in the 
context of ASTA. The 81.25 MHz packets of IR laser, at a 
wavelength of 1053 nm is directed into a multi-pass 
amplifier (MPA), which provides amplified pulses at a 
3 MHz rate that are then pulse cleaned with two sets of 
Pockels cells. The MPA has recently been replaced by a 
preamp composed of three single pass stages. A third 
Pockels cell, referred to as the pulse picker is not 
currently being used. Three YLF-based single-pass 
amplifiers (SPA) and a Northrup-Grumman SPA (NGA) 
boost the energy to several μJ per pulse before the two 
doubling crystal stages that generate the green and then 
the UV components at 3 MHz [3]. The UV is transported 
out of the laser lab through the UV transport line to the 
photocathode of the gun for generation of the 
photoelectron beams for the SC rf accelerator [1]. 

Base Electron Beam Diagnostics 
The base beam profile imaging stations have been 

equipped with both YAG:Ce scintillators and optical 
transition radiation (OTR) screens, optical transport, and 
digital CCD cameras. The Gig-E vision protocol has been 
supported by selection of the Prosilica 5 Mpix cameras for  

 ______________________  
*Work supported under Contract No. DE-AC02-07CH11359 with the
United States Department of Energy. 
#lumpkin@fnal.gov 

Proceedings of FEL2014, Basel, Switzerland TUP075

Status of Projects and Facilities

ISBN 978-3-95450-133-5

537 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



the beamline profiling stations and the 1.3 Mpixel camera 
with 2/3” format for the streak cameras. We have then 
used both the online Java-based ImageTool and the offline 
MATLAB-based ImageTool processing programs [4,5] in 
the commissioning of the system. The commissioning of 
the UV drive laser and the comprehensive measurements 
with the streak camera are described elsewhere in this 
conference [6]. A set of rf BPMs, wall current monitors, 
and toroids are also being implemented. 

The Hamamatsu Streak Camera Systems 
Commissioning of the laser lab streak camera system 

was facilitated through a new suite of controls centered 
around ACNET, the Fermilab accelerator controls 
network. This suite included operational drivers to control 
and monitor the streak camera, as well as Java-based 
programs to interface with the driver and retrieve images 
from the readout camera. This commissioning period 
allowed a number of improvements to be made to all 
aspects of interfacing with the C5680 streak camera, both 
in terms of software and hardware [6].  

For the electron beam studies, the second streak camera 
is also a Hamamatsu C5680 mainframe with S20 PC 
streak tube and can accommodate a vertical sweep plugin 
unit and a horizontal sweep unit or blanking unit. The all-
mirror input optics enables the assessment of the UV OTR 
component as well as the visible light OTR. These optics 
also mitigate the streak image blurring due to the inherent 
chromatic temporal dispersive effects of the lens-based 
input optics for broadband sources such as OTR. The 
studies will start with the M5675 synchroscan unit with its 
resonant circuit tuned at 81.25 MHz so the streak image 
would have jitter of less than 1 ps from the system itself.  

Bunch Length Monitor at 20-50 MeV 
We have developed plans for the bunch length monitor 

station that will be located after the chicane at X121 as 
shown in Fig. 3. An Al-coated Si wafer rotated at 45 
degrees to the beam direction will serve as the converter 
screen (36 mm x 25 mm) for generation of coherent 
transition radiation (CTR), coherent diffraction radiation 
(CDR), and incoherent OTR. The three sources are 
schematically shown in Fig. 4. Initially, the lower screen 
edge will be moved above the beam center to allow the 
nonintercepting generation of CDR instead of using an 
aperture in a screen. The THz signals will be detected by 

pyroelectric detectors, and the MPI will be employed for 
bunch length evaluation. The OTR will be transported in 
an enclosed pipe outside of the tunnel to the streak camera 
station.  
 

 
Figure 3: Post-chicane area (Girder 3) with quads and 
planned imaging stations X118, X120, and X121 and the 
ceramic gap. 

 

Figure 4: Schematic of a three-source option for OTR, 
CTR, and CDR diagnostics with the streak camera and 
MPI indicated. The OTR/CTR screen is at the left, and the 
CDR screen with aperture is at the right. 

In addition a ceramic gap monitor located downstream 
of the X121 station as indicated  in Fig. 3 will be used to 
assess bunch length. The expected temporal resolutions 
for the techniques are provided in Table 1 as compared to 
alternative rf deflector techniques. The rf deflector 
installations have been postponed. The streak camera 
viewing OTR and MPI via CTR will be used to evaluate 
the ceramic gap monitor performance with low power 
beam at the 1 ps level. With high power beam we will 
adjust the Al screen lower edge to be a few mm above the 
beam line center and use the CDR with MPI to compare 
to the ceramic gap results.   

 
      

Figure 2: Schematic of the ASTA linac showing the rf gun, solenoids L1 and L2, the L-band booster cavities (CAV1 
and CAV2),  a proposed third harmonic linearizing cavity, chicane BC1, the first cryomodule (ACC1), and the proposed
FEL oscillator configuration. 

X118          X120        X121          D122 
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Table 1: Summary of Bunch Length Monitor Options with 

 

EXPERIMENTAL RESULTS 
Initial PC RF Gun Results 

The rf PC gun studies were initiated last year on June 
20, 2013 by using just the Mo substrate as a low quantum 
efficiency cathode. With a few uJ of energy per UV pulse, 
we generated a few pC per micropulse. Since that time the 
Cs2Te coated cathodes with about 1 to 1.5 % Q.E. were 
installed in the transfer chamber, and one subsequently 
inserted into rf gun back plane. Micropulse charges of 20 
to 1000 pC were generated for 100 μs at 3 MHz. One of 
the first images is shown in Fig. 5, and an early evaluation 
of beam energy versus the gun rf power is shown in 
Fig. 6. The plots show both data extracted from the 
solenoid field scan and the use of the corrector magnets to 
cause  measurable beam deflections.  The highest power 
gave a gradient of about 45 MV/m.  A few runs were done 
with 3000 micropulses to exercise the laser system at the 
design macropulse length, but with reduced charge per 
micropulse as seen in Fig. 7. This kind of macropulse 
when accelerated by the linac and cryomodule and bunch 
compressed could support an FEL oscillator configuration 
at 120 nm. The schematic of this implementation is shown 
in Fig. 2, and the simulations are given in reference [2]. 

 

     
Figure 5: Image of beam at 4 MeV from the gun using the 
YAG:Ce converter screen and digital CCD camera. It was 
sub-mm (sigma) beam size [7]. 

 
Figure 6: Electron beam energy after the gun vs. rf gun 
power [8]. 
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Figure 7: Demonstration of 1-ms-long macropulse of 
photoelectrons with about 0.45 nC per micropulse as 
measured at the low energy Faraday cup [8]. 

Cryomodule Cavity Conditioning Results 
The eight cavities in the cryomodule presently installed 

in the tunnel as shown in Fig. 8 have been rf conditioned 
individually. All but one reached the targeted 31.5 MV/m 
gradient as shown in the plots of Fig. 9 [9]. The one 
reached 30.5 MV/m. The average of the eight cavity 
gradients is still 31.3 MV/m, which is the highest value 
demonstrated in a cryomodule to date. The plots of the 
cavity gradients in the vertical and horizontal test stands 
are also shown for comparison in Fig. 9. Details were 
presented at IPAC14 [9]. More recently cavities 1-7 have 
been powered at the same time through an rf power 
distribution system and attained > 30 MV/m average in 
initial conditioning tests. 
 

Technique, Resolution, and Estimated Charge Needed  
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Figure 8: Cryomodule as installed in the ASTA tunnel 
before the waveguide distribution system was installed. 

 
Figure 9: Plot of the cavity gradients attained in the 
vertical test stand (blue), horizontal test stand (red), and 
when installed in the CM-2 cryomodule (purple). The 
31.5 MV/m value was a target and initial administrative 
limit in the cryomodule tests [9]. 

SUMMARY 
In summary, we have described a series of 

commissioning results on first beam from the gun and  
first tests at high gradient of the SCRF cavities in the 
cryomodule. We are poised to accelerate beam to 20+ 
MeV and to begin full characterization of the beam 
properties. Eventually we will extend the beamline to the 
high energy beam dump and then inject beam into the 
cryomodule to evaluate higher order modes under beam 
loading conditions. 
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COHERENT SYNCHROTRON RADIATION AT LEBRA 
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Industrial Science and Technology (AIST), 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan  
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Electron Beam Research and Application (LEBRA), Nihon University, 7-24-1 Narashinodai, 

Funabashi, 274-8501, Japan 

 

Abstract 

Nihon University and National Institute of Advanced 

Industrial Science and Technology have jointly developed 

terahertz-wave coherent synchrotron radiation (CSR) at 

Laboratory for Electron Beam Research and Application 

(LEBRA) in Nihon University since 2011. We have 

already observed intense terahertz-wave radiation from a 

bending magnet located above an undulator dedicated for 

an infrared free-electron laser (FEL), and confirmed it to 

be CSR. We have transported the CSR to an experimental 

room, which is next to the accelerator room across a 

shield wall, using an infrared FEL beamline. The power 

of the transported CSR was 50 nJ per macropulse, and it 

was available at frequencies of 0.1−0.3 THz. The 

transported CSR beam can be applied to two-dimensional 

imaging and spectroscopy experiments. From two-

dimensional imaging performed with the THz-wave CSR, 

metallic structures concealed by plastic in a smart card 

were nondestructively detected at a spatial resolution of 

1.4 mm.  

INTRODUCTION 

In order to obtain an FEL with high gain, the electron 

beam in FEL facilities has a short bunch length and a high 

charge. The electron beam in the FEL facilities can also 

generate intense terahertz waves by coherent radiation. 

Since 2011, then, Nihon University and National Institute 

of Advanced Industrial Science and Technology have 

jointly developed intense THz-wave CSR at Laboratory 

for Electron Beam Research and Application (LEBRA) in 

Nihon University. We have already observed intense 

coherent synchrotron radiation (CSR) in the THz-wave 

region using an S-band linac at LEBRA [1]. Because the 

CSR does not influence a process of infrared FEL 

oscillations, it is possible to use the THz-wave CSR and 

infrared FELs simultaneously. If a complex light source 

composed from the CSR and FEL are developed, we can 

conduct highly reliable material identifications.  

Then, we transported the CSR to the experimental room, 

which was next to the accelerator room across a shield 

wall, using an infrared FEL beamline. We could obtain a 

CSR beam whose intensity was approximately 50 nJ per 

macropulse. The CSR beam could be used for 

spectroscopy experiments at frequencies of 0.1-0.3 THz 

[2].  In this article, characteristics of the CSR transported 

to the experimental room are reported in detail.  

THZ WAVE SOURCE BY CSR 

The S-band linac at LEBRA consists of a 100 keV DC 

electron gun, prebuncher, buncher, and three 4 m long 

traveling wave accelerator tubes [3]. The electron beam 

accelerated by the linac is guided to an FEL undulator 

line by two 45° bending magnets. The electron-beam 

energy can be adjusted from 30 to 125 MeV, and the 

charge in a micropulse is up to 30 pC in full-bunch mode, 

where the electron beam is bunched in 350-ps intervals. 

The electron-beam energy was set to 100 MeV in the 

CSR observations. The macropulse duration determined 

by the flat-top pulse width of the 20 MW klystron output 

power is approximately 20 µs. The bunch length is 

compressed from 3 to less than 1 ps by a magnetic 

compressor using two 45° bending magnets that guide the 

electron beam to an FEL undulator line [4]. However, 

there is no optical beam window to extract the CSR in the 

FEL undulator line. Thus, we developed the CSR emitted 

at the entrance of the second 45° bending magnet, where 

the calculated bunch length was approximately 2 ps in 

full-bunch mode. Although the CSR is emitted along the 

electron-beam orbit in a bending magnet chamber 

(internal height, 24 mm), its solid angle which was 

incident on an entrance of a transfer pipe (diameter, 20 

mm; length, 265 mm) was 0.065 radians.  

We observed intense sub-THz-wave radiation emitted 

from the second 45° bending magnet by using a Schottky 

D-band diode detector (Millitech Inc., DXP-06) [1]. The 

measured power of the intense sub-THz-wave radiation 

was proportional to the second power of the electron-

bunch charge in full-bunch mode. The vertically polarized 

component of the intense sub-THz-wave radiation had 

roughly the same vertical distribution as the synchrotron 

radiation. Thus, the radiation was identified as CSR. The 

measured CSR power per macropulse was approximately 

0.4 µJ in the D-band region. 
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TRANSPORTATION OF THE CSR 

If the intense THz-wave CSR is transported to the same 

space as the infrared FEL, we can conduct complex 

imaging in the two wavelength regions and expect to 

realize highly reliable material identifications. Then, we 

planed to transport the CSR beam to an experimental 

room using the infrared FEL beamline. Outline of the 

THz-wave source of the CSR and the infrared FEL 

beamline is shown in Fig. 1. Because the infrared FEL 

beam is a plane wave in the beamline, the CSR beam 

should be converted to a plane wave to be transported to 

the experimental room. A Tsurupica lens (Pax Co., Ltd), 

which had a focal length of 800 mm and an effective 

diameter of 36 mm, was installed at a position 800 mm 

from the upper end of the second 45° bending magnet, 

where the THz-wave CSR is generated. The CSR beam 

was converted to a plane wave by the Tsurupica lens, then 

it deflected 90° by a flat mirror and injected into the 

infrared FEL beamline through a quartz window. A 

square metal channel whose inner sides were 36 mm was 

set between the Tsurupica lens and the flat mirror.  

To match the profile of the THz-wave CSR to the 

profile of the infrared FEL, we needed an optical device 

that would transmit the infrared FEL and reflect the THz-

wave CSR by an angle of 22.5°. Because the optical 

device needed to maintain the wave front of the infrared 

FEL, a mesh mirror could not be used. Based on the 

difference in refractive indices in the THz-wave region 

 

Figure 1: Relationship between the THz-wave source 

and the infrared FEL beamline. 

 

 

Figure 2: Calculated reflectance spectra of the LiTaO3 

substrate with thicknesses of 0.5 (solid line) and 0.06 

(dotted line) mm. 

 

Figure 3: Schematic layout of the transportation of the CSR beam. 
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and the infrared region, we used a flat substrate of LiTaO3 

crystal with a diameter of 76 mm and a thickness of 0.5  

mm. The refractive index of the LiTaO3 crystal is 

approximately 2.1 in the near-infrared region [5], and it 

has a transmittance of 75% in the wavelength region of 

0.5−5 µm. On the other hand, the refractive index of 

LiTaO3 crystal is approximately 6.5 around a frequency 

of 0.2 THz [6]. Figure 2 shows a calculated reflectance 

spectrum of the LiTaO3 crystal substrate with a thickness 

of 0.5 mm. There are frequency regions of low reflectance 

every 42.8 GHz due to interference caused by the 

substrate. Based on this interference, the optimum 

thickness of the LiTaO3 crystal substrate was estimated to 

be less than 70 µm for the reflectance spectrum; however, 

a thin film of LiTaO3 crystal was not available. We 

expected this substrate to have an average reflectance of 

67% in the frequency region of 0.1−0.3 THz.  

Figure 3 shows the outline of the infrared FEL 

beamline. The CSR beam was transported by four flat 

mirrors installed in the infrared FEL beamline to the 

experimental room. The CSR beam was extracted from 

the infrared FEL beamline through a sapphire window 

that is attached to the first mirror chamber in the 

experimental room. The maximum CSR power per 

macropulse was estimated to be approximately 50 nJ in 

the D-band region in full-bunch mode. So, transportation 

efficiency for the CSR beam was 13%.  

SPECTRUM OF THE THZ-CSR  

In order to investigate the spectral characteristics of the 

transported CSR, we used a homemade Martin-Puplett 

type interferometer [7], which was used in step-scan 

mode with a maximum optical path difference of 50 mm. 

Metal wire grid mirrors, which had wire diameters of 15 

µm and wire spacings of 60 µm, were used as a polarizer 

and a beam splitter in the interferometer. The CSR beam 

reflected by the polarizer was concentrated by a parabolic 

mirror that was then injected into a pyroelectric detector 

(Gentec Electro-Optics Inc., THZ-I-BNC) that was 

sensitive at frequencies above 0.1 THz. Figure 4 shows a 

typical spectrum of the transported CSR beam from 

calculating with interfrograms measured by the 

interferometer. Note that a frequency region with low 

intensity appeared every 41 GHz in the CSR spectrum. 

The interference from the LiTaO3 crystal substrate caused 

these periodic dips in the CSR spectrum. Based on the 

interval of the dips, the refractive index of the LiTaO3 

crystal was evaluated to be 6.9, which is almost the value 

of 6.5. As shown in Fig. 4, although some deep dips of 

unknown provenance remained in the spectrum after 

removing the influence of the interference, the transported 

CSR could be used at frequencies of 0.1−0.3 THz in full-

bunch mode.  

TWO-DIMENSIONAL IMAGING  

We have developed a two-dimension imaging 

experiment by using the transported CSR beam. The CSR 

beam was extracted through the sapphire window and 

then concentrated by the parabolic mirror. We used a 

smart card as a sample. The dimensions of the smart card 

were 51 mm in height, 85.5 mm in width, and 0.8 mm in 

thickness. It was set on an acrylic board with a thickness 

of 2 mm, and the board was located at the focal point of 

the CSR beam. To limit the irradiated area of the CSR 

beam, a conical horn, which had a circular output with a 

diameter of 2 mm, was set at a position 2 mm above the  

 

Figure 4: Calculated spectrum of the transported CSR 

(dotted line) and spectrum after removing the influence 

of the interference of the LiTaO3 substrate (solid line). 

(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

        

Figure 5: Transmission image of a smart card measured 

by the CSR beam with a D-band diode detector (a) and 

by the parametric x ray with an imaging plate (b). 
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smart card. To measure transmittance of the smart card, 

the D-band diode detector was set at a position 2 mm 

away from the acrylic board. The two-dimensional 

distribution of transmittance was measured by a raster 

scan at an interval of 0.5 mm. Figure 5 shows the imaging 

data for the smart card from the sub-THz-wave CSR and 

from a parametric X-ray, which was supplied by another 

beamline in LEBRA [8]. Comparing the CSR and X-ray 

imagings shows that the CSR beam could sense metals in 

the plastic body of the smart card. This CSR imaging 

system distinguished 1.5 mm wide metal plates and 1.0 

mm wide gaps between metal plates at the center of the 

card. It could not distinguish 0.5 mm wide gaps of wires 

around the edge of the card. When a spatial resolution of 

the CSR imaging system was defined as a width where 

the transmittance is from 0.2 to 0.8 at an edge, it was 

evaluated to be 1.4 mm. However, a narrow wire with a 

width of 0.5 mm was detected at the right edge; therefore, 

we could sense a smaller metal piece in the plastic body 

when another metal structure did not exist around the wire.  

FUTURE PLAN OF THZ SOURCE  

As mentioned above, the bunch length can be 

compressed to be less than 1 ps in the FEL straight 

section. Then, we plan to develop a new CSR source, 

which can supply more intense and shorter-wave THz 

beam, at the downstream bending magnet in the FEL 

straight section. A solid angle of the new CSR source will 

be 0.1 radians. Figure 6 shows a spectrum of the expected 

CSR beam at the exit of the bending magnet when the 

bunch length is 0.5 ps. The intensity of the new CSR 

beam will be approximately 100 times than that of present 

CSR beam. We will remake the vacuum chamber of the 

bending magnet to extract the intense CSR and transport 

it to the experimental room with using the infrared FEL 

beamline.  

CONCULSIONS  

We have successfully transported THz-wave CSR from 

an accelerator room to an experimental room by using an 

existing infrared FEL beamline at LEBRA. The intensity 

of the CSR in the experimental room was approximately 

one eighth of that near the second 45° bending magnet in 

the accelerator room. The CSR spectrum was measured 

by a Martin-Puplett type interferometer and a pyroelectric 

detector, and it was found that the CSR was available in 

the frequency region of 0.1−0.3 THz. In a two-

dimensional imaging experiment on a smart card, the 

spatial resolution of the imaging system was 1.4 mm. We 

will investigate characteristics of the CSR at the 

downstream bending magnet in the FEL straight section 

and develop a new THz-wave CSR source.  
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Figure 6: Calculated spectra of the CSR beam for the 

present light source (black and blue lines) and planning 

light source (red line). 
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A SWEDISH COMPACT LINAC-BASED THz/X-RAY SOURCE AT FREIA
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Abstract
THz radiation enables probing and controlling low-energy

excitations in matter such as molecular rotations, DNA dy-

namics, spin waves and Cooper pairs. In view of growing

interest to the THz radiation, the Swedish FEL Center and

FREIA Laboratory are working on the conceptual design of

a compact multicolor photon source for multidisciplinary

research. We present the preliminary design of such a source

driven by high-brightness electron bunches produced by a

superconducting linear accelerator. A THz source is en-

visioned as an FEL oscillator since this enables not only

generation of THz pulses with a bandwidth down to 0.01%

(with inter-pulse locking technique) but also generation of

short pulses with several cycles in duration by detuning the

resonator. For pump-probe experiments, the THz source

will be complemented with an X-ray source. One of the

most promising options is the inverse Compton scattering

of quantum laser pulses from electron bunches. Such an X-

ray source will operate from 1 to 4 keV with output intensity

comparable to a second generation synchrotron. The envi-

sioned THz/X-ray source is compact with a cost comparable

to the cost of one beamline at a synchrotron.

INTRODUCTION
The energy of photons from the THz spectrum range cor-

responds to the energy of many types of excitations in matter

such as low-frequency vibrations in large molecules, molec-

ular rotations, lattice vibrations, spin waves, internal exci-

tations of bound electron-hole pairs. A recent workshop

“The Science and Technology of Accelerator-Based THz Light
Sources,” Uppsala, November 18-19, 2013 clearly demon-
strated a tremendous increase in applications of THz radi-

ation in physics, material science and biomedicine. The

analysis of literature and the presentations given at the work-

shop show that apart from a well-established time-domain

THz spectroscopy [1], THz radiation allows coherent con-

trol of quantum transport in semiconductor superlattices [2],

spin waves in antiferromagnets [3], quantum bits in semi-

conductors [4], high-Tc superconductivity [5]. The control

was demonstrated experimentally.

THz radiation also finds a lot of applications in biophysics.

In particular, it was reported that irradiation of mammalian

stem cells with a THz field results in heterogenic changes in

gene expression [6]. The proposed resonant mechanism of

interaction of THz fields with stem cells predicts a creation

of new open states in the double helix of DNA [7]. One

more exciting application of THz radiation is connected to

the study of chiral molecules, which are widely found in

∗ vitaliy.goryashko@physics.uu.se; vitgor06@gmail.com

biology, for example, amino acids. Chirality plays an im-

portant role in medicine since drugs containing different

enantiomers have different biological activity [8] because

receptors, enzymes, antibodies and other elements of the

human organism also exhibit chirality. Fingerprints of bio-

logical molecules belong to the THz region and it is foreseen

that circularly polarized THz radiation can be used for study-

ing chirality of bio-molecules.

In view of growing interest to the THz radiation, the

Swedish FEL Center together with the FREIA Laboratory is

studying the national user interest in THz physics and work-

ing on the conceptual design of a versatile photon source.

The ultimate goal is to build a versatile THz/X-ray source

for a multidisciplinary national user facility at the FREIA

laboratory of Uppsala University. The photon source will

be driven by high-brightness electron bunches produced by

a superconducting linear accelerator (SC linac). In partic-

ular, we aim to combine an envisioned THz FEL with a

soft X-ray source and such a combination will provide an

opportunity for the time-resolved pump(THz)−probe(X-ray)
measurements. Implementation of superconducting tech-

nology would greatly enhance flexibility of the envisioned

multi-color photon source. Specifically, a photon source

based on a SC linac enables the best flexibility in terms of

bandwidth and wavelength tunability as well as scalability

both in repetition rate and pulse energy [9]. Superconducting

linacs enable operation in continuous wave (CW) or quasi-

CW mode, which implies higher average brightness of the

source. With a high duty factor operation, a SC linac also

reduces the overall size of the facility and is economically

more efficient than its normal conducting counterpart.

THE COMBINED THZ/X-RAY SOURCE
The conceptual layout of the combined THz/X-ray source

is schematically shown in Fig. 1. A SC linac is followed by

an X-ray source and a THz FEL oscillator.

One of the main challenges of the project is an electron

source since high-brightness low-emittance electron bunches

are needed for an efficient inverse Compton scattering pro-

cess. Currently, only a SC photocathode RF gun can deliver

bunches with the required parameters. However, this gun is

complicated for fabrication and operation as well as expen-

sive for a university facility. The search for an alternative

lead us to a gun design, which is similar to the design pro-

posed at Argonne [10]. The proposed gun utilizes a normal

conducting (NC) 176 MHz re-entrant resonant cavity with

an acceleration gradient of 20 MV/m. Note that an RF gun

cavity of such geometry has been developed at the Lawrence

Berkeley National Laboratory (USA) [11, 12] for the NGLS

project. This cavity has a high thermal handling capabil-
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Figure 1: Schematic of a THz FEL complemented with an X- ray source.

ity and is suitable for CW operation. In order to achieve a

low-emittance of 1 mm·mrad, the grid in our design is elim-
inated and electrons are injected into the gun cavity through

a small aperture in the cavity wall. The thermionic cathode

is located in the inner conductor of a stripline attached to

the cavity walls. The cathode is isolated from RF fields of

the gun cavity and 1 ns electron bunches are generated by

applying RF pulses to the cathode via a stripline. Dark cur-

rents are suppressed by biasing. The gun is compatible with

magnetic fields for emittance compensation and thermionic

cathodes are capable of long-term, stable operation as this

was demonstrated at Spring-8 (Japan) [13]. Simulations

performed with the EGUN and PARMELA codes show that

electron bunches with a charge of 0.7 nC, a duration of 1 ns,

an energy of 0.4 MeV and an emittance of 1 mm·mrad can
be generated. The shapes of the cathode and input/output

apertures of the gun cavity were optimized in order to reduce

the effects of electron beam aberration.

The NC thermionic gun has the advantages of long cath-

ode life time (more than 20 000 hours in electron micro-

scopes), the ease of operation and a robust and cost-efficient

design. The disadvantage of such a gun is rather long elec-

tron bunches, which require an additional compression just

after the RF gun. The longitudinal phase-space linearization

will be done by means of the third harmonic of the gun cav-

ity frequency. By using the third harmonic we also plan to

create a non-linear energy chirp in order to compensate the

non-linear dependence of the electrons transit time on their

position in a bunch and obtain strong ballistic bunching [14].

The simulations performed with the simulation codes

PARMELA and ASTRA show that 0.4 MeV, 0.7 nC bunches

can be successfully compressed down to 10 ps within 2 me-

ters by ballistic bunching. The use of the emittance compen-

sation method with a solenoid allows us to keep the bunch

emittance below 2 mm·mrad. A NC booster increases the
bunch energy to 1 MeV for subsequent energy filtering. The

energy filter (the first, from right to left, chicane shown in

Fig. 1) reduces the energy spread to around 20 keV and the

bunch charge to 0.2 nC, which is sufficient for the photon

source. The average power deposited in the energy filter is

below 100 W.

After the energy filter, electrons will be accelerated by two

double-spoke cavities operating at 352.21 MHz. A recent

study on high-beta spoke cavities for electron linacs [15]

strongly indicates that the energy gain in a double-spoke

cavity can be as much as 10 MeV. In this case the surface

electric and magnetic fields are around 30 MV/m and 55 mT,

respectively, which make the cavity operation stable. The

spoke cavities will be powered by two RF sources able to

deliver 400 kW peak power at 352.21 MHz with a duty cycle

of 10%. The sources are being built at the FREIA laboratory

within the FREIA-ESS project and are potentially available

for use after 2018. A turn-key cryomodule hosting two

double-spoke cavities is being developed within the ESS

project as well and it will be available from industry. Only

minor adaptations will be required. However, the spoke

cavities have to be slightly re-designed for a high phase

velocity.

Downstream the cryomodule, electron bunches are com-

pressed in a magnetic chicane down to a few ps and collided

head-to-head with an IR pulse produced by an external laser

in order to produce X-rays via the inverse Compton scat-

tering. The latter technique was experimentally proven in

many laboratories [16]. Scattering of laser pulses with a

wavelength of 1 μm on electrons with energies from 8 to
15 MeV will result in X-ray radiation from 1 keV to 4.3 keV.

A successful implementation of inverse Compton scatter-

ing requires very intense IR pulses with a repetition rate of

176 MHz, see the electron beam temporal structure in Fig. 2.

A potential solution to this problem is the use of a so-called

optical enhancement cavitiy [17]. The experimental stud-

ies [18] already demonstrated stable cavity operation with
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Figure 2: The proposed time structure of an electron beam at the end of the linac.

a power enhancement of around 1300 for average power of

670 kW at 1 μm wavelength and 250 MHz repetition rate.
One should stress that the coherent enhancement of laser

pulses in a passive cavity also provides ideal conditions for

high-order HHG with multi-MHz repetition rate as it was

recently demonstrated experimentally [19]. In our design,

1 mJ optical pulses will make a round trip with the repeti-

tion rate of electron bunches being equal to 176 MHz. This

translates into 176 kW of average power circulating in the

enhancement optical cavity during a 10 ms pulse. Note that

a few ps laser pulses with a wavelength of 1 μm can be gen-
erated with up- to-date semiconductor lasers at the required

power level.

Using results from the ref. [20], the analysis of X-ray emis-

sion predicts a peak and an average brightness of 5.7 × 1017
and 1013 photons/(s×mm2×mrad2×0.1% bw) respectively.
The optical and electron beams are assumed to be tightly

focused to a spot of around 60 μm. The coupling of the
electron beam into the interaction region and of the X-rays

out of it is currently planned through a 1 mm aperture in the

cavity focusing mirrors. Another option for coupling of the

electron beam would be to move one of the focusing mirrors

into the centre of the magnetic chicane. This needs further

investigation.

After the generation of X-rays, the electron beam is sent to

a THz FEL configured as an oscillator located on top of the

linac in order to make the system more compact. The latter

allows not only generation of THz pulses with a bandwidth

of 10−4 (with inter-pulse locking technique [21]) but also
generation of short pulses with several cycles in duration by

detuning the resonator [22]. The frequency will be tunable

from 0.3 THz (1 mm) to 6 THz (50 μm) with a pulse energy
1-20 μJ. The temporal structure of the train of radiation
pulses will reproduce the temporal structure of the electron

beam presented in Fig. 2. For applications demanding a low

repetition rate, a part of THz pulses will be re-directed to a

different user station by inserting a mirror with changeable

reflectivity in the THz transport line. Let us stress that in

this case the THz FEL will serve two user stations.

By running the linac in a low-charge mode, one can gener-

ate short electron bunches, thus providing the possibility of

generation of broadband THz pulses in the last dipole of the

second chicane and/or in a dipole installed in the bending

arc. The synchronization of THz and X-ray pulses for pump-

probe experiments should be on a sub-ps scale and is quite

challenging but feasible. For example, the synchronization

at FLASH (DESY, Germany) is on a 10 fs level [23].

SUMMARY
We present the design of a compact combined THz/X-ray

source driven by a SC linac. A combination of THz and X-

ray radiation shall make possible pump-probe experiments

on probing and controlling low-energy excitations in matter

such as molecular rotations, DNA dynamics, spin waves

and Cooper pairs. In addition, the proposed Compton X-ray

source can be used as a stand-alone source and provide local

users of synchrotron radiation with a tunable source suitable

for phase-contrast imaging and protein crystallography.
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TOWARDS AN X-RAY FEL AT THE MAX IV LABORATORY 

Francesca Curbis, Sverker Werin*, MAX IV Laboratory & MAX Nfak, Lund University, Lund, 
Sweden  

Mikael Eriksson, Christoph Quitmann, Sara Thorin, MAX IV Laboratory, Lund, Sweden 
Per Johnsson, Department of Physics, Lund University, Sweden 

Abstract 
The design of the 3 GeV linac for the MAX IV facility 

was done to provide the ability to host a future FEL in the 
hard X-ray as well as in the soft X-ray range. The linear 
accelerator, with its two bunch compressors, is now under 
commissioning.  Through the years increasing details for 
the actual FEL have been discussed and presented. In 
parallel a steering group for the science case for a 
Swedish FEL has worked and engaged a large number of 
Swedish user groups. These two paths are now 
converging into a joint project to develop the concept of 
an FEL at MAX IV. 

We will report on the paths to FEL performance based 
on the 3 GeV injector, FEL design considerations, the 
scientific preparation of the project, the linac 
commissioning and the strategy and priorities.  

INTRODUCTION 
The MAX IV Laboratory is in a strong phase of 

development with the completely new MAX IV facility 
which includes two ultra low emittance storage rings (3 
and 1.5 GeV) [1] (Fig. 1). These rings are to be injected 
from a full energy (3 GeV) linac. The linac will from the 
start also drive the Short Pulse Facility (SPF) with the 
FemtoMAX beamline [2] for experiments using short 
(<100 fs) incoherent X-ray pulses. Currently the linac 
system is completely installed and under commissioning 
while the storage ring building is being finalized and 
magnet delivery has commenced. 

From the very start of the MAX IV design around year 
2000, it was envisaged that the future development would 
most likely be in the field of Free Electron Lasers. Thus 
the facility is prepared to be expanded into an X-ray FEL. 

In the strategy of the MAX IV laboratory for the period 
2013-2026 the two main goals after completing the MAX 
IV storage rings are a) the build-up of all 25 experimental 
stations at the storage rings and b) a FEL. Thus the work 
has been initialized both on the scientific applications of a 
FEL and the design of such a source. The first assumed 
opportunity to apply for funding is after the inauguration 
of the MAX IV facility (June 21st, 2016). 

A FEL AT THE MAX IV LABORATORY 
 The design of a FEL at the MAX IV Laboratory has so 

far been driven by accelerator considerations. To realize 
the project the input from the scientific community in 
Sweden is being collected, leading to a science case for a 
FEL in Sweden (see below). 

 The 3 GeV linac at the MAX IV will be the base for a 
FEL project. It is in its base line design equipped with a 
photo cathode RF-gun [3], emittance compensating 
injection and two bunch compressors [4]. The 
performance is more or less on the level of a soft FEL 
driver, while expansion towards a hard X-ray FEL is well 
prepared. We foresee an expansion of the linac by 
approximately 3 GeV, total 6 GeV, following the second 
bunch compressor to reach a photon energy of about 9 
keV (1.3 Å). The relatively low final electron energy 
indicates a FEL design with a low normalized emittance 
which is basically achieved by low charge, < 100 pC, 
operation.  

General Layout 
The general layout of the proposed facility is found in 

Fig. 2, where the necessary expansion is marked by the 
yellow field. Two FELs share the photon energy range 
1.2-9 keV (1.3-10Å) and 0.25-1.2 keV (10-50 Å) 
respectively. Table 1 summarizes the “Start-of-design” 
parameters for the FEL which represent a picture of the 
possible machine performance and a first match to the 
user requirements. We believe that the final design will 
come close to these performances but a full design 
analysis is not done yet, and we expect additional user 
input. 

 

Figure 1: The MAX IV Facility in June 2014 with the 
Area for FEL Expansion to the Left. (photo P. Nordeng) 

 ____________________________________________  

* corresponding author: sverker.werin@maxlab.lu.se 
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Hard X-ray FEL 
The most demanding branch line for the MAX FEL 

will be the one reaching 9 keV/1.3Å. With an electron 
energy around 6 GeV meeting the emittance requirements 
means retaining a low normalized emittance. This can be 
done by reducing the accelerated charge. To keep the gain 
length short the peak current has to be high. Meeting the 
user requirement of 1012 photons/pulse makes the design 
demanding and tapering is considered. Simulations of the 
injector [5] show that the peak current can be reached and 
combining proper seeding with tapering of the undulators 
we believe to meet the requirements. 

The hard X-ray FEL will benefit from seeding based on 
the HXRSS, crystal based self-seeding, as operated at the 
LCLS [6] and SACLA [7]. We foresee difficulties in 
providing seeding in the complete photon energy range, 
especially between roughly 1 and 2.5 keV. 

The undulators should reach 16 mm period and a K 
value between 1.5 and 2.1. An initial choice is in-vacuum 
devices, which are already under construction for the 
FemtoMAX beamline at MAX IV. As the operating gap 
has to be reduced below 5 mm in certain energy ranges, 
we will closely investigate the wake field effects, and thus 
also look for alternative insertion devices, such as the 
super conducting undulator technology developed for 
LCLS-II [8]. 

Soft X-ray FEL 
A soft X-ray FEL can be built as a branch line in 

parallel to the linac extension. The maximum energy of 
the existing injector is 3 GeV which is more than 
adequate. A further consideration is the position of the 
second bunch compressor, which in this case is at full 
energy. Other concepts will be studied, such as adding a 
traditional chicane compressor at an earlier point in the 
lattice. 

The undulators for the soft X-ray system are more 
relaxed with a 22.5 mm period and K=2.5. This can be 
achieved by in-vacuum devices at larger gaps, which 
simplifies the design. Here helical devices will be needed 
for the final radiation section. 

There is a user demand for seeding and we believe that 
soft X-ray self seeding using a monochromator [9] will 
cover the upper part of the energy range, while laser 
seeding (HHG laser source or EEHG) could prove 
beneficial in the lower energy range, as well as helping 
time stamp/synchronization. 

Simulations and Considerations 
Modelling of the complete system is now being set-up 

and as first data from the pre-injector commissioning is 
coming in, this will be added to the model. 

Seeding will be included into the modelling, but the 
tools for the different methods (HXRSS, SXRSS, HHG) 
are being developed [10].  

Tapering is studied [11] to be able to reach to photon 
flux requirements. A modified algorithm is promising but 
still the length requirement is significant and would be a 
cost driver. 

Wake fields and CSR effects act differently on the 
beam as the double achromat bunch compressors [4] 
operate on a different RF slope compared to chicane 
compressors. With low charge operation the compression 
needs to be hard to reach peak current able to drive the 
hard X-ray FEL, which further complicates the design. To 
this the effect of low gap in-vacuum undulators has to be 
added.  

Injector tests have already started on the photo cathode 
gun in the gun test stand and with the first electrons in the 
pre-injector. As the system is commissioned data will be 
extracted and the system tuned to find optimum operating 
conditions and issues that need improvement for FEL 
operation up to 9 keV. 

A key investigation is to explore the longitudinal phase 
space to assure that the peak current and energy spread 
can be reached while controlling the emittance growth. 
The MAX IV linac lacks this kind of diagnostics and thus 
a transverse deflecting system will be investigated. 

THE MAX IV INJECTOR 

Linac, Guns and BC 
The pre-injector is built around two RF guns, one 

thermionic for storage ring injection and on one photo 
cathode for short pulse-low emittance operation. The 
thermionic gun [12] is similar to the guns developed at 
MAX-lab for injection of MAX I-III [13] and also 
operated as photo cathode gun for the MAX-lab FEL test 
facility [14]. The photo cathode gun is of a similar type as 
the system for Fermi@ELETTRA [15].  

The linac is an S-band system (3 GHz) driven in pairs 
with one klystron and a SLED system per two structures. 
The operating energy is 3 GeV with a maximum energy 

Figure 2: Overview of the MAX IV linac and the possible FEL. (White background: constructed and under 
commissioning. Yellow background: FEL extension.) 
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of 3.5-3.7 GeV. The maximum repetition rate is 100 Hz, 
though in principle higher repetition rates can be achieved 
by short circuiting the SLED system, shortening the RF 
pulse and thus reducing the final energy. The linac will 
inject the two storage rings in top-up mode which is 
assumed to require short (≈ second) interruptions every 2-
5 minutes. With the double RF-gun system and the ability 
to change RF power and phase pulse-by-pulse both 
compression and final energy can be tuned separately for 
the two modes. A small limitation is that the optics has to 
be retained, but simulations show that this is feasible 
especially as the second bunch compressor is positioned 
after the extraction to the rings. Combining higher rep 
rates (>100 Hz) for FEL and top-up still needs to be 
investigated. Low field X-band structures could here 
become a solution. 

The two bunch compressors (at 0.25 and 3 GeV) are 
double achromats with fixed first order momentum 
compaction but tuneable second order momentum 
compaction. Thus they can also passively linearize the 
longitudinal phase space. The compression is adjusted by 
the preceding linac phase.   

FemtoMAX and SPF 
The first station at the MAX IV facility is the 

FemtoMAX beamline in the Short Pulse Facility (SPF). 
The SPF will take compressed (<100 fs) electron pulses 
directly from the linac. The FemtoMAX will utilise 
incoherent undulator radiation based on these pulses to 
cover the range 1-8 keV with pulses of up to 107

photons/pulse. This station will not only be very special  
on the MAX IV, but also many of the techniques and 
operation modes for a FEL will be developed and tested 
here. 

Commissioning of the Linac 
The complete linac system has been installed during 

2013-2014 and is now under commissioning. The two 
electron guns have previously been operated in a gun test 
stand and the gun laser system has been tested at the FEL 
test-facility at MAX-lab. First electrons have now been 
accelerated through the pre-injector on-site and the main 
linac is under RF power.  

SWEDISH FEL SCIENCE 
To date, Sweden has been very well represented at 

current FEL facilities. 
Swedish groups made notable contributions to the 

science cases at LCLS and the European XFEL, and were 
also among the first users of FLASH and LCLS. 

In addition, the Swedish user community has been very 
successful in obtaining beamtime at LCLS, and there are 
several Swedish in-kind contributions to both the 
preparatory and construction phases for the European 
XFEL. 

In 2012 the work on a science case for a Swedish FEL 
was initiated by the formation of a steering committee at a 
meeting at the Swedish research council (VR) between 

representatives from the main Swedish Universities [16]. 
Since then, several workshops have been organized to 
identify future possibilities and to collect input from the 
Swedish user community. To date, more than 40 
proposals from Swedish scientists have been collected, 
making up a preliminary science case ranging from 
fundamental studies of femtosecond dynamics and non-
linear spectroscopy of atoms and molecules, via clusters 
and nanosystems, to investigations of biomolecular 
systems and artificial photosynthesis. 

The work with the Swedish science case is now 
continuing with the extraction of required FEL parameters 
from the received proposals, the identification and 
conceptual design of the needed end-stations, as well as 
the integration of these requirements into the FEL design. 

Table2: FEL Parameters (“Start-of-design”) Yellow Fields 
Met in the Existing Linac Design 

FEL 1  FEL 2  
Accelerator     
Energy   6 GeV  2-3 GeV 
Rep rate  100 Hz 100 Hz  
Linac S-band S-band  
Bunch 
compressors 

0.250 & 3 GeV 0.25 GeV  

      
Electron beam   
Peak current 2-3 kA  
Charge 20-150 pC 
Beta function 7.5 m  
Emittance, norm 0.25-0.4 mmRad   
Pulse length 10 - 100 fs 10 - 100 fs 
      
FEL undulator   
Undulator period 16 mm 22.5 
Undulator K 1.5-2.1 1.5-2.5 
Type In-vac (In-vac) 
      
FEL 
performance

  

Wavelength 1.3-10 Å  10-50 Å 
Energy 1.2-9 keV 0.2-1.2 keV 
Flux 1012 ph/pulse  

CONCLUSION/SUMMARY 
For many years Swedish scientists have expressed need 

for an FEL. The recent work combining a scientific case 
with the appropriate accelerator design is pushing such a 
Swedish FEL closer to becoming a real option. With the 
MAX IV linac a firm platform to start an FEL project is 
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now at hand. It is clear that a multi station FEL in both 
the hard and soft X-ray is feasible.  

Funding for studying the design, analysing the MAX 
IV injector in FEL mode and continued focusing of the 
scientific case is now being sought. The aim is to have a 
complete design ready by the time of the MAX IV storage 
rings start-up (June 2016), after which funding for the 
complete project can be sought. 
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CONFIGURATION AND STATUS OF THE ISRAELI THz FREE 
ELECTRON LASER* 

A. Friedman, N. Balal, V. Bratman, E. Dyunin, Y. Lurie, E. Magory, Ariel University, Ariel, Israel 
A. Gover, Tel Aviv University, Tel Aviv, Israel 

Abstract 
A THz FEL is being built in Ariel University. This 

project is a collaboration between Ariel University, and 
Tel Aviv University. Upon completion it is intended to 
become a user facility. The FEL is based on a compact 
photo cathode gun (60 cm) that will generate an electron 
beam at energies of 4.5 - 6.5 MeV. The pulses are planned 
to be of 300 pico Coulomb for a single pulse, and of up to 
1.5 nano Coulomb for a train of pulses. The FEL is 
designed to emit radiation between 1 and 4 THz. It is 
planned to operate in the super radiance regime. The 
configuration of the entire system will be presented, as 
well as theoretical and numerical results for the 
anticipated output of the FEL, which is in excess of 150 
KW instantaneous power. The bunching of the electron 
bean will be achieved by mixing two laser beams on the 
photo-cathode. The compression of the beam will be 
achieved be introducing an energy chirp to the beam and 
passing it through a helical chicane. 

We plan on compressing the single pulse to less than 
150 femto seconds. The status of the project at the time of 
the conference will be presented. 

INTRODUCTION 
At present there is an operating FEL in Ariel 

University, operated in collaboration with Tel Aviv 
University.  We are in the process of building a new Tera 
Hertz Super Radiance FEL[1,2]. Figure 1 depicts the 
general layout of the system.  

 
 

The main components of the system are: 
1. RF Structure. 
2. Photo Cathode. 
3. Laser for photo cathode. 
4. Helical Chicane. 
5. Wiggler. 
6. Tera Hertz transmission line. 

RF STRUCTURE 
The RF structure is an integration of two sections: a 

standing wave section in which the electrons gain most of 
their energy, and a traveling wave section in which the 
energy is set to an energy chirp that would cause the pulse 
to shrink in time[3,4]. Figure 2 shows a simulation of the 
field inside the structure; the strong field is in the standing 
wave section, while the weaker field is in the traveling 
wave section. 

 

 
Figure 2:  The electric field inside the RF structure 

 

 

Figure 3: The mechanical design of the RF structure. 

Figure 3 shows the 3D mechanical design of the RF 
structure including the photo cathode to the right of the 
picture and the input on output ports for the 3 GHz 
driving field. 

LASER 
The laser for the THz FEL is a Coherent Laser capable 

of producing 100 pulses per second with a width of 35 
femto seconds. The energy per pulse is about 6 mJ. 
Currently, the laser has been ordered. 

Figure 1: General layout of the Tera Hertz FEL. 

Proceedings of FEL2014, Basel, Switzerland TUP081

Status of Projects and Facilities

ISBN 978-3-95450-133-5

553 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



HELICAL CHICANE 
Once the chirped electron beam exits the gun, it 

requires 6 meters to compress to 150 femto seconds. In 
order to shorten this length significantly, and maintain the 
energy chirp in the beam, while maintaining its emittance, 
we are designing a helical chicane. 

WIGGLER 
The design of the wiggler is a classical Halbach 

configuration as seen in Figure 4. 

 
Figure 4: Halbach configuration 

The design of the wiggler allows for changing the gap, 
with a typical gap of about 8 mm. For a wiggler period of 
20 mm, this translates to a field strength on the axis of 
about 0.4 Tesla (Figure 5). 

 

 
Figure 5: Wiggler field on axis 

In order to make sure the electron beam does not hit the 
walls two magnetic bars are place on wiggle side (see 
Figure 6). Currently we are still working on optimization 
of the placement of the two magnetic bars. However the 
result of an electron tracing simulation can be seen in 
Figure 7. 

 
Figure 6: Wigler structure. Note that the wiggler jaws are 
horizontal to each other. The transverse focusing magnet 
can be seen on top. The wiggler is built for a variable gap. 

 

 
Figure 7: Electron tracing inside the wiggler using GPT. 
The top is the x-direction, bottom - y-direction. 

We have also checked the tolerances for the electron 
beam entry as well as the alignment between the wiggler 
and the waveguide, and found to be within reason. 

TERA HERTZ TRANSMISSION LINE 

An electromagnetic field operating as the Tera Hertz 
range (1-9 THz) behaves closer to light than to milometer 
waves. Thus, it is useful to use quasi optical methods to 
calculate its behaviour. We have written a Fourier Optics 
code that calculates its 3et incomplete, we have results for 
the free space propagation of the electric field as it exits 
the FEL. 

In Figures 8 – 10 one can see the electric fields as it 
propagates away from the FEL. The field at the FEL exit 
was calculated with a home written code. Looking at the 
results it becomes obvious that we will have to use some 
mode conversion in order to assure that most of the 
energy goes into the TEM00 mode. 
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Figure 8: The electric field at the FEL exit 

Figure 9: The electric field 30 cm from the FEL (diameter 
is doubled) 

 
Figure 10: The electric field 2 meters from the FEL. 

FEL CALCULATIONS 
A code written locally is used to simulate the FEL[5]. 

The code calculates the excitation of the waveguide 
modes inside the FEL. It takes into account space charge 
effects, and is completely 3D. For a wiggler field 0f 0.4 T, 
and a charge of 300 pC the code yields an output of 150 
KW. Figure 11 and Figure 12 show the results of the latest 
simulation. 

 
Figure 11: Energy flux (left), peak power during the pulse 
(in the center), and the bunching factor (right) as 
functions of the chirp rate. For 0.3ps e-beam pulse 
duration, each 1 MeV/ps of chirp rate corresponds to 
300keV maximum difference of the electrons' energies. 

 

 
Figure 12: Spectrum of the radiation emitted after the first 
20, 30 or 40 periods of the wiggler (the left, the center 
and the right pictures, respectively). An effective, 
enhanced coherent emission takes place at a first stage 
(first 20 periods) when a proper chirp rate is introduced 
(~2.1 MeV/ps), while incoherent, noisy radiation is 
present in the following. 

CONCLUSIONS 
The Israeli FEL is a multi-year project which is well on 

its way. The RF Gun and the Wiggler are being 
manufactured at present. Because of the extremely high 
space charge, the project poses several challenges which 
are yet to be fully resolved. 
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COHERENT HARMONIC GENERATION AT THE DELTA STORAGE
RING: TOWARDS USER OPERATION∗

A. Meyer auf der Heide†, S. Hilbrich, M. Höner, H. Huck, M. Huck,
S. Khan, C. Mai, R. Molo, H. Rast, A. Schick, P. Ungelenk,

Center for Synchrotron Radiation (DELTA), TU Dortmund University, Dortmund, Germany

Abstract
At DELTA, a 1.5-GeV synchrotron light source at the TU

Dortmund University, a short-pulse facility based on Coher-

ent Harmonic Generation (CHG) is in operation and shall

soon be used for pump-probe experiments. Due to the inter-

action of ultrashort laser pulses with electron bunches in an

undulator, CHG provides short and coherent pulses at har-

monics of the laser wavelength. In this paper, recent progress

towards user operation, pulse characterization studies such

as transverse and longitudinal coherence measurements as

well as CHG in the presence of an RF phase modulation are

presented.

INTRODUCTION
High-gain free-electron lasers (FELs) are almost ideal ra-

diation sources to study the structure and function of matter,

combining short wavelength with femtosecond pulse dura-

tion and extremely high peak brilliance. However, to date

only four of these machines are in user operation (FLASH,

LCLS, SACLA, and FERMI), and being based on linear

accelerators, their pulse repetition rate is low and they serve

only one experiment at a time. In contrast to that, the pulse

duration at synchrotron light sources based on storage rings

is 30 to 100 ps, given by the bunch length, but there are about

50 of these facilities in operation [1], each providing up to

40 beamlines simultaneously with soft and hard x-rays at a

rate of up to 500 MHz. For experiments that do not require

or cannot even tolerate the high peak intensity delivered by

high-gain FELs, methods to reduce the pulse length can sig-

nificantly extend the scientific opportunities of conventional

synchrotron light sources.

At synchrotron light sources, pulses in the femtosecond

regime can be obtained by separating radiation from a small

longitudinal part of the electrons from the rest. Such a

‘slice’ is defined by the interaction of electrons with a co-

propagating ultrashort laser pulse in an undulator (the ‘mod-

ulator’) leading to a periodic modulation of the electron

energy within the slice. In the case of incoherent radiation

from a subsequent undulator (the ‘radiator’), a spatial sepa-

ration of the short radiation component is required, a method

known as femtoslicing [2–5].

Coherent Harmonic Generation
Another method based on the interaction of an ultrashort

laser pulse with an electron bunch is called coherent har-

monic generation (CHG) [6–9]. Here, the energymodulation

∗ Work supported by the DFG, the BMBF, and the state of NRW.
† arne.meyeraufderheide@udo.edu
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Figure 1: Sketch of the magnetic setup for CHG (top), the

longitudinal phase space before and after the magnetic chi-

cane (center), and the longitudinal electron density after the

chicane (bottom).

is converted into a density modulation (‘micro-bunching’)

using a magnetic chicane. This leads to the emission of a

short coherent pulse in the radiator at harmonics of the laser

wavelength. A sketch of this technique is depicted in Fig. 1.

Due to the coherent nature of this radiation mechanism,

the CHG pulse can be more intense than the incoherent

radiation from the rest of the bunch, such that no spatial

separation is required. The radiated power is given by

Pinc = Ne · Pe , (1)

Pcoh =

(
τL
τb
· Ne

)2
· b2n · Pe , (2)

where Pinc is the incoherent power emitted by an electron
bunch with Ne electrons, Pe is the power emitted by a single

electron, and Pcoh is the CHG power emitted by the laser-
modulated slice. The number of electrons contributing to

the coherent emission is given by Ne times the ratio of laser

pulse length τL and electron bunch length τb . The so-called
bunching factor bn is a measure for the degree of micro-
bunching with a value between 0 and 1. It is given by [10]

bn = e−
1
2 n
2 ·B2 · Jn (n · A · B), (3)

with

A =
ΔE
σE

and B = r56 · 2π
λL
· σE

E
,

and the harmonic number n of the laser wavelength λL to
which the radiator is tuned. Here, Jn is the Bessel function
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of the order n, ΔE is the amplitude of the energy modulation,
E is the beam energy, σE is the natural energy spread of the

electron bunch, and the transfer matrix element r56 is the
strength parameter of the magnetic chicane.

With a typical bunching factor of the order of bn ≈ 0.1,
a fraction of contributing electrons of τL/τb ≈ 10−3, and
Ne ≈ 1010, this leads to a power ratio of Pcoh/Pinc ≈ 100.
In contrast to femtoslicing, which suffers from an ex-

tremely low photon rate due to incoherent radiation from a

small fraction of the bunch, the intensity of the CHG pulses

is large. However, the wavelength is restricted to harmonics

of the incident seed wavelength, and due to the dependence

~e−n2 of the bunching factor, this method is only effective
up to about n = 5. Instead of using the fundamental wave-
length of a femtosecond laser (usually 800 nm from a tita-

nium:sapphire laser system), frequency-doubled or -tripled

laser pulses may be used for seeding in order to reach shorter

CHG wavelengths.

In 2009, a new FEL seeding scheme was proposed, known

as echo-enabled harmonic generation (EEHG) [11], in which

a twofold laser-electron interaction leads to significant bunch-

ing at much higher harmonics. An implementation of the

EEHG scheme to generate ultrashort coherent pulses is

planned at DELTA [12].

SETUP AT DELTA
Following proof-of-principle experiments in the 1980s,

e.g. [13], recent implementations of the CHG principle were

undertaken at ELETTRA [8] in Trieste, Italy, at UVSOR [9]

in Okazaki, Japan, and at DELTA [14, 15] in Dortmund,

Germany.

DELTA is a 1.5-GeV electron storage ring operated as a

light source by the Center for Synchrotron Radiation at the

TU Dortmund University. In 2011, a short-pulse facility for

coherent VUV and THz pulses based on the CHG princi-

ple was installed in the northern section of the storage ring

(Fig. 2) [16, 17]. In contrast to other storage rings, the CHG

facility at DELTA is fully compatibility with standard user

operation due to seeding at the nominal beam energy, and up

to 50 days of dedicated machine time are available per year

for characterization and optimization of the CHG source.

Figure 2: Sketch of the short-pulse facility in the northern

section of the DELTA storage ring, including the seeding

beamline BL 3, the electromagnetic undulator U250, the

diagnostics beamline BL 4, the VUV beamline BL 5, and

the THz beamline BL 5a (see text for details).

Laser System and Seeding Beamline

The seeding beamline BL3 features a titanium:sapphire

laser system, which generates pulses with a duration of 40 fs

(FWHM), a wavelength of 800 nm, and a pulse energy of

8 mJ at a repetition rate of 1 kHz. Using a second- and

third-harmonic-generation unit (SHG, THG), the seeding

wavelength can be converted to 400 nm or 267 nm, respec-

tively. An optical parametric amplifier can be employed to

continuously adjust the seeding wavelength between 470 nm

and 1150 nm.

Thus far, seeding is performed with the fundamental wave-

length of 800 nm and with 400 nm from the SHG unit. The

800-nm pulses are focused with a set of three lenses, two of

which are motorized to adjust position and size of the laser

waist in the modulator independently. In the case of 400

nm, the focusing is performed using one movable and one

fixed curved mirror. Here, position and size of the waist are

correlated.

A fraction of the focused beam is reflected back into the

laser laboratory, where a ‘virtual beam waist’ is observed

and optimized at the same distance from the telescopes as

the actual modulator.

In future, also the third harmonic of the laser wavelength

will be employed for seeding, and a common beam path

will be used for all wavelengths (Fig. 3). For focusing, two

consecutive telescopes with two curved mirrors each will

be installed. Replacing lenses by curved mirrors will reduce

pulse lengthening and self-phase modulation. Furthermore,

a larger section of the beam path will be in vacuum to reduce

pulse distortion in air, and therefore stabilize the CHG inten-

sity. The first telescope (in air) increases the spot size on the

vacuum window, while the second telescope (in vacuum)

focuses the beam and both together allow to adjust waist

size and position independently. Due to the wavelength-

dependence of the Rayleigh length, the waist radius and the

beam divergence cannot be both the same for each seeding

wavelength. A solution has been found to achieve satisfac-

tory waist parameters for all wavelengths using the same

dielectric mirrors with a multi-wavelength coating.

Figure 3: Sketch of the laser beam path, including the

planned multi-wavelength reflective telescopes (see text for

details).
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The remotely controlled mirrors M1 and M2 (Fig. 3) and

a digital RF phase shifter (vector modulator) allow to adjust

the transverse and longitudinal overlap of the laser pulses

and electron bunches.

Optical Klystron and Diagnostics Beamlines
The electromagnetic undulator U250 (Fig. 2) serves as

modulator, dispersive chicane, and radiator by using three

independent power supplies.

In-air diagnostics and characterization experiments are

performed at the diagnostics beamline BL 4, while radiation

with a wavelength below 200 nm is studied at the VUV

beamline BL 5 operated by Forschungszentrum Jülich.

The diagnostics beamline BL 4 features fast photodiodes

and a streak camera to optimize the temporal laser-electron

overlap, as well as CCD cameras observing undulator and

laser light at different distances from the modulator to opti-

mize the transverse overlap. Characterization studies of the

CHG radiation are performed using power meters, photodi-

odes, CCD spectrometers, a Czerny-Turner-type monochro-

mator equipped with an avalanche photodiode (APD), and a

fast-gated iCCD camera1.

Following the laser-electron interaction in the undulator

U250, the off-energy electrons travel on dispersive orbits

through the subsequent magnets. Thus, path length differ-

ences lead to the formation of a sub-ps dip in the longitudi-

nal electron density giving rise to coherent THz radiation

pulses, which are extracted by the dedicated THz beamline

BL 5a [17]. Besides serving as diagnostics for the laser-

electron overlap, the THz beamline is used for machine stud-

ies [18] and offers intense and short pulses for time-resolved

THz spectroscopy.

Pump-Pulse Beamline and User Experiments
For future pump-probe experiments, a fraction of each

laser pulse is guided directly to the VUV beamline BL5.

Here, the pulses are focused on the sample and trans-

versely stabilized using a feedback system based on position-

sensitive diodes and piezo-driven mirrors. The delay be-

tween pump and probe pulse is controlled with fs precision

by mirrors on a motorized linear stage.

The transverse and temporal overlap between pump and

probe pulses on the sample has been established. A first

photoemission pump-probe experiment studying the phe-

nomena in ferromagnetic systems using the linear magnetic

dichroism [19] is under preparation.

EXPERIMENTAL RESULTS
Characterization of the CHG Pulses
In good agreement with Eqs. 1 and 2, the measured CHG

radiation at the second harmonic of the seeding wavelength

is up to 600 times brighter than the incoherent radiation,

while the third harmonic is still 150 times brighter [14].

With a seeding wavelength of 400 nm, the fifth harmonic

1 The camera was generously provided by B. Schmidt and S. Wunderlich,

DESY, Hamburg.

Figure 4: Spectra of CHG and spontaneous undulator radia-

tion around 750 THz (wavelength 400 nm, second harmonic

of 800 nm) measured using a Czerny-Turner monochromator

with an APD as detector. With a chicane strength far above

the optimum value (right), interference fringes in the CHG

spectrum emerge [15].

(80 nm) could be observed, and during 800 nm seeding, the

seventh harmonic (114 nm) was detected so far.

While seeding with 800 nm and 400 nm, the CHG spectra

have been studied extensively under variation of several

parameters such as the chicane strength (Fig. 4) or the chirp

of the seed laser pulse. CHG spectra are measured with a

linear CCD spectrometer, a Czerny-Turner monochromator

with an APD, as well as by scanning the monochromator at

the VUV beamline BL5. All measurements with optimized

chicane strength (e.g. left part of Fig. 4) show a similar

spectral width close to the Fourier limit [14].

The coherence of the laser-induced radiation has been

studied both transversely and longitudinally [15]. The trans-

verse coherence is measured using a classical double-slit

experiment with variable slit separation and a fast-gated

iCCD camera as detector. Given by the decreasing visibility

of the interference fringes with increasing slit separation, co-

herence lengths of 1.5 mm and 0.8 mm for 400- and 200-nm

Figure 5: Interference patterns (left) of CHG pulses recorded

with a fast-gated iCCD camera behind a double-slit. Using a

combination of fused-silica wedges, a relative delay (increas-

ing from top to bottom) between the light from both slits

was introduced, leading to a decrease of the fringe visibility

γ (right) [15], which allows to calculate of the longitudinal
coherence time τc .
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CHG radiation (seeding wavelength of 800 nm) have been

measured. As part of an ongoing collaboration with the Uni-

versity of Siegen, the transverse coherence is also studied by

analyzing speckle patterns generated by single CHG pulses

scattered from a thin organic film [20].

The coherence time, or temporal coherence length, has

been studied using both a Michelson interferometer and

a double slit experiment, in which the light from one of

the slits was delayed using a combination of fused-silica

wedges [15]. First consistent results obtained with both

setups yield a coherence time of 34 fs (see Fig 5), while the

coherence time of spontaneous undulator radiation is only

10 fs partly given by a bandpass filter.

CHG in the Presence of an RF Phase Modulation
During standard user operation at DELTA, a phase mod-

ulation of the accelerating RF with twice the synchrotron

frequency is routinely applied. The theory of RF phase mod-

ulation is described e.g. in [21]. Depending on the amplitude

of the modulation, this leads to a longitudinal ‘breathing’

of the electron bunches (Fig. 6, center) or to the formation

of two separate stable islands, which rotate in longitudinal

phase (Fig. 6, right). As a consequence, the average electron

density is reduced and the beam lifetime increases.

In general, the varying electron density would lead to a

decreased CHG intensity with large fluctuations. However,

adjusting the modulation frequency to a value close to a mul-

tiple of the laser repetition rate, the laser-electron interaction

samples different phases of the bunch length oscillation at a

slow rate of typically 2π per minute, and therefore the laser-
induced CHG and THz signals exhibit a beating behaviour

as shown in Fig. 7.

Surprisingly, the THz and CHG signals oscillate with 180

degree phase difference. This can be explained by assuming

that the CHG signal primarily depends on the number of par-

ticipating electrons according to Eq. 2 with the exponential

factor in Eq. 3 being close to unity, while the THz signal

Figure 6: Streak camera images showing the evolution of

the longitudinal bunch profile (horizontal axis) over 1.5 syn-

chrotron periods (vertical axis) for an undisturbed beam

(left) and in the presence of an RF phase modulation with

increasing amplitude (center and right).

Figure 7: Slow oscillation of CHG and THz intensities due

to an RF phase modulation in the ‘breathing regime’ (Fig. 6,

center) close to a multiple of the laser repetition rate. The

dashed lines indicate the signal intensities without RF phase

modulation.

strongly depends on the energy spread, which is large when

the bunches are short and vice versa.

For the intended user operation of the short-pulse facility

in the presence of an RF phase modulation, a perfect syn-

chronization between the laser pulses and the modulation

phase is required. This is easily achieved at DELTA since

most time-critical components receive a common 10-MHz

signal from an atomic clock.

The CHG intensity and its fluctuations were recorded for

different phases of the bunch length oscillation (Fig. 8). At

an optimum phase within the ‘breathing regime’ (Fig. 6,

center), a CHG intensity of up to 30% higher than without

the RF phase modulation was observed indicating that the

bunches are even slightly shorter at optimum phase than

without modulation. However, the effect of an increased

beam lifetime is more pronounced at larger modulation am-

plitudes (‘island regime’, Fig. 6, right).

Recent studies concentrate on a hybrid filling pattern with

a high-current single bunch in the gap of a 3/4 multibunch

pattern. Here, the RF phase modulation can be applied to all

bunches, while the high-current single bunch is stabilized

using a digital bunch-by-bunch feedback system [22]. First

promising results show that it is possible to increase the

beam lifetime without reducing the CHG intensity.

Figure 8: CHG intensity versus delay of the RF modulation

phase (‘breathing regime’, Fig. 6, center) showing a mini-

mum, maximum, and average (dots) intensity during a 20

second interval. The dashed line indicates the CHG intensity

without RF phase modulation.
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SUMMARY AND OUTLOOK
Since commissioning of the short-pulse facility in 2011,

extensive characterization and optimization studies of the

CHG and coherent THz radiation have been performed.

CHG operation has already been performed during user

shifts employing a hybrid filling pattern. Studies using an

RF phase modulation have shown that the CHG signal can

be significantly increased. Preparations for first user exper-

iments are nearly completed. The final goal of the CHG

facility is the generation of ultrashort pulses at 23 eV photon

energy (53 nm, fifth harmonic of 266-nm seed), while a first

pump-probe experiment will be performed at 9.3 eV photon
energy (133 nm, third harmonic of 400-nm seed).

In addition, an upgrade of the short-pulse facility

at DELTA using the echo-enabled harmonic generation

(EEHG) scheme is in preparation [12].
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ALPHA – THE THZ RADIATION SOURCE BASED ON AREAL* 
T. Vardanyan#, G. Amatuni, V. Avagyan, A. Grigoryan, B. Grigoryan, M. Ivanyan, V. 

Khachatryan, V. Petrosyan, V. Sahakyan, A. Sargsyan, A. Tsakanian, V. Tsakanov, A. Vardanyan, 
G. Zanyan, CANDLE SRI, Yerevan, Armenia 

Abstract 
Advanced Research Electron Accelerator Laboratory 

(AREAL) based on photo cathode RF gun is under 
construction at the CANDLE. The basic aim of this new 
facility is to generate sub-picosecond duration electron 
bunches with an extremely small beam emittance and 
energies up to 50 MeV. One of the promising directions of 
the facility development is the creation of ALPHA 
(Amplified Light Pulse for High-end Applications) 
experimental stations with coherent radiation source in 
THz region based on the concept of both conventional 
undulator and novel radiation sources. The status of the 
AREAL facility, the main features and outlooks for the 
ALPHA station are presented in this work. 

INTRODUCTION 
The generation and acceleration of low emittance 

ultrashort electron bunches present the origin for the 
development of new coherent radiation sources. The 
AREAL RF photogun electron linear accelerator is 
currently under construction at the CANDLE Synchrotron 
Research Institute [1]. The basic aim of this new facility 
is to generate electron bunches with extremely small 
beam emittance and with sub-picosecond pulse duration 
for advanced experimental study in the field of 
accelerator technology, new radiation sources and 
dynamics of ultrafast processes. 

The first phase of the AREAL facility with the beam 
energy of about 5 MeV at the gun exit is completed 
recently [2]. The second phase foresees 20 MeV design 
energy with possible upgrade of up to 50 MeV. 

After successful realization of AREAL phase 1 which 
was demonstrated during the machine run shifts in May 
2014 [3], the second phase of the project implementation 
being in progress implies installation of two accelerating 
S-band modules with corresponding diagnostic 
equipment. 

In the past decade the THz radiation has been of great 
scientific interest with a wide range of potential 
application in the field of life, material and environmental 
sciences, development of bio and nano-technologies [4]. 
One of the promising directions of the AREAL facility 
development is the creation of ALPHA experimental 
station with coherent radiation source in THz region. The 
project will focus on the development of THz coherent 
radiation sources based on 1) conventional periodic 
magnetic (undulator) system, 2) novel single mode slowly 
travelling waveguide concept and 3) modulated beam 

plasma interaction. In this paper we present the main 
features of ALPHA THz Free Electron Laser option based 
on the planar undulator. 

AREAL FACILITY 
The schematic layout of the AREAL laser driven 

electron linear accelerator is presented in Fig. 1. The 
facility contains cupper photocathode illuminated by 285 
nm wavelength UV laser, 1.6 cell S-band cavity and two 
1.5 m long S-Band accelerating sections. 
 

 

Figure 1: Layout of AREAL gun section with diagnostics. 

The main design parameters of the AREAL facility 
electron beam are given in Table 1. 
 

Table 1: AREAL Beam Parameters List 

Energy 20-50 MeV 

Bunch charge 10-200 pC 

Transv. norm emit. <0.3 mm-mrad 

RMS bunch duration  0.5-8 ps 

Energy spread at 20 MeV 0.2% 
 

The ASTRA start-to-end tracking simulations are 
performed to optimize the acceleration phase and 
gradients to obtain minimum beam emittance and the 
energy spread. The results of the beam transverse size and 
normalized emittance for the beam energy of about 20 
MeV is shown in Fig. 2 [5]. 
 

Figure 2: Transverse normalized emittance and beam 
size along the linac. 

 ____________________________________________ 
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ALPHA EXPERIMENTAL STATION 
The tunability, high power and flexible picoseconds-

pulse time structure of THz radiation turn the THz Free 
Electron Laser into a very attractive source of coherent 
radiation. The potential application can be carried out in 
the fields of imaging, material research, biology 
medicine, communication, diagnostics and others. THz 
FEL is already operating today and the vast majority of 
them operate in the infrared and far infrared regions. 
Several user facilities have been built to operate in the 
infrared region and most of them can reach or plan to 
extend into the THz region. As a first stage of ALPHA 
experimental station, the generation of coherent radiation 
in the range from 10 to 30 m  using FEL under Self-
Amplified Spontaneous Emission (SASE) mode is 
considered. 

THZ SASE FEL 
A high-gain, single-pass FEL amplifier based on SASE 

is capable to produce a MW power THz pulse in a several 
meters long undulator. The SASE FEL radiation 
parameters strongly depend on the parameters of electron 
beam and undulator line. For the SASE process strong 
requirements are applied for the quality of electron beam. 
In the linac it is required to produce electron beam with 
small emittance to match diffraction limited photon beam, 
small energy spread to avoid gain degradation and high 
peak current. The electron beams produced in the AREAL 
linac meets these criteria and can be used for the 
generation of THz radiation using SASE FEL principle. 

In order to get the THz radiation we consider the 
electron beam parameters listed in Table 2. With the 
current design of AREAL project the energy of 20-50 
MeV will be reached by two 1.5 m long S-band travelling 
wave accelerating modules with 10-17MV/m acceleration 
gradient. 
 

Table 2: Electron Beam Parameters 

Parameter Value Unit 

Energy 20-35 MeV 

Energy spread 0.2 % 

Bunch charge 250 pC 

Emittance 0.3 mm-mrad 

RMS bunch duration 2-3 ps 
 

In our case we consider a 5 m long planar undulator 
with period of 3 cm. The electromagnetic undulator is 
under consideration as this type of undulator is cost-
effective and very compact in structure. It also generates 
high magnetic field with very high precision. The field 
strength change depends on the electric current through 
the main coil. The undulator specifications for our case 
are listed in Table 3. Detailed study of undulator system 
performance and design is in progress. 

Table 3: Undulator Parameters 

Period length 3 cm 

Total length 5 m 

K 2.02 

Peak field 0.72 T 
 

The fundamental wavelength of undulator radiation is 

given by 22 2/)2/1( Ku , where u  is the 
undulator period,  is the electron beam energy, K is the 
undulator parameters. For our parameters, the radiation 
wavelength is in the range of 10–30 m  that corresponds 
to 10-30 THz. The wavelength tuning will be performed 
via electron beam energy changes from 20 to 35 MeV. 

NUMERICAL SIMULATION RESULTS 
This section presents time-dependent numerical 

simulation results for radiation performances. Numerical 
simulations have been performed by GENESIS 3D 
simulation code [6] using parameters listed in Tables 2,3. 
Time-dependent simulations have been performed for the 
cases when radiation wavelength is 10 m  and 30 m . 
In case of 30 m  radiation wavelength, rms bunch 
duration is assumed to be 3 ps with the energy of 20 MeV. 
For the case of 10 m  radiation wavelength, bunch rms 
duration is 2 ps and energy is 35 MeV. In Fig. 3 the 
average FEL power variation along the undulator line at 
10 and 30 m  radiation wavelengths is shown. 

 

 
Figure 3: Average FEL power at 10 m  (top) and 30 

m  (bottom) radiation wavelengths. 
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For this range of parameters the FEL saturates after 3.7 
m at 10 m  radiation wavelengths and after 3.4m at 30 

m  wavelengths. The peak power at saturation is about 
27 MW and 14 MW for the 10 m  and 30 m  
respectively. The pulse energy is about 40-60 J. Figure 4 
presents the power distribution along the bunch at the 
saturation point for considered cases. In these simulations 
20 initial seeds for the random number generator used for 
particle phase fluctuation (shot noise) have been 
considered. 

 

 
Figure 4: Power distribution along the bunch at the 
saturation point for 10 m  (top) and 30 m  (bottom) 
radiation wavelengths.  
 

A single shot spectrum of the radiation for considered 
cases is shown in Fig. 5. 
 

  
Figure 5: Spectrum of the FEL radiation at the saturation 
point at 10 m  (left) and 30 m  (right) wavelengths. 

COHERENT THZ UNDULATOR 
RADIATION 

In the AREAL linac, the laser system used for 
generation of ultra-short electron bunches can produce the 
pulses with the duration of 0.5-8 ps. The installation of 
the new module for the AREAL laser system that 

compresses the laser pulse down to sub 30 fs pulse 
duration is under consideration.  The form factor of the 
AREAL electron bunches is then close to unity at the 
radiation frequencies of about 1 THz that makes the 
AREAL electron bunches attractive for the coherent 
radiation in this range. 

The study of the coherent radiation sources at the 
ALPHA station based on the conventional undulators, 
single mode travelling wave structures [7] and the beam-
plasma interaction is underway. 

We particularly consider the usage of helical undulator 
for generation of high power circular polarized radiation 
in order to apply in a wide range of research fields based 
on spin resolved photoelectron spectroscopy, the circular 
dichroism and etc. Figure 6 shows the discrete spectrum of 
single electron radiation in 1m long helical undulator 
section [8]. For the short bunch length option the THz 
circular polarised coherent radiation is expected for lower 
modes in radiation power spectrum. 
 

Figure 6: Discrete radiation energy spectrum for helical 
undulator. 

SUMMARY 
In this paper the status of the AREAL linear accelerator 

and the main features of ALPHA experimental station are 
presented. The SASE FEL scheme for the generation of 
the high power THz radiation at the wavelengths of 10 
and 30   are considered. The options for the coherent THz 
radiation through short electron bunches are discussed. 
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Abstract 
FERMI, the seeded FEL located at the Elettra 

laboratory in Trieste, Italy, is now in regular operation for 
users with its first FEL line, FEL-1, which covers the 
wavelength range between 100 and 20 nm. We will give 
an overview of the typical operating modes of the facility 
for users and we will report on the status of beamlines and 
experimental stations. Three beamlines are now opened 
for users, three more are in construction. Meanwhile, the 
second FEL line of FERMI, FEL-2, a HGHG double 
stage cascade covering the wavelength range 20 to 4 nm 
is still under commissioning; we will report on the latest 
results in particular at the shortest wavelength, 4 nm in 
the fundamental. 

INTRODUCTION 
The facility covers the photon energy range between 12 

and 310 eV thanks to two seeded FEL lines. The low 
energy FEL line, FEL-1 reaching up to 62 eV, is made by 
a single stage HGHG scheme, with a modulator undulator 
and a radiator with six undulator elements [1]. The high 
energy FEL line, FEL-2 which generates photons down to 
4 nm wavelength in the fundamental and 1.3 nm in the 
third harmonic, is made by a double stage HGHG 
cascade, in which the first stage is presently made by a 
modulator undulator and two radiator modules, and the 
second stage by a modulator undulator and six radiator 
modules; the “fresh bunch injection” mode is used [2]. 

FEL-1 started operation for users in December 2012 
and since then welcomed scientists from Italy and from 
all over the world to perform experiments on the three 
experimental stations so far available, namely the 
Diffraction Projection Imaging (DiProI) station, the 
Elastic Inelastic Scattering TIMEX (EIS-TIMEX) station 
and the Low Density Matter (LDM) station.  

FEL-2 produced the first coherent photons at 14.4 nm 
in October 2012; that was the first experimental 
demonstration of a high gain seeded free electron laser 
configured as a two stages cascade operating in the "fresh 
bunch injection” mode [3]. Since then FEL-2 
commissioning runs were performed in-between user 
operation runs on FEL-1. They allowed to gradually 

extend the wavelength reach of FEL-2, as can be seen for 
instance in Fig. 1 that shows the spectrum at 10 nm, until 
the nominal performance at 4 nm was attained last June. 

 
Figure 1: FEL-2 spectrum at 10 nm. 

USERS OPERATION REPORT 
Three calls for proposal of experiment on FERMI have 

been opened between 2012 and 2013. A total number of 
125 proposals were received and 50 have been ranked by 
the FERMI Review Panel (FRP) for beamtime. In the 3rd 
call, 50 proposals have been submitted and 16 have been 
short listed in the FRP meeting of January 2014 for 
beamtime, that is, with an oversubscription rate of 3.13. 
Table 1 shows the standard parameters offered for 
experiments on FEL-1. 

Table 1: FEL-1 Standard Parameters for User Operation 

Parameter FEL-1 

Electron beam energy 1.0 - 1.4 GeV 

Bunch charge 500 pC 

Bunch Peak Current 400 – 600 A 

Wavelength 100 – 20 nm 

Energy per pulse* 30 – 200 J 

Photons per pulse** 1013 at 20 nm 

Intensity stability, rms 10% 

Relative bandwidth 10-4 

Central wavelength stability 10-4 rms 
*average, depending on wavelength and spectral purity. 
**up to 1014 at longer wavelengths. 

 ___________________________________________  

#michele.svandrlik@elettra.eu 
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The bar plot in Fig. 2 shows the natural increase of 
beamtime dedicated to users and the decrease of machine 
development (commissioning) time, as it has to be 
expected for a facility entering into its operational phase. 

Figure 2: Operation hours distribution 2012-2015. 

In 2013 the FERMI operation time attained almost 
6500 hours, divided between time for linac, FEL-1 and 
FEL-2 commissioning and developments (55% of total 
hours) and time for users operation (45% of total). The 
latter includes machine tuning and beamline preparation 
time, beamtime for internal scientific groups and 
beamtime for external users assigned via the FRP. In total, 
during 2013 FERMI hosted 15 experiments that were peer 
reviewed by the FRP, pertaining to both the first and 
second call for proposals, equally divided between DiProI 
(5), EIS-TIMEX (5) and LDM (5). During 2014 the time 
for users operation will increase up to 60% of the total 
6640 operation hours, leaving 40% for the developments 
still ongoing on FEL-2; 16 experiments will be hosted in 
2014, namely 7 on DiProI, 2 on EIS-TIMEX and 7 on 
LDM. In 2015 the development time will be limited to 
21% of the 6456 scheduled operation hours, while time 
for user operation will rapidly increase up to 79% of the 
total time, of which 55% is the portion of net time for 
experiments; 12 user experiments have been already 
allocated during the first semester of 2015. 

The goal for the uptime of the FEL during user 
beamtime has been set at 80% of the scheduled operating 
hours. Figure 3 shows the actual achieved uptime during 
user runs, starting from run 14, December 2012, to run 20 
that ended in July 2014. With the exception of run 17 in 
all other runs the uptime exceeded the goal; the recent 
trend is towards the 90% mark. 

Figure 3: Uptime statistics December 2012 – July 2014. 

Various actions have been launched to increase the 
reliability of some of the most critical systems, like the 
linac RF plants and the seed laser system, along with the 
aim to reduce the time needed for the optimization and 
fine tuning of the FEL parameters. For instance, after the 
installation of a new seed laser oscillator, with reduced 
phase noise, the seed laser system uptime is equal to 
100%, along with a phase noise and jitter reduction by 
more than a factor of 3. 

The time for optimization and fine tuning strongly 
depends on the FEL parameters requested by the users. 
For the standard operating conditions of FEL-1, listed in 
Table 1, the operability and reliability of the machine is 
very good and the uptime is close to 90%. However, a 
more complex set of FEL parameters can be requested by 
a given experiment. This is the case of the novel two 
colour FEL scheme, which is possible with a seeded FEL 
as FERMI [4], [5]. In this configuration, two FEL pulses, 
pump and probe, are generated by seeding the electron 
bunch with two laser pulses. Wavelength and intensity 
ratio between the two pulses, as well as the time delay 
between them can be controlled; the feature is that the 
two pump and probe pulses are practically jitter free. Figure 
4 shows a typical spectrum of the two pulses. This 
configuration, of great interest for the FERMI users’ 
community, may demand for longer machine preparation 
and optimization times, as it was the case in run 17 (see 
Fig. 3). 

 
Figure 4: Typical double pulse spectrum. 

Another way to perform time resolved experiments at 
FERMI is provided by transporting a portion of the IR 
seed laser pulse from the seed laser room down 150 m to 
the experimental stations. As shown in Fig. 5, low timing 
jitter is an intrinsic characteristic of the system, since the 
FEL is generated by the same seed pulse. 

Figure 5: Typical jitter measurement at EIS-TIMEX. 
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Low jitter and high pointing stability along the 
transport line and in the distribution tables to the 
experimental stations are then ensured by advanced 
optical and mechanical design, along with sophisticated 
feedback loops. Figure 5 shows the measurement of the 
pump-probe time superposition at EIS-TIMEX, with an 
excellent jitter value of less than 7 fs rms [6]. 

FEL-2 ACHIEVES NOMINAL INTENSITY 
AT 4 NM 

FEL-2 is based on a double stage cascaded HGHG 
scheme; the external seed laser, the third harmonic of a 
Titanium:Sapphire laser, seeds the first stage, made up of 
a modulator and a two segments radiator; the photon 
pulse generated in the first stage seeds the second stage, 
made up of a modulator and a six segments radiator. A 
delay line, made by a magnetic chicane after the first 
stage, allows to delay the electron beam with respect to 
the photon pulse. At the end of 2013, after three 
commissioning periods, FEL-2 was characterized at 
several harmonic transitions, in both stages, and at 
different electron beam energies, between 1.0 and 1.4 
GeV. After first lasing at 14.4 nm in October 2012, later 
studies were carried out at 10.8 nm, where the energy per 
pulse achieved up to 100 J. Lasing was also observed at 
6.5, 5.0 and 4.08 nm, even if at lower intensities. All 
studies were carried out with 500 pC electron bunch 
charge. Finally, in May 2014 it was possible to study the 
FEL-2 behaviour at the nominal electron beam parameters 
required for FEL-2 at 4 nm, as reported in what follows. 

The run number 20 of FERMI started in May 2014. The 
first 7 weeks of the run are devoted to commission FEL-2 
at its shortest wavelength, that is 4 nm (310 eV), with the 
electron beam parameters set to the nominal foreseen 
conditions, 1.5 GeV electron beam energy, 800 A peak 
current (800 pC extracted from the gun) and well 
controlled emittance and energy spread. 

After few weeks of characterization and optimization, 
in particular of the beam trajectory across FEL-2, on the 
6th of June we could produce FEL pulses at 4 nm with the 
expected average intensity of 10 J and some super-shots 
at 20 J. The first stage was tuned at the 13th harmonic of 
the seed laser, 20 nm, and the second stage at the 5th 
harmonic of the first stage (harmonic transition 13x5). 
Electron beam and FEL parameters are summarized in 
Table 2, while Fig.  6 shows the FEL-2 spot at 4 nm. 
 

Table 2: FEL-2 Parameters, May – June 2014 

Parameter FEL-2 

Electron beam energy 1.5 GeV 

Bunch charge 800 pC 

Bunch Peak Current 800 A 

Wavelength 4 nm 

Energy per pulse, average 10 J 

In summary, a nicely optimized electron beam, with 
bunches of 800 pC charge and 800 A peak current allowed 
us to reach peak pulse intensities larger than, 10 J at nm. 
At wavelengths between 5 and 6 nm we could achieve 
even higher intensities, up to a peak of 80 J at 5.9 nm. 
Third harmonic spectra could be measured both at 5.9 nm 
and 4 nm. 

 
Figure 6: FEL-2 spot at 4 nm. 

After the commissioning run, the first user experiment 
with photons generated by FEL-2 was performed at the 
EIS-TIMEX endstation [7]. FEL-2 was tuned at 12.4 nm 
central wavelength to study the Si L2,3-edge. The 
wavelength was tunable by +/-0.5 nm thanks to the OPA 
installed in the seed laser set-up; both the first and second 
stage of the cascade. Energy per pulse was around 15 J 
and the spectral bandwidth was 5*10-4 rms. Machine 
uptime for this first user experiment on FEL-2 attained 
85%, i.e. similar to the value usually obtained on FEL-1. 

This is a remarkable improvement compared to the 
results obtained in 2013; based on these results, FEL-2 
will be available for users in the next call for proposals, 
the fourth of the series, which will be opened on October 
1st, 2014. Beamtime will be assigned to the selected 
proposals in the second semester of 2015. 

NEW BEAMLINES AT FERMI 
Three more beamlines are presently under construction 

and will be available for users at the end of 2015. They 
are EIS-TIMER, a Four-Wave-Mixing instrument, 
MagneDyn, that will allow to perform time resolved 
magnetic dynamics studies, and finally TeraFERMI, that 
will use the spent electron beam in the Main Beam Dump 
to produce femtosecond, high intensity (MV/cm), 
broadband (0.1 to 10 THz) TeraHertz pulses. 

In the first days of July 2014 a proof of principle 
experiment of the Four-Wave-Mixing technique was 
performed by the EIS-TIMER scientific team [8], in 
collaboration with the DiProI scientific team, by carrying 
out a transient grating experiment on the DiProI station. 

In this successful experiment, a FEL pulse was split in 
two and recombined at the sample with a finite crossing 
angle. This allowed the generation of a dynamic XUV 
grating, which was probed in a pump-probe, four-wave-
mixing scheme by an optical pulse coming from the user 
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laser, generated by the seed laser as previously explained. 
The coherent, non-linear, interaction of the three pulses 
originated a detectable coherent beam propagating along 
the phase matching direction, as shown in Fig. 7. 

Such kind of non-linear XUV/soft x-ray wave-mixing 
experiments will be further developed in the EIS-TIMER 
dedicated beamline, also exploiting the unique capability 
of FERMI to radiate multi-colour seeded FEL pulses. The 
multi-colour transient grating approach will enable, for 
instance, to follow charge flows between constituent 
elements in molecules with femtosecond resolution, or to 
study energy transfer processes at the molecular scale. 

Figure 7: Four-Wave-Mixing experimental set-up and 
coherent beam signal. 

MACHINE UPGRADE ACTIVITIES AND 
PLANS 

Along with operation of FEL-1 and commissioning of 
FEL-2, the FERMI construction completion activities and 
the first upgrades are progressing. Three more beamlines 
are under construction and will be completed by 2015. 
Upgrades are now concentrated on the linac, which 
energy attained 1.56 GeV in September 2013. The new 50 
Hz photocathode gun was installed and commissioned 
during 2013. Two more accelerating structures are in 
construction and will be installed during the winter 
shutdown 2015-2016, when also the final upgrade to 50 
Hz operation will be completed. This will give operating 
margin on the nominal energy and is part of an upgrade 
program which has been launched to get an even more 
reliable and robust facility for our user’s community. 

The two new linac structures were designed to 
minimize phase and amplitude asymmetries in the coupler 
cells, in order to reduce the induced kick to the beam; 
they will gain 50 MeV each. They will replace the first 
two sections in the 100 MeV injector linac [9], that will 
then be relocated at higher energy where free spots in the 
layout and RF power plants are already available. This 
upgrade will increase the maximum linac energy to 1.65 
GeV, beneficial both in terms of minimum wavelength 
achievable and of reliability and uptime. Furthermore, the 
beam quality at 100 MeV is expected to improve. 

There is also a plan to profit of the free spots in the 
FEL-2 layout to upgrade it; namely there is space 
available to host a third undulator in the first stage 
radiator. This would bring advantages in terms of 
reliability and flexibility of FEL-2 operation. In fact, it 

would provide a higher energy per pulse from the first 
stage at an equivalent seed power; alternatively it would 
allow to reduce the required seed power to reach an 
equivalent seed pulse energy for the second stage. 

Energy per pulse at the level of 10-15 J at 20 nm is 
required from the first stage to seed in best conditions the 
second stage tuned at 4 nm. During run 20 this was 
obtained with about 40 J of seed energy. 

For nominal electron beam parameters, the use of an 
additional undulator in the first stage would allow to 
reduce the required seed power level by 30-50% 
depending on the final FEL wavelength. This would allow 
to operate with a lower seed power, opening to the 
possibility of using the OPA amplifier on a wider range of 
seed wavelengths and to reduce phase distortions 
associated to non-linear effects due to high seed laser 
intensity. In general this upgrade relaxes also the 
requirements on the electron beam, allowing more 
freedom in the selection of the region in the electron 
beam longitudinal phase space where the first stage 
seeding occurs. 

To implement this upgrade an undulator of the same 
type of the two existing ones is needed, i.e., 55 mm period 
APPLE-II type. 

CONCLUSION 
FERMI is routinely operating for users with FEL-1. 

The number of hours dedicated to user experiments has 
been steadily increasing between 2012 and 2015. 

FEL-2 has achieved the nominal energy per pulse at 4 
nm. At the end of June 2014 the first user experiment on 
FEL-2, at 12.4 nm, has been performed. The fourth call 
for users, which will be published on the 1st of October 
2014, will accept proposals both on FEL-1 and on FEL-2, 
so covering the full energy range foreseen on FERMI that 
is from 12 eV up to 310 eV. 

An upgrade program to widen the experimental 
opportunities and to further increase the reliability, the 
robustness and the flexibility of the facility is ongoing, 
and will particularly be focussed on the linac and on the 
FEL-2 first stage configuration. 
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EXPERIMENT PREPARATION TOWARDS A DEMONSTRATION OF 
LASER PLASMA BASED FREE ELECTRON LASER AMPLIFICIATION 
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Abstract  
One direction towards compact Free Electron Laser is 

to replace the conventional linac by a laser plasma driven 
beam, provided proper electron beam manipulation to 
handle the value of the energy spread and of the 
divergence. Applying seeding techniques also enables to 
reduce the required undulator length. Rapidly developing 
Laser Wakefield Accelerators (LWFA) are already able to 
generate synchrotron radiation. With the presently 
achieved electron divergence and energy spread an 
adequate beam manipulation through the transport to the 
undulator is needed for FEL amplification. A test 
experiment for the demonstration of FEL amplification 
with a LWFA is under preparation in the frame of the 
COXINEL ERC contract in the more general context of 
LUNEX5. Electron beam transport follows different steps 
with strong focusing thanks to variable strength 
permanent magnet quadrupoles, demixing chicane with 
conventional dipoles, and a second set of quadrupoles for 
further focusing in the undulator. Progress on the 
equipment preparation and expected performance are 
described. 

INTRODUCTION 
More than 30 years after the first Free Electron Laser 

(FEL) [1], FEL based fourth generation light sources [2] 
presently offer femtosecond tuneable radiation in the X –
ray domain with LCLS in USA [3], SACLA in Japan [4] 
and in the VUV- soft X-ray with FLASH in Germany [5] 
and FERMI in Italy [6]. FEL oscillators being limited to 
VUV [7], single optical pass FEL devices are preferred 
for short wavelength operation. After the first coherent 
harmonic generation experiments [8], seeding has 
demonstrated major advantages in terms of spectral purity 
[9-12]. Besides the preparation of additional FEL light 
sources for users around the world, new schemes are also 
under investigation. In view of the fifth generation light 
sources [13], several approaches are considered. One 
direction goes towards the improvement of FEL 
performance in a wide spectral range and with versatile 
properties and flexibility for users. Another one aims at 
reducing the size either by exploring further seeding and / 
or by replacing the conventional linear accelerator by a 
compact alternative one. Indeed, the rapidly developing 
Laser WakeField Accelerator (LWFA) [14, 15] are now 

able to generate synchrotron radiation [16]. With an 
electron divergence of typically 1 mrad and an energy 
spread of the order of 1 %, an adequate beam 
manipulation through the transport to the undulator is 
required for FEL amplification. Different strategies have 
been proposed, such as a decompression chicane [17], or 
a transverse gradient undulator [18].  

The studies presented here take place in the context of 
the LUNEX5 (free electron Laser Using a New 
accelerator for the Exploitation of X-ray radiation of 5th 
generation) collaboration, aiming at investigating the 
production of short, intense, coherent pulses in the 40-4 
nm spectral range [19] with a 400 MeV superconducting 
linac and a LWFA both connected to a single FEL for 
advanced seeding configurations. Both accelerators are 
complementary: The conventional linac will enable 
studies of advanced FEL schemes, future upgrade towards 
high repetition rate and multi-user operation. The LWFA 
has first to be qualified by the FEL application. LUNEX5, 
after the completion of a Conceptual Design Report [20], 
is presently in a phase of R&D and complementary 
studies. In this frame, after transport calculation of 
longitudinal and transverse manipulation of a LWFA 
electron beam showing that theoretical amplification is 
possible, a test experiment is under preparation, with the 
support of different grants. 

GENERAL DESCRIPTION 

Figure 1: Scheme of the main components. 

COXINEL grant aims at demonstrating FEL 
amplification with a LWFA. First, it intends to provide an 
appropriate electron beam transport from the source to the 
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undulator. Typical electron beam parameter sets are 
considered at 400 MeV : a 1 π mm.mrad  emittance with a 
beam size of 0.75 μm and a divergence of 1 mrad, a 
bunch duration of 3 fs and an energy spread of 1%, a 
bunch charge of 30 pC, leading to a peak current of 4 kA. 
The key concept relies on an electron beam longitudinal 
and transverse manipulation in the transport towards an 
undulator: a set of strong quadrupoles handle the large 
divergence of the electron beam, then a “demixing” 
chicane sorts the electrons in energy and reduces the 
spread from 1 % to a slice energy spread of 0.1 % and 
finally the transverse density is maintained constant all 
along the undulator (supermatching) by a proper 
synchronisation of the electron beam focusing and the 
progress of the optical wave along the undulator [21]. 
Calculations are carried out for an ultimate 40 nm 
wavelength and a 400 MeV electron beam. First tests will 
be performed at 200 nm with a 180 MeV electron beam, 
and a U20 undulator.  

For this purpose, a transport line has been designed to 
be as compact as possible, as shown in Fig. 1. It comports 
a first set of strong permanent magnet based variable 
quadrupoles to handle the large electron beam divergence, 
a chicane with four dipoles for the electron beam 
decompression, a second set of four quadrupoles, an 
undulator, a beam dump dipole, and a series of 
diagnostics: two cavity BPMs (before and after the 
undulator),  screens for the beam profile [22] and charge 
monitors.  

THE ELECTRON SOURCE 
Electrons are produced by an intense 2 x 60 TW laser 

of the “Laboratoire d’Optique Appliquée (LOA)” focused 
in a gas jet located in a dedicated chamber. The 
development of the best LWFA parameters for the FEL 
application is performed in the frame of the X-Five grant. 

 

Figure 2: Picture of the LOA laser system. 

THE TRANSPORT LINE 
The equipment of the transport line is under preparation 

at Synchrotron SOLEIL.  

The First Triplet of Highly Focusing Permanent 
Magnet Quadrupoles of Variable Strength 

A gradient of 200 T/m is required, with an adjustment 
of the strength. Considering a bore diameter of 10 mm 
electromagnetic technology can’t be employed. In this 
scope, the design of a permanent magnet quadrupole with 
variable strength for the focusing of the LWFA diverging 
electron beam is presently finalised in the frame of the 
“Triangle de la Physique / Valorisation” QUAPEVA 
contract in collaboration with Sigmaphi company.  

The Decompression Magnetic Chicane 

 

Figure 3: RADIA calculation of the chicane dipole: 
model, magnetic field versus longitudinal coordinate, 
field integral versus transverse direction. Gap: 25 mm.  

The chicane is composed of four dipoles of 0.565 T for 
a 25 mm gap, on axis field integral of 132 T.mm enabling 
a 99 mrad deviation. The dipoles are variable and 
compact. A first design of air cooled dipole led to a coil 
heating. The design was then renewed to a cooled version, 
enabling also to get more compact components. The 
dipoles have been modelled both under TOSCA [23] and 
RADIA [24] software, as shown in Fig. 3. The power 
supplies of the dipoles provide 150 A, 8 V.  
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The beam pipe encloses the additional radial orbit 
displacement of 32 mm. In the chicane some diagnostics 
and the seeding mirror will also be installed, as shown in 
Fig. 4. They include a stopper for the infra-red laser 
generating the electrons, an electron beam profile 
monitor, a screen for the measurement of the electron 
beam energy. There is a special port for entering the seed 
laser with two possible angles, for either the 200 nm or 
the 40 nm seeding wavelengths.  

 

Figure 4: Catia view of the magnetic chicane with the 
seeding port and the diagnostics. 

The Steerers  
Two steerers (see fig. 5) are located at the entrance and 

at the exit of the chicane. They provide a 350 G magnetic 
field in both horizontal and vertical directions. The steerer 
power supply provides 10 A, 10 V.  

 

Figure 5: View of the beam transport steerers. 

The Second Set of Quadrupoles (Quadruplet)  
The quadrupoles are electromagnetic, air-cooled. The 

quadrupoles are modelled in TOSCA. They provide a 20 
T/m gradient. The general view of the quadrupoles is 
shown in Fig. 6. 

 

 

Figure 6: View of one air-cooled quadrupole. 

THE FEL LINE  

 

Figure 7: Example of SOLEIL U20 in-vacuum undulator. 

Table 1: Characteristics of the Undulators 

Characteristic Unit U20 U15 

Period mm 20 15 

Technology  under 
vacuum 

under 
vacuum, 

cryogenic 

Permanent magnets  Nd2Fe14B Pr2Fe14B 

Poles   Vanadium-
Permendur 

Vanadium-
Permendur 

Number of periods  98 200 

Minimum gap mm 5.5 3  

Peak field at 293 K  T 1.05   1.53  

Peak field at 77 K T   1.67 

Deflection 
parameter (293 K) 

 1.96 at 
293 K 

2.4 at 77 K 

Magnetic length m 2 3  

 
The FEL line comprises first the undulator with two 

beam steerers and two cavity BPM (of SwissFEL type 
[25]). Two different undulators will be used with first, a 
2-m long typical U20 in-vacuum undulator of SOLEIL 
and then, a 3 m long cryo-ready undulator U15 (see Table 
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1 and Fig.7) thanks to the development of an existing U18 
cryogenic undualtor at SOLEIL [26].  

A R&D program on the construction of a cryo-ready 3 
m long 15 mm period undulator is under way in the frame 
of a French-Swedish collaboration. The choice (see Fig. 
8) of the period has been studied regarding its use both for 
LUNEX5 -either with the superconducting linac or with 
the LWFA- and for its use on the SOLEIL 2.75 GeV 
storage ring.  

The use of a specific grade of Pr2Fe14B with poles in 
Vanadium-Permendur enables operation both at room 
temperature and at 77 K. The module scheme has been 
modified for using half-poles, enabling an easier 
swapping.  
 

Figure 8: Peak magnetic field versus gap and period in the 
case of the cryogenic undulator. 

A dipole, similar to the chicane one, will be pushed to 
higher current, providing a 1 T field for deflecting the 
electrons towards the dump.  
A spectrometer for the spontaneous emission and Free 
Electron Radiation is under study. It will be installed at 
the exit of the undulator. 

A resonant stripline BPM is also under study and it will 
be installed in the case of the 2 m undulator. 

The general integration of the transport and FEL lines is 
shown in Fig. 9. The whole set occupies a length of the 
order of 11 m. For limiting the length, the cavity BPM 
and the steerer at the entrance of the undulator have been 
located inside de quadruplet of quadrupoles. Three 
pumping stations will also be installed (typically one in 
the chicane, one on the seeding port and one between 
quadrupoles of the second set).  

 

Figure 9: CATIA general integration view of the 
COXINEL LWFA demonstration set-up. General view of 
the COXINEL LWFA demonstration set-up (from right to 
left) : LWFA chamber (grey) with the first set of 
quadrupoles and a current beam transformer, magnetic 
chicane (red), quadruplet of quadrupoles (pink), undulator 
(case of 2 meter U20 undulator), dipole for beam dump 
(red), spectrometer (blue). 

CONCLUSION 
The preparation of the test experiment for a 

demonstration of LWFA based FEL amplification is in 
progress. Each different piece of equipment will be 
characterised independently prior to installation on the 
LOA site. Besides, tolerance and sensitivity parameters 
calculations are carried out in parallel.  
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Abstract 
LUNEX5 (free electron Laser Using a New accelerator 

for the Exploitation of X-ray radiation of 5th generation) 
aims at investigating the production of short, intense, 
coherent Free Electron Laser (FEL) pulses in the 40-4 nm 
spectral range. It comprises a 400 MeV superconducting 
Linear Accelerator for high repetition rate operation (10 
kHz), multi-FEL lines and adapted for studies of 
advanced FEL schemes, a 0.4 - 1 GeV Laser Wake Field 
Accelerator (LWFA) for its qualification by a FEL 
application, a single undulator line enabling seeding with 
High order Harmonic in Gas and echo configurations and 
pilot user applications. Concerning the superconducting 
linac, the electron beam dynamics has been modified 
from a scheme using a third harmonic linearizer and a 
compression chicane to a dog-leg coupled to sextupoles. 
Besides, the choice of the gun is under revision for 
achieving 10 kHz repetition rate. A test experiment is 
under preparation in collaboration with the Laboratoire 
d’Optique Appliquée, aimed at validating the computed 
transport performance of longitudinal and transverse 
manipulation on a LWFA electron beam enabling to 
provide theoretical amplification. 

INTRODUCTION 
France has a long history in Free Electron laser, and has 

obtained the second worldwide FEL on ACO (first visible 

radiation) in 1983 [1] and first FEL based short 
wavelength harmonic generation [2]. The Super-ACO 
FEL, commissioned in 1989 [3], delivered in 1993 the 
first UV FEL beam [4] to users [5, 6, 7, 8, 9] with first 
pump-probe two colour experiments. Extensive studies 
aiming at further understanding the FEL dynamics and at 
improving its own performance were performed, such as 
temporal structure [10], short pulse operation [11, 12, 13], 
interplay with the electron beam [14, 15]. Mirror 
performance and degradation have been also extensively 
analysed [16].  

An infra-red FEL user facility, CLIO is in operation 
since 1992 [17].  

Considering short wavelength single pass FEL, there 
have been active collaborations for seeding studies, in 
particular with high harmonics in gas (HHG) using a 160 
nm seed providing radiation down to 27 nm [18] and 
recently with a 60 nm seed [19] at SCSS Test Accelerator 
and at SPARC [20]. Short wavelength FEL user facilities 
(LCLS [21], SACLA [22], FLASH [23] and FERMI [24]) 
are providing new tools for the investigation of matter. 

 New researches are going towards exploring how to 
approach closer the diffraction and Fourier limits in a 
wide spectral range and with versatile properties. Besides, 
some other trends are investigating how FEL can become 
more compact, by seeding schemes and replacing the 
conventional accelerator by LWFA [25]. 

 
Figure 1: LUNEX5 sketch with two cryomodules (yellow), laser hutch for LWFA (grey), undulators (four radiators and 
two ECHO modulators) (purple), pilot user experimental sections (green). 
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DESCRIPTION OF LUNEX5 
DEMONSTRATOR PROJECT  

LUNEX5 [26, 27] aims at investigating the production of 
short, intense, and coherent pulses in the soft X-ray 
region, using two types of accelerators. On one hand, a 
400 MeV superconducting linac will enable a cw 
operation for high repetition rate and multiple users. On 
the other hand, a LWFA is also coupled, for qualifying 
this type of acceleration concept with the FEL TW laserof 
LOA, before using a dedicated 400 TW laser system. The 
undulator line will be composed of different cryo-ready 
undulator segments of 15 and 30 mm period, enabling 
Echo Enable Harmonic Generation seeding (ECHO) [28] 
and HHG seeding to be compared. Two pilot user 
experiments in gas phase and condensed matter are also 
planned to qualify the FEL performances in the different 
cases. The LUNEX5 scheme is shown in Fig. 1. The 
planned spectral range (4-40 nm) from the fundamental, 
the third and the fifth harmonics is shown in Fig. 2, with 
CDR electron beam parameters, which are in particular 
quite optimistic in the LWFA case. On the fundamental 
wavelength, the FEL radiation ranges between 15 and 40 
nm, with a peak power between 10 and 100 MW. With 
the superconducting linear accelerator, there are more 
than 1011 photons/pulse and 1027 peak brightness on the 
fundamental wavelength. 

 
Figure 2: Photon peak power vs energy for a CLA (resp. 
LWFA) of 400 MeV, with slice energy spread of 0.02 % 
(resp. 0.1 %), emittance of 1.5 π mm.mrad, peak current 
of 400 A (resp.10 kA), bunch length of 1 ps (resp. 2 fs). 

The conventional accelerator will be a 400 MeV 
superconducting L-band (1.3 GHz) Linac. It will enable 
achieving high average current, further upgrading towards 
CW [29] and multi-user operation. The 12 m long XFEL 
type cryomodule houses a string of eight 9-cell cavities, 
each equipped with an adjustable antenna input power 
coupler, two HOM dampers and a monitoring pick-up; 
their frequency tuning is ensured by a motor driven 
mechanism, which changes the cavity length and fast 
piezo-tuners, for the control of the microphonics. Initially, 
a pulsed operation (10 % duty cycle, i.e. 100 bunches per 

macropulse of 500 µs flat-top at 50 Hz repetition rate) of 
the linac was considered with two cryomodules operating 
at 24 MV/m (130 W of cryogenic power at 2 K). In the 
CW operation mode, a third cryomodule will reduce the 
accelerating gradient from 24 down to 16.5 MV/m, hence 
keeping the cryogenic load at a reasonable level (< 500 W 
at 2 K). Each cavity will have its own RF transmitter and 
LLRF system, for insuring a high stability in phase and 
amplitude. Solid state amplifiers, capable of delivering up 
to 20 kW CW at 1.3 GHz, providing modularity and low 
phase noise, will be developed at SOLEIL. The presently 
aimed temporal structure, 10 kHz repetition rate is of 
interest for coincidence, photo-emission and in a longer 
term, for imaging (Coherent diffraction Imaging). The 
superconducting linac choice will enable at term to 
dispatch electrons towards different FEL lines, for a 
reduced operating cost.  

After considering a magnetic compressor combined to a 
harmonic cavity, a dogleg with sextupoles (Fig. 3a) is 
adopted. It enables to linearize the phase space, to 
compress the beam by typically a factor of 10, to increase 
the peak current and to cancel the second order dispersion 
(Fig. 3b). It is less versatile but cheaper than the harmonic 
cavity and chicane scheme. 

 

a 

 
b 

Figure 3: a) Scheme of the dogleg b) Energy spread (top 
left), slice energy spread (bottom left), peak current (top 
right), slice emittance (bottom right). 
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The gun will be either a superconducting one [30] or an 
APEX type one [31]. The study and test of an elementary 
RF unit with sc cavity, low level RF and solid state 
amplifier for CW operation is also under discussion. 

The best suitable regime of operation of the LWFA for 
the FEL application is currently under investigation. One 
can naturally foresee to operate in the colliding scheme 
[32, 33] or in the cold injection one [34]. First estimates 
of optimistic LWFA performance (1 µm transverse size, 
1.25 mrad divergence, 1 π mm. mrad emittance, 2 fs 
duration, 0.1 % energy spread, 20 pC charge, i.e. 4 kA 
peak current) were first assumed. Now, one considers an 
electron divergence of typically 1 mrad and an energy 
spread of the order of 1%. In the transport to the 
undulator, adequate manipulation of the electron beam 
phase space is needed to handle the rather large energy 
spread and divergence.  

The FEL line enables different configurations to be 
studied and compared: echo, HHG seeding [35]. The FEL 
saturation is generally achieved earlier in the echo case 
than in the HHG seeding. The FEL is tuned by varying 
the seeding wavelength and the undulator resonance 
wavelength, harmonic generation in gas providing a 
discreetly tunable source from 40 to 15 nm. Further 
manipulation of the FEL properties such as the two-
colour operation, the optical post-compression 
(FELShaping, OPT2X contracts) are also considered. 

LUNEX5 has two end stations for time resolved pump-
probe studies of isolated species (TR-AMO) and for 
condensed matter imaging exploiting the coherence. The 
TR-AMO end station will consist in a high resolution 
VG-Scienta electron spectrometer allowing for 
spectroscopy of cold atoms/molecules, clusters or 
nanoparticles, issued from a multi-purpose source, 
combined with the full momentum characterisation of 
both electrons and ions (ion momentum spectrometers 
combining time-of-flight and 2D ion position detection in 
coincidence mode). Lensless imaging technique also 
relies on very stable setup and accurate algorithms to 
extract real space images. It is proposed to use an existing 
mobile setup of LCPMR. Magnetization dynamics will be 
triggered through intense fs laser irradiation and probed 
by x-ray magnetic linear dichroïc images measurements. 

After the preparation of the CDR, LUNEX5 project is 
presently under a phase of R&D and complementary 
studies. Different programs have been funded. Some of 
them are here further described. 

TOWARDS THE DEMONSTRATION OF A 
LWFA BASED FEL AMPLIFICATION  

COXINEL grant aims at demonstrating an appropriate 
electron beam transport from the source to the undulator. 
The key concept relies on an innovative electron beam 
longitudinal and transverse manipulation in the transport 
towards an undulator: a “demixing” chicane [36] sorts the 
electrons in energy and reduces the spread from 1 % to a 
slice one of 0.1 % and the effective transverse size is 
maintained constant along the undulator (supermatching) 

by a proper synchronisation of the electron beam focusing 
with the progress of the optical wave [37].  An example of 
the baseline implementation is shown in Fig. 4. 

 
Figure 4: COXINEL transport line scheme. 

Equipment is under preparation at Synchrotron 
SOLEIL. The magnetic design of a permanent magnet 
quadrupole with variable strength for the focusing of the 
LWFA diverging electron beam has been proposed in the 
frame of “Triangle de la Physique” contract QUAPEVA.  

Besides, the X-Five grant concerns the optimisation of 
the LWFA electron beam with a 2x60 TW laser of the 
Laboratoire d’Optique Appliquée. Coupling both 
programs enables to prepare a demonstration experiment 
to observe FEL amplification at 200 nm first and then at 
shorter wavelength. After successful amplification, 
further study and potential control of the FEL properties 
will then follow. 

R&D ON A CRYO-READY UNDULATOR 
A cryogenic 15 mm period undulator is under design at 

SOLEIL in collaboration with MAX-LAB. The 3 m long 
device consists of vanadium-Permendur poles and 
Pr2Fe14B magnets. The chosen grade is characterized by a 
remanence of 1.32 T and a coercitive force of 1900 kA/m 
at room temperature, leading to an on axis magnetic field 
peak value of 1.61 T at minimum gap of 3 mm. Once cold 
at 77 K, the remanence of this material should reach 1.57 
T, increasing the undulator field up to 1.77 T at minimum 
gap. The magnets and poles are fixed on the girders by 
means of holders, each of them containing one magnet 
enclosed by two half-poles (see Fig. 5). This design 
ensures that all the holders are identical, in order to make 
easier the magnetic optimization steps of the undulator.  

The undulator magnetic measurements, which must be 
performed at 77 K through the small gap of 3 mm and 
along about 5 m is a critical point. The measurement 
bench under design consists of a stretched wire and a Hall  

 
Figure 5: Four period assembly with half-poles. 
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probe both installed inside the vacuum chamber. The 
position and angle of the Hall probe will be controlled by 
lasers and interferometers and adjusted by piezo-motors 
in a similar way that the SAFALI system [38]. 

DEVELOPMENT ON ELECTRO-
OPTICAL SAMPLING 

The electro-optic detection technique offers the 
possibility to measure directly, in a non-destructive 
manner, the shape and the length of individual relativistic 
electron bunches with a sub-picosecond resolution [39, 
40]. The technique relies on the Pockels effect induced by 
the electric field of a relativistic electron bunch in an 
electro-optic crystal. The induced birefringence in the 
crystal is probed using a polarized chirped laser pulse, the 
temporal pulse shape is retrieved by measuring the optical 
spectrum of the laser pulse (Fig. 6). 

 

Figure 6: Schematic drawing of spectrally encoded 
electro-optic detection. 

 

 
Figure 7: Optical spectrum of the probed laser pulse 
without (red) and with (black) external electric field in the 
EO crystal. The arrow indicates the peak corresponding to 
the THz pulse. 

A preliminary experiment was realized at the PhLAM 
laboratory where a THz pulse was successfully detected 
in a ZnTe crystal using a 800-nm chirped laser pulse 
(Fig. 7). This detection technique [40,41] is known as the 
spectrally encoded electro-optic detection and allows for 
single-shot recordings of pulse shapes. However, in the 
future upgrade towards high-repetition rate FELs, single- 
shot recordings at high acquisition rate  (MHz range) will 
be required and the present classical spectrally encoded 
technique is limited by the camera speed. Using a novel 
opto-electronic technique, based on the photonic time-
stretch [42,43] well-known in optics and photonics, we 
demonstrated single-shot recordings up to 88 MHz of 

CSR pulses on the AILES beamline at Synchrotron 
SOLEIL [44]. The temporal waveform containing the 
spectrally encoded signal is stretched in time so that it is 
slow enough to be detected using a photodetector instead 
of a spectrometer. This technique enables to overcome the 
current limitation in acquisition rate of the spectrally 
encoded electro-optic detection scheme. 

CONCLUSION 
Some R&D and complementary studies for the 

LUNEX5 project have been launched. The choice of the 
superconducting linac is confirmed by the need of high 
repetition rate operation for scientific application and for 
multi-FEL operation. Besides, a test experiment for the 
demonstration of FEL amplification with a LWFA is 
under preparation. Important funding is still necessary for 
the LUNEX5 demonstrator.  
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FREE ELECTRON LASERS IN 2014 

J. Blau#, K. Cohn, W. B. Colson, and W. Tomlinson 
Physics Department, Naval Postgraduate School, Monterey CA 93943, USA 

Abstract 
Thirty-eight years after the first operation of the free 

electron laser (FEL) at Stanford University, there 
continue to be many important experiments, proposed 
experiments, and user facilities around the world.  
Properties of FELs operating in the infrared, visible, UV, 
and X-ray wavelength regimes are tabulated and 
discussed. 

LIST OF FELS IN 2014 
The following tables list existing (Table 1) and 

proposed (Tables 2, 3) relativistic free electron lasers 
(FELs) in 2014.  The 1st column lists a location or 
institution, and the FEL’s name in parentheses. 
References are listed in Tables 4 and 5; another useful 
reference is: 
http://sbfel3.ucsb.edu/www/vl_fel.html. 

The 2nd column of each table lists the operating 
wavelength λ, or wavelength range. The longer 
wavelength FELs are listed at the top and the shorter 
wavelength FELs at the bottom of each table.  The large 
range of operating wavelengths, seven orders of 
magnitude, indicates the flexible design characteristics of 
the FEL mechanism. 

In the 3rd column, tb is the electron bunch duration 
(FWHM) at the beginning of the undulator, and ranges 
from almost CW to short sub-picosecond time scales. The 
expected optical pulse length in an FEL oscillator can be 
several times shorter or longer than the electron bunch 
depending on the optical cavity Q, the FEL 
desynchronism and gain.  The optical pulse can be many 
times shorter in a high-gain FEL amplifier, or one based 
on self-amplified spontaneous emission (SASE).  Also, if 
the FEL is in an electron storage-ring, the optical pulse is 
typically much shorter than the electron bunch. Most FEL 
oscillators produce an optical spectrum that is Fourier 
transform limited by the optical pulse length. 

The electron beam kinetic energy E and peak current I 
are listed in the 4th and 5th columns, respectively.  The 
next three columns list the number of undulator periods 
N, the undulator wavelength λ0, and the rms undulator 

parameter K = eBλ0/2πmc2 (cgs units), where e is the 
electron charge magnitude, B is the rms undulator field 
strength, m is the electron mass, and c is the speed of 
light. For an FEL klystron undulator, there are multiple 
undulator sections as listed in the N-column; for example 
2x7.  Some undulators used for harmonic generation have 
multiple sections with varying N, λ0, and K values as 
shown.  Some FELs operate at a range of wavelengths by 
varying the undulator gap as indicated in the table by a 
range of values for K.  The FEL resonance condition, 
λ = λ0(1+K2)/2γ2, relates the fundamental wavelength λ to 
K, λ0, and the electron beam energy E = (γ−1)mc2, where 
γ is the relativistic Lorentz factor.  Some FELs achieve 
shorter wavelengths by using coherent harmonic 
generation (CHG), high-gain harmonic generation 
(HGHG), or echo-enabled harmonic generation (EEHG). 

The last column lists the accelerator types and FEL 
types, using the abbreviations listed after Table 3. 

The FEL optical power is determined by the fraction of 
the electron beam energy extracted and the pulse 
repetition frequency. For a conventional FEL oscillator in 
steady state, the extraction can be estimated as 1/(2N); for 
a high-gain FEL amplifier, the extraction at saturation can 
be substantially greater. In a storage-ring FEL, the 
extraction at saturation is substantially less than this 
estimate and depends on ring properties. 

In an FEL oscillator, the optical mode that best couples 
to the electron beam in an undulator of length L = Nλ0 
has a Rayleigh length z0 ≈ L/121/2 and has a fundamental 
mode waist radius w0 ≈ (z0λ/π)1/2.  An FEL typically has 
more than 90% of its power in the fundamental mode. 

At the 2014 FEL Conference, there were two new 
lasings reported: FLASH2 at DESY and a SASE FEL at 
the SwissFEL Test Facility at PSI.  Progress continues on 
many other existing and proposed FELs around the world, 
from small terahertz FELs to large X-ray FEL facilities. 
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Table 1: Existing Free Electron Lasers (2014) 
LOCATION (NAME) λ(µm) tb(ps) E(MeV) I(A) N λ 0(cm) K(rms) Type 
Frascati (FEL-CATS) 430-760 15-20 2.5 5 16 2.5 0.5-1.4 RF 
UCSB (mm FEL) 340 25000 6 2 42 7.1 0.7 EA,O 
Novosibirsk (FEL1) 120-240 50 12 8 2x33 12 0.71 ERL,O 
Dresden (TELBE) 100-3000 0.15 15-34 15 8 30 ≤5.7 RF,SU 
Nijmegen (FLARE) 100-1400 3 10-15 50 40 11 0.5-3.3 RF,O 
KAERI (THz FEL) 100-1200 20 4.5-6.7 0.5 80 2.5 1.0-1.6 MA,O 
Osaka (ISIR, SASE) 70-220 20-30 11 1000 32 6 1.5 RF,S 
Himeji (LEENA) 65-75 10 5.4 10 50 1.6 0.5 RF,O 
UCSB (FIR FEL) 60 25000 6 2 150 2 0.1 EA,O 
Osaka (ILE/ILT) 47 3 8 50 50 2 0.5 RF,O 
Novosibirsk (FEL2) 40-80 20 20 20 33 12 1.0 ERL,O 
Osaka (ISIR) 25-150 20-30 13-20 50 32 6 ≤1.5 RF,O 
Tokai (JAEA-FEL) 22 2.5-5 17 200 52 3.3 0.7 RF,O 
Bruyeres (ELSA) 20 30 18 100 30 3.2 0.8 RF,O 
Dresden (ELBE U100) 18-250 1-4 15-34 30 40 10 0.5-2.7 RF,O 
Osaka (iFEL4) 18-40 10 33 40 30 8 1.3-1.7 RF,O 
Kyoto (KU-FEL) 5-21.5 <1 20-36 17-40 52 3.3 0.7-1.56 RF,O 
Darmstadt (FEL) 6-8 2 25-50 2.7 80 3.2 1.0 RF,O 
Osaka (iFEL1) 5.5 10 33.2 42 58 3.4 1.0 RF,O 
Beijing (BFEL) 5-25 4 30 15-20 50 3 0.5-0.8 RF,O 
Daresbury (ALICE) 5-11 ~1 27.5 80 40 2.7 0.35-0.9 ERL,O 
Dresden (ELBE U27) 4-21 1-4 15-34 30 68 2.73 0.3-0.7 RF,O 
Berlin (FHI MIR FEL) 4-50 1-5 15-50 200 50 4 0.5-1.5 RF,O 
Tokyo (MIR-FEL) 4-16 2 32-40 30 43 3.2 0.7-1.8 RF,O 
Nijmegen (FELIX) 3-250 1 50 50 38 6.5 1.8 RF,O 
Orsay (CLIO) 3-150 10 12-50 100 38 5 ≤1.4 RF,O 
Nijmegen (FELICE) 3-40 1 60 50 48 6.0 1.8 RF,O 
Hawaii (MkV) 2-10 2-5 30-45 30-60 47 2.3 0.1-1.3 RF,O 
Osaka (iFEL2) 1.88 10 68 42 78 3.8 1.0 RF,O 
Nihon (LEBRA) 1.5-6.5 1 58-100 10-20 50 4.8 0.7-1.4 RF,O 
Tsukuba (ETLOK-III) 0.85-1.45 90 310 1-3 2x7 20 1-2 SR,O,K 
UCLA-BNL (VISA) 0.8 0.5 64-72 250 220 1.8 1.2 RF,S 
JLab (IR upgrade) 0.7-10 0.35 120 300 30 5.5 3.0 ERL,O 
Osaka (iFEL3) 0.3-0.7 5 155 60 67 4 1.4 RF,O 
JLab (UV demo) 0.25-0.7 0.35 135 200 60 3.3 1.3 ERL,O 
Duke (OK-5) 0.25-0.79 5-20 270-800 10-50 2x30 12 3.18 SR,O,K 
Okazaki (UVSOR-II) 0.2-0.8 6 600-750 28.3 2x9 11 2.6-4.5 SR,O,K 
Tsukuba (ETLOK-II) 0.2-0.6 55 310 1-3 2x42 7.2 1-1.4 SR,O,K 
SINAP (SDUV-FEL) 0.2-0.35 2-8 100-180 20-100 360 2.5 0.98 RF,A,H,E 
DELTA (U250) 0.2 100 1500 40 2x7 25 7.3-10 SR,K,H 
Duke (OK-4) 0.19-0.4 50 1200 35 2x33 10 4.75 SR,O,K 
ELETTRA (SR-FEL) 0.09-0.26 70 1000 150 2x19 10 4.2 SR,A,K,H 
PSI (SwissFEL Test) 0.07-0.8 0.5-3 100-220 20-160 265 1.5 0.5-1.3 RF,S 
Frascati (SPARC) 0.066-0.8 0.15-8 80-177 40-380 450 2.8 0.5-1.55 RF,A,S,H 
DESY (sFLASH) 0.038 0.5 700 1000 180 

120 
3.14 
3.3 

1.9 
2.1 

RF,S,H 

SPring-8 (SCSS) 0.03-0.06 1 250 300 600 1.5 0.3-1.06 RF,S 
ELETTRA (FERMI-1) 0.02-0.08 0.7-1.2 1250 300-600 252 5.5 1-3 RF,A,H 
ELETTRA (FERMI-2) 0.004-0.0144 0.7-1.6 1000-1400 300-700 396 3.5 0.85-1.6 RF,A,H 
DESY (FLASH2) 0.004-0.08 0.05-0.5 500-1250 2500 768 3.14 0.5-2 RF,S 
DESY (FLASH1) 0.004-0.045 0.05-0.5 370-1250 2500 981 2.73 0.87 RF,S 
SLAC (LCLS) 0.12 nm 0.07 15400 3500 3696 3 2.5 RF,S 
SPring-8 (SACLA) 0.08-0.25 nm 0.02-0.03 8300 3000-4000 6300 1.8 1.52 RF,S 
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Table 2: Proposed Free Electron Lasers (2014) 
PROPOSED FELs λ(µm) tb(ps) E(MeV) I(A) N λ 0(cm) K(rms) Type 
KAERI (Table-top THz) 400-600 20 6.5 1 28 2.3-2.6 2.1-2.4 MA,O 
Tokyo (FIR-FEL) 300-1000 5 10 30 25 7 1.5-3.4 RF,O 
Colorado State University 200-800 5-15 6 100 50 2.5 1.0 RF,O 
NPS-Niowave (THz) 170-550 1-2 3-5 3-7 10 3.3 0.5-1.2 RF,SU 
India (CUTE-FEL) 50-100 1000 10-15 20 50 5 0.57 RF,O 
Berlin (FHI FIR FEL) 40-500 1-5 20-50 200 40 11 1-3 RF,O 
Novosibirsk (FEL3) 5-30 10 40 20-100 3x33 6 2.0 ERL,O 
Beijing (PKU-FEL) 4.7-8.3 1 30 60 50 3 0.5-1.4 ERL,O 
Turkey (TARLA U25) 
             (TARLA U90) 

3-20 
18-250 

0.4-6 
0.4-6 

15-40 
15-40 

12-155 
12-155 

60 
40 

2.5 
9 

0.25-0.7 
0.7-2.3 

RF,O 

Tallahassee (Big Light) 2-1500 1-10 50 50 45 5.5 4.0 ERL,O 
Daresbury (CLARA) 0.1-0.4 0.5 250 400 500 2.9 0.7-1.5 RF,A 
Dalian (DCLS) 0.05-0.15 1 300 300 360 3.0 0.3-1.6 RF,A,H 

 
Table 3: Proposed Short Wavelength Free Electron Lasers (2014) 

PROPOSED FELs λ(nm) tb(ps) E(GeV) I(kA) N λ 0(cm) K(rms) Type 
JLab (JLAMP) 10-100 0.1 0.6 1 330 3.3 1.0 ERL,O,A 
SINAP (SXFEL) 8.8 0.26 0.84 0.6 720 2.5 0.95 RF,H,E 
Glasgow (ALPHA-X) 2-300 0.001-0.005 0.10-1.0 1 200 1.5 0.5 PW,A 
Groningen (ZFEL) 0.8 0.1 1-2.1 1.5 2600 1.5 0.85 RF,S,H 
PSI (SwissFEL Athos) 
       (SwissFEL Aramis) 

0.7-7 
0.1-0.7 

0.002-0.015 
0.002-0.015 

2.5-3.4 
2.1-5.8 

1.5-2.7 
1.5-2.7 

1200 
3192 

4 
1.5 

0.7-3.5 
0.5-1.3 

RF,S,SS 
RF,S,SS 

SLAC (LCLS-II SXR) 
           (LCLS-II HXR) 

1.0-6.2 
0.05-1.2 

0.01-0.1 
0.01-0.1 

2.0-4.0 
2.5-15.0 

0.5-1.5 
0.5-4 

1827 
4160 

3.9 
2.6 

1.4-3.9 
0.36-1.7 

RF,S,SS 
RF,S,SS 

Pohang (PAL SXFEL) 
             (PAL HXFEL) 

1-4.5 
0.06-1 

0.06-0.18 
0.045-0.09 

2.6-3.2 
4-10 

1-3 
2-4 

1300 
4100 

3.43 
2.44 

1.6-3.4 
1.3-2.1 

RF,S 

DESY (Europe XFEL) 0.4-5 
0.05-0.4 

0.002-0.18 8-17.5 5 1544 
4375 

6.8 
4 

4-9 
1.65-3.9 

RF,S 

LANL (MaRIE) 0.03 0.03 12 3.4 3200 1.86 0.86 RF,S,H,E 
 

Accelerator type: 
MA - Microtron Accelerator 
ERL - Energy Recovery Linear Accelerator 
EA - Electrostatic Accelerator 
RF - Radio-Frequency Linear Accelerator 
SR - Electron Storage Ring  
PW- Laser Plasma Wakefield Accelerator 
 
 

FEL type: 
A - FEL Amplifier 
K - FEL Klystron 
O - FEL Oscillator 
S - Self-Amplified Spontaneous Emission (SASE) 
H - Harmonic Generation (CHG, HGHG) 
E - Echo-Enabled Harmonic Generation (EEHG) 
SS - Self-Seeded Amplifier 
SU - Super-radiant FEL  
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Table 4: References and Websites for Existing FELs
LOCATION (NAME) Internet Site or Reference 
Beijing (BFEL) http://www.ihep.ac.cn/english/BFEL/index.htm 
Berlin (FHI MIR) http://fel.fhi-berlin.mpg.de 
Bruyeres (ELSA) P. Guimbal et al., Nucl. Inst. and Meth. A341, 43 (1994). 
Daresbury (ALICE) http://www.stfc.ac.uk/ASTeC/Alice/projects/36060.aspx  
Darmstadt (FEL) M. Brunken et al., Nucl. Inst. and Meth. A429, 21 (1999). 

DELTA (U250) H. Huck et al., Proceedings of FEL 2011, Shanghai, China. 
http://accelconf.web.cern.ch/AccelConf/FEL2011/papers/mooa5.pdf 

DESY (FLASH, sFLASH) http://flash.desy.de 
   Dresden (ELBE) http://www.hzdr.de/FELBE 

Duke (OK-4, OK-5) http:// https://www.phy.duke.edu/duke-free-electron-laser-laboratory 
ELETTRA (SR-FEL) http://www.elettra.trieste.it/elettra-beamlines/fel.html  
ELETTRA (FERMI) http://www.elettra.trieste.it/FERMI 
Frascati (FEL-CATS) http://www.frascati.enea.it/fis/lac/fel/fel2.htm 
Frascati (SPARC) http://www.roma1.infn.it/exp/xfel 
Hawaii (MkV) M. Hadmack, Ph.D. Dissertation, University of Hawaii, December 2012. 
Himeji (LEENA) T. Inoue et al., Nucl. Inst. and Meth. A528, 402 (2004). 
JLab (IR upgrade) G. R. Neil et al., Nucl. Inst. and Meth. A557, 9 (2006). 

JLab (UV demo) S. V. Benson et al., Proceedings of FEL 2011, Shanghai, China. 
http://accelconf.web.cern.ch/AccelConf/FEL2011/papers/weoci1.pdf 

KAERI (THz FEL) Y. U. Jeong et al., Nucl. Inst. and Meth. A575, 58 (2007). 

Kyoto (KU-FEL) H. Zen et al., Proceedings of FEL 2013, New York, NY, USA 
http:// https://accelconf.web.cern.ch/accelconf/FEL2013/papers/wepso84.pdf 

Nihon (LEBRA) K. Hayakawa et al., Proceedings of FEL 2007, Novosibirsk, Russia. 
http://accelconf.web.cern.ch/AccelConf/f07/papers/MOPPH046.pdf  

Nijmegen (FELICE, FELIX) http://www.ru.nl/felix 
Nijmegen (FLARE) http://www.ru.nl/flare 
Novosibirsk (FEL1) N. G. Gavrilov et al., Nucl. Inst. and Meth. A575, 54 (2007). 

Novosibirsk (FEL2) N. A. Vinokurov et al., Proceedings of FEL 2009, Liverpool, UK. 
http://accelconf.web.cern.ch/AccelConf/FEL2009/papers/tuod01.pdf 

Okazaki (UVSOR- II) H. Zen et al., Proceedings of FEL 2009, Liverpool, UK. 
http://accelconf.web.cern.ch/AccelConf/FEL2009/papers/wepc36.pdf 

Orsay (CLIO) http://clio.lcp.u-psud.fr 
Osaka (iFEL4) T. Takii et al., Nucl. Inst. and Meth. A407, 21 (1998). 

Osaka (iFEL1,2,3) H. Horiike et al., Proceedings of FEL 2004, Trieste, Italy. 
http://accelconf.web.cern.ch/AccelConf/f04/papers/THPOS17/THPOS17.pdf 

Osaka (ILE/ILT) N. Ohigashi et al., Nucl. Inst. and Meth. A375, 469 (1996). 

Osaka (ISIR) R. Kato et al., Proceedings of IPAC 2010, Kyoto, Japan. 
http://accelconf.web.cern.ch/accelconf/IPAC10/papers/tupe030.pdf 

PSI (SwissFEL Test) S. Reiche, Proceedings of FEL2014, Basel, Switzerland. 
SINAP (SDUV-FEL) Z. T. Zhao and D. Wang, Proceedings of FEL 2010, Malmo, Sweden. 

http://accelconf.web.cern.ch/AccelConf/FEL2010/papers/moobi1.pdf 
SLAC (LCLS) http://lcls.slac.stanford.edu 
SPring-8 (SCSS, SACLA) http://xfel.riken.jp/eng/index.html 
Tokai (JAEA-FEL)  R. Hajima et al., Nucl. Inst. and Meth. A507, 115 (2003). 
Tokyo (MIR-FEL) http://www.rs.noda.tus.ac.jp/fel-tus/English/E-Top.html 
Tsukuba (ETLOK-II) K.Yamada et al., Nucl. Inst. and Meth. A528, 268 (2004). 
Tsukuba (ETLOK-III) N. Sei, H. Ogawa and K. Yamada, Optics Letters 34, 1843 (2009). 
UCLA-BNL (VISA) A. Tremaine et al., Nucl. Inst. and Meth. A483, 24 (2002). 
UCSB (mm, FIR FEL) http://sbfel3.ucsb.edu 
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Table 5:  References and Websites for Proposed FELs 
LOCATION (NAME) Internet Site or Reference 

Beijing (PKU-FEL) Z. Liu et al., Proceedings of FEL 2006, Berlin, Germany. 
http://accelconf.web.cern.ch/AccelConf/f06/papers/TUAAU05.pdf 

Berlin (FHI FIR)   http://fel.fhi-berlin.mpg.de 
Colorado State University   S. Milton et. al., Proceedings of IPAC 2014, Dresden, Germany. 

  http://accelconf.web.cern.ch/AccelConf/IPAC2014/papers/thpri074.pdf 
Dalian (DCLS)   T. Zhang et. al., Proceedings of IPAC2013, Shanghai, China 

  http://accelconf.web.cern.ch/accelconf/IPAC2013/papers/weodb102.pdf 
Daresbury (CLARA)   J. A. Clarke et. al., Proceedings of IPAC 2012, New Orleans, LA, USA. 

  http://accelconf.web.cern.ch/AccelConf/IPAC2012/papers/tuppp066.pdf 
DESY (Europe XFEL) http://www.xfel.eu 
Glasgow (ALPHA-X) http://phys.strath.ac.uk/alpha-x/ 
Groningen (ZFEL) J. P. M. Beijers et al., Proceedings of FEL 2010, Malmo, Sweden. 

http://accelconf.web.cern.ch/AccelConf/FEL2010/papers/mopc22.pdf 
India (CUTE-FEL) S. Krishnagopal and V. Kumar, Proceedings of FEL 2007, Novosibirsk, Russia. 

http://accelconf.web.cern.ch/accelconf/f07/papers/MOPPH074.pdf 
JLab (JLAMP) S. V. Benson et al., Proceedings of FEL 2009, Liverpool, UK. 

http://accelconf.web.cern.ch/accelconf/FEL2009/papers/mopc70.pdf 
KAERI (Table-top THz) Y. U. Jeong et al., J. Korean Phys. Soc., Vol. 59, No. 5, 3251 (2011). 
LANL (MaRIE) http://marie.lanl.gov 
Novosibirsk (FEL3) N. G. Gavrilov et al., Nucl. Inst. and Meth. A575, 54 (2007). 
NPS-Niowave (THz) http://www.niowaveinc.com 
Pohang (PAL XFEL) J.-H. Han et. al., Proceedings of IPAC 2012, New Orleans, LA, USA. 

http://accelconf.web.cern.ch/accelconf/IPAC2012/papers/tuppp061.pdf 
PSI (SwissFEL Athos,Aramis) http://www.psi.ch/swissfel 
SINAP (SX-FEL) Z. T. Zhao and D. Wang, Proceedings of FEL 2010, Malmo, Sweden. 

http://accelconf.web.cern.ch/AccelConf/FEL2010/papers/moobi1.pdf 
Tallahassee (Big Light) http://www.magnet.fsu.edu/usershub/scientificdivisions/emr/facilities/fel.html 
Tokyo (FIR-FEL) http://www.rs.noda.tus.ac.jp/fel-tus/English/E-Top.html 
Turkey (TARLA U25,U90)   http://www.tarla.org.tr 
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THE TURKISH ACCELERATOR AND RADIATION LABORATORY IN
ANKARA (TARLA) PROJECT∗

A. Aksoy†, Ö. Karslı, Ç. Kaya, Ö. Yavaş, Institute of Accelerator Technologies, Ankara, Turkey
S. Ozkorucuklu, Istanbul University, Istanbul, Turkey

P. Arıkan, Gazi University, Ankara, Turkey

Abstract
The Turkish Accelerator and Radiation Laboratory in

Ankara (TARLA) which is proposed as a first facility of
Turkish Accelerator Center (TAC) Project will operate two
Infra-Red Free Electron Lasers (IR-FEL) covering the range
of 3–250microns. The facility will consist of an injector
fed by a thermionic triode gun with two-stage RF bunch
compression, two superconducting accelerating modules op-
erating at continuous wave (CW) mode and two independent
optical resonator systems with different undulator period
lengths. The electron beam will also be used to generate
Bremsstrahlung radiation. The facility aims to be first user
laboratory in the region of Turkey in which both electromag-
netic radiation and particles will be used. In this paper, we
discuss design goals of the project,present status and road
map of the project.

INTRODUCTION
TARLA, also called the Turkish Accelerator Center (TAC)

IR FELOscillator facility, has been proposed as a sub-project
of TAC in Turkey. TAC is an accelerator based research cen-
ter project which consists of the conceptual design studies
of a third generation synchrotron radiation facility based on
3.56GeV positron ring, a SASE/X FEL facility based on
multi GeV electron linac and a 1–3GeV proton accelerator,a
linac-ring type charm factory, since 2006 [1–3]. The con-
struction phase of TARLA has been supported by Ministry
Development (MD) of Turkey since 2010 and the laboratory
has been still under construction [4, 5].

The main goal of TARLA is to provide FEL radiation be-
tween the ranges of 3–250 µm in the infrared region by using
two undulator-resonator system. The facility will also have
a bremsstrahlung production target and some fixed target
applications using the available electron beam which is in
the energy range of 15–40MeV. The electron beam will be
obtained by a thermionic triode electron source operating at
250 kV in continuous wave (CW) mode. And the beam will
further be accelerated up to 40MeV by two super conducting
RF modules that are designed for ELBE project [6]. The
electron beam will be transported to two independent opti-
cal resonator systems housing undulators with the different
period lengths of 25mm and 90mm. The schematic view
of the facility is given in Fig. 1 and the main electron beam
parameters as well as some FEL parameters of TARLA are
given in Tables 1 and 2 respectively.

∗ Work supported by Ministry of Development of Turkey
† avniaksoy@ankara.edu.tr

TARLA laboratory building completed in May 2011 un-
der Ankara University Institute of Accelerator Technologies
in Golbasi Campus which is about 15 km south of the center
of Turkey, Ankara.

Table 1: Electron Beam Parameters of TARLA

Parameter Unit Value
Beam energy MeV 15–40
Max. average beam current mA 1
Max. bunch charge pC 77
Horizontal emittance mm.mrad <15
Vertical emittance mm.mrad <12
Longitudinal emittance keV.ps <85
Bunch length ps 0.4–6
Bunch repetition rate MHz 13
Macro pulse duration µs 50 - CW
Macro pulse repetition rate Hz 1 - CW

TARLA ACCELERATOR
TARLA will consists of three main parts: the injector, the

main accelerator and the transport lines to the U25 and U90
undulators (Fig. 1). The high current (1mA) CW electron
beam from injector which provides the energy of 250 keV
will be transported to two superconducting modules includ-
ing two TESLA RF cavities that are separated by a bunch
compressor. The maximum available energy of the electron
beam with these accelerator modules will be between the
range of 15–40MeV and two independent optical resonator
systems will support the generation of FEL radiation.

Injector
TARLA injector will have a thermionic triode DC electron

gun, two buncher cavities operating at 260MHz and 1.3GHz,
five solenoid lenses, one dipole magnet and several steerer
magnets. The total length of the injector is about 5.75m.
Although the designs of electron gun and buncher cavities
are the same with the ELBE Radiation Source [7], there will
be a small difference with the beam line of ELBE by using a
bend about 15◦ just after the gun, in order to avoid the field
emission current from the SC cavities to back-bombard the
cathode.

Main Accelerator
TARLA main accelerator will include two ELBE cry-

omodules (Linac-1, Linac-2) and a magnetic bunch com-
pressor (BC) between them (see Fig. 1). Each cyromodule
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Figure 1: Layout of TARLA facility.

contains two nine-cell TESLA cavities with a maximum
achievable accelerating gradient of 10MV/m, thus, the to-
tal maximum reachable beam energy is about 40MeV. The
(fixed R56) bunch compressor between the two modules will
allow to optimize the micropulse duration and energy spread
of the beam by tuning the phase of the cavities.

ELBE Cryomodule The cryomodules each contains
two SC Nb cavities which are identical to the structures de-
veloped for the TESLA project at DESY [8]. The cryostat
and mechanical tuning systems of the cyromodule have been
developed and built for the ELBE project in close collab-
oration with the Stanford University [9]. For CW opera-
tion at 1mA about 10MV/m gradient have been demon-
strated during long-term operation at ELBE using 10 kW
RF sources. Recently it has been shown that the cavities
are capable to accelerate 1.5mA beam current using 16 kW
power sources [10].

Bunch Compressor During the capture process from
the injector into the first SC cavity the bunch acquires a chirp
about 200 keV/ps with the leading electrons having higher
energies. If one considers to use a chicane for compressing
the bunch, the sign of the chirp would have to be changed
operating the second cavity of Linac-1 off-crest. Such an op-
eration would yield a large overall energy reduction. In order
to have shortest bunch length at maximum energy we have
designed an arc type bunch compressor with R56 =11 cm.
For increased dispersion we have used a pair of bending
magnets each bending by 20◦. If one wants to increase the
length of the bunch using this type of bunch compressor
one has to drive the second cavity of Linac-1 off-crest and
change the sign of the chirp. The reduction of the maximum

achievable beam energy can here be accepted as the long-
bunch mode is only of interest for long FEL wavelengths.
Figure 2 shows the longitudinal phase space of beam before
and after bunch compressor. As it can be seen the beam is
compressed down to 0.4 ps.

Figure 2: Longitudinal phase space of beam before and after
bunch compressor.

TARLA RF System The two main control schemes
which are Generator Driven Resonator (GDR) and Self Ex-
cited Loop (SEL) will be used for driving the RF structures
at TARLA. Each cavity is individually driven with the inde-
pendent low-level RF controllers and 16 kW saturated RF
power sources (Solid states power amplifiers with 18 kW
power) that allows easy control of the energy spread and
beam energy at any location on beamline. It is planning
that the RF system will be implemented for TARLA by the
middle of 2015. Figure 3 shows the schematic view of RF
system of TARLA.

FREE ELECTRON LASER
In order to cover all desiredwavelength between 3–250 µm

we plan to use two optical resonators which have two dif-
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Figure 3: Schematic view of TARLA RF network.

ferent NdFeB hybrid undulators with periods of λU90 = 90
mm and λU25 = 25 mm.

FEL Transport Lines
For injecting the beam into the undulators a dogleg design

consisting of two 30◦ bending magnets with a quadrupole
triplet in between has been used for both FEL line. The
quadrupole triplet and the symmetry of dipoles (including
the pole face angles) are applied to obtain achromaticity in
which the central qudrupole is free for tuning while side
quadrupoles are used to minimize the dispersion. Three
more degrees of freedom are provided by the triplet focusing
the beam into the undulator. For instance for FEL25 line,
Figure 7 shows that there exists matching covering the full
energy range as well as the range of undulator’s strengths
suitable for lasing (given in Table 2). Figure 4 shows the
bunch phase spaces at the entrance of U25 undulator for
maximum beam energy and minimum undulator strength.

Figure 4: Bunch phase spaces at the entrance of U25 undu-
lator for maximum beam energy and minimum undulator
strength.

FEL Generation
The undulators have been chosen NdFeB with 2.5 cm and

9 cm periods in order to scan desired wavelength ranges.
Expected FEL parameters are given in Table 2 and Figure 5
shows possible observable wavelengths for beam energy vs.
undulator strengths.

Table 2: Some Resonator and Expected FEL Parameters of
TARLA

Parameter Unit U25 U90
Period length mm 25 90
Magnetic gap mm 14 40
Number of poles # 60 40
Undulator strength # 0.25 - 0.72 0.7 - 2.3
Wavelength µm 3 - 20 18 - 250
Max. peak power MW 5 2.5
Max. average power W 0.1 - 40 0.1-30
Max. pulse energy µJ 10 8
Pulse length ps 1 - 10 1 - 10

Figure 5: The possible wavelength range with respect to
beam energy and undulator strength for U25 and U90.

Figure 6 shows laser pulse energy variation vs number
of passes for various wavelengths obtainable from U25 and
U90 undulators. As it can be seen the laser saturates around
200 round trip.

Figure 6: Laser saturation processes versus number of passes
for various wavelengths obtainable from U25 and U90 un-
dulators.

ELECTRON GUN TEST SETUP
The electron gun has been commissioning for more than

1 year at Institute of Accelerator Technologies of Ankara
University (see Fig. 8). Fast pulsing electronics in order to
create electron bunches with 500 ps has been developed by

Proceedings of FEL2014, Basel, Switzerland TUP089

Status of Projects and Facilities

ISBN 978-3-95450-133-5

587 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 7: Beam envelope and bunch length variation along to U25 undulator.

TARLA team. It has been demonstrated that the beam can
be created at 250 keV with more than 1mA current in CW
mode with required bunch length and emittance.

Figure 8: Test setup of TARLA electron gun.

CONCLUSION
First electron beam from TARLA gun has been observed

in April 2013 and the injector is being installed and commis-
sioned at present. The cryogenic plant is going to be installed
by the end of 2014 and first cyromodule will be delivered
by the beginning of 2015. We expect the first electron beam
from first linac by the end of 2015 and from second linac not
too much later. The first FEL beam is expected by beginning
of 2018.

TARLA facility which is the first user laboratory in the re-
gion of Turkeywill give good opportunities to the researchers
in basic and applied science especially the ones who need
high power laser in middle and far infrared region. Main
purpose of TARLA-FELs is to use IR FEL for research in
material science, nonlinear optics, semiconductors, biotech-
nology, medicine and photochemical processes. At the be-
ginning, we plan to start up three of five experimental stations
for laser diagnosic, IR spectroscopy and microscopy, mate-
rial science. After taken some experiences and according to

our region needs the rest of the stations will be carried out
including medical science and optics and chemistry labora-
tories as well.
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DEVELOPMENTS IN THE CLARA FEL TEST FACILITY ACCELERATOR 
DESIGN AND SIMULATIONS 

P. H. Williams#, D. Angal-Kalinin, A. D. Brynes, J. K. Jones, B. P. M. Liggins, J. W. McKenzie, B. 
L. Militsyn, ASTeC, STFC Daresbury Laboratory, Cheshire, U.K 

S. Spampinati, University of Liverpool & The Cockcroft Institute, Cheshire, U.K 

Abstract 
We present recent developments in the accelerator 

design of CLARA (Compact Linear Accelerator for 
Research and Applications), the proposed UK FEL test 
facility at Daresbury Laboratory. These comprise a 
revised front-end to ensure integration with the existing 
VELA (Versatile Electron Linear Accelerator) line, 
simulations of a magnetically compressed ultra-short 
mode and a post-FEL diagnostics section. We also present 
first considerations on the inclusion of final acceleration 
using X-band structures. 

THE CLARA ACCELERATOR 
CLARA (Compact Linear Accelerator for Research and 

Applications) is a proposed 250 MeV, 100-400 nm FEL 
test facility at Daresbury Laboratory [1]. The purpose of 
CLARA is to test and validate new FEL schemes in areas 
such as ultra-short pulse generation, temporal coherence 
and pulse-tailoring. The accelerator will comprise 4 S-
Band, normal-conducting linacs with a medium-energy, 
variable bunch-compression scheme, feeding into a 
flexible arrangement of FEL modulators and radiators.  

For seeding the accelerator includes a pre-FEL dogleg 
where laser light can be introduced. The accelerator will 
be driven by a high rep-rate RF photocathode S-Band 
(2998.5 MHz) gun, operating in single bunch mode at up 
to 400 Hz, and with bunch charges up to 250 pC. The 
accelerator is intended to be flexible, with seeded, ultra-
short and multi-bunch train modes provided. Compression 
can be achieved via a variable magnetic bunch 
compressor between linacs 2 and 3 or velocity bunching 
in the injector. Linearisation can be provided by a 
harmonic X-band structure immediately prior to the 
magnetic compressor. 

FRONT END 
The VELA user facility, based on the ALPHA-X 

photocathode gun, has been commissioned and 
successfully delivered beam to users in 2013 [2]. The 
proposed FEL test facility, CLARA, is intimately linked 
to VELA with much common infrastructure. The design 
of the CLARA Front End (CLARA-FE) has been 
optimised to meet the requirements of the CLARA 
injector as well as to transport higher repetition rate, 
higher energy bunches to the presently operating VELA 
facility.  

The proposed layout shown in Fig. 1 has been designed 
to use a common RF and drive laser infrastructure to feed 
two photo-injector RF guns. This will allow the flexibility 
of sending ~5 MeV high repetition rate bunches to 

existing VELA user areas, and up to 50 MeV bunches 
transported through the S-bend placed after the first linac 
on the CLARA line to the VELA user areas at lower rep-
rate. The layout assumes that the present VELA gun 
moves to CLARA when the front end is ready and 
installed. The ~55 MeV bunches after linac-1 can either 
be transported to (1) the CLARA line, (2) around the first 
dipole in the S-bend, then straight ahead to a diagnostic 
spectrometer line for characterising high energy bunches 
and (3) around the second dipole in the S-bend to the 
VELA user areas (the quadrupole triplet can be energised 
to eliminate dispersion in the VELA line). When the new 
High Repetition Rate Gun (HRRG) [3] is ready for 
commissioning and characterisation, it will be installed in 
the present VELA gun position. This is attractive as it 
provides a full set of dedicated diagnostics including the 
Transverse Deflecting Cavity (TDC). After this 
characterisation the HRRG will be moved to the CLARA 
line. Depending on the experimental programme either 
the original VELA gun or another new gun will be 
installed on the VELA line. This option will make low 
energy, short bunches available to proposed electron 
diffraction experiments on the VELA line [4]. At present, 
all simulations for the CLARA machine have been 
performed using a model of the existing VELA low rep-
rate gun as it is assumed this will be installed before the 
HRRG. 

Figure 1: CLARA Front End Layout. The beam can be 
directed to (1) the rest of CLARA, (2) a diagnostic 
spectrometer line and (3) the existing VELA line with two 
user areas. The second “lozenge” dipole also admits beam 
from the existing VELA gun line allowing to be diverted 
to (2) or continue to (3). 

ULTRA-SHORT MODE 
One of the required modes of CLARA operation is 

transport of a medium charge (100 pC) bunch with length 
less than 25 fs RMS and corresponding high peak current 
in excess of 1 kA. This should have transverse normalised 
emittance of < 1 mm mrad and energy spread of <150 
keV RMS. This parameter set is specified for research 
into FEL schemes where the bunch length must be shorter 
than the typical SASE spike separation of 2 lc, with lc the 
cooperation length. Previously, accelerator simulations 
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have concentrated on a velocity bunching scheme in the 
injector to achieve these parameters [5]. Here we present 
a preliminary tuning for the ultra-short mode using purely 
magnetic compression. The harmonic cavity was turned 
off and the variable bunch compressor set to maximum 
deflection, giving an R56 of -72 mm. Linacs 3 and 4 were 
set on crest and linac 2 scanned to find minimum bunch 
length. The resulting bunch properties are shown in Fig. 
2.  

Figure 2: Preliminary beam properties for the 
magnetically compressed ultra-short mode. (1) 
Longitudinal phase space. (2) Current profile in 20fs bins. 
(3) Normalised transverse slice emittances (blue horiz., 
red vert.) in 20 fs bins. (4) Slice energy spread in 20 fs 
bins. 

It is clear that this setup requires further optimisation as 
the slice energy spread and chirp exceeds specifications, 
and the RMS bunch length is 39 fs. However peak current 
is exceeded and so may be traded off through energising 
of the harmonic cavity and off-crest running in linacs 3 
and 4. It is intended to refine this setup using 
multi-dimensional optimisation to minimise the energy 
spread and curvature, and to relax the compression 
somewhat as we exceed the required peak current by a 
factor of three. This should also mitigate the emittance 
degradation seen. 

POST-FEL DIAGNOSTICS 
Some of the advanced FEL schemes proposed depend 

on a manipulation of the electron beam properties with 
characteristic scales of several coherence lengths and 
shorter than the electron bunch [6,7,8]. To test mode 
locking and femto-slicing for the production of trains of 
short pulses [9,10,11] requires a 30 - 50 μm modulation 
of the beam energy, created via interaction with an IR 
laser beam in a short undulator.  

The performances of these schemes depend on this 
energy modulation so monitoring the longitudinal phase 

space is important. A transverse deflecting cavity (TDC) 
[12] installed in the last part of the FEL line allows the 
longitudinal beam distribution to be observed on a screen 
placed after the dipole leading to the beam dump. Figure 

 diagnostic system, with 

beam longitudinal coordinate to the vertical coordinate on 
a screen after the spectrometer dipole whilst the dipole 
converts energy to the horizontal coordinate. 

 

 

Figure 3: Layout of the  phase space diagnostics (top) and 
potential optics solution (bottom) with transverse 
deflector and energy spectrometer. 

The longitudinal resolution of the screen image can be 
written as: 

Dysy

screen

Dy

n
rL keV

pc

,,

2

,0
, sin

 (1) 

Here /2k  and screen is the screen resolution. V0 is the 
deflecting voltage, y,D an y,S are vertical beta functions at 
the deflector and screen.  is the vertical phase advance 
between the deflector and screen, and  = 10.01cm for a 
2.998 GHz S-band cavity. The energy resolution of the 
spectrometer can be written as [13]: 

nsy
screen

sxn
E keVEE ,2

0
2

2

2
,

2

2

 (2) 

Here  is the horizontal dispersion at the screen. The first 
two terms represent the resolution of an energy 
spectrometer while the third term is the energy spread 
induced by the deflector [14]. 

The optimum phase advance between deflector and the 
screen is 90 . Large values of V0 and y,D give good 
longitudinal resolution but decrease the energy resolution 
via the induced energy spread.  A small value of x,S and a 
large value of  are required for good energy resolution. 
Figure 3 also shows a possible optical solution form the
modulator exit to the screen. The radiators are at 
maximum gap and the intra-undulator quadrupoles are 
used along with those shown in Fig. 3 to give the required 

3 shows an initial layout of this
a vertical TDC shown. This deflection maps the electron 
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resolution. The optics shown is for a beam energy of 150 
MeV and gives a longitudinal resolution of 6.5 μm and an 
energy resolution of 50 keV with a deflecting voltage of 5 
MV, calculated using Eq. 1 & 2. The vertical RMS beam 
size on the screen is 1.8 mm. With a beam energy of 250 
MeV, similar resolution can be achieved with similar 
optics but with a deflecting voltage of 7.5 MV. 
Simulations have been performed with the code elegant to 
test the analytic results. An example of the simulated 
phase space imaged on the screen is shown in Fig. 4. - 
this is from a beam modulated with a few (FWHM 500 fs) 
cycle 50 μm laser with a peak power of 30 MW. Two 
million particles were used in this simulation. The screen 
image clearly shows energy modulations as predicted by 
the analytical equations above. 

Figure 4: Beam imaged on the spectrometer screen. 

X-BAND FINAL ACCELERATION 
Recently interest has developed in using X-band 

(11994 MHz) CLIC structures as accelerating elements in 
a FEL [15]. To address this, we propose the replacement 
of the S-band linac 4 in CLARA with an equivalent 
length of such structures operating at 65 MV/m. We term 
this CLARA-X and will enable the beam energy to reach 
426 MeV in the seeded mode. Figure 5 shows the optics 

th

Figure 6 shows initial simulations of this mode at the 
same upstream configuration as in the S-band case with 
the X-band structures on crest. As the bunch is relatively 
long in this mode, additional curvature arising from the 

stronger wakefields has only a small effect. This will be 
mitigated with a small reduction in the gradient of the 
harmonic linearising cavity prior to the bunch 
compressor.

 

Figure 5: Optics for CLARA with X-band structures in 
the final linac. The energy reached is 426 MeV.

Figure 6: Beam properties, as described in Fig. 2, at the 
FEL for CLARA-X at 426 MeV in the seeded mode. 

In order to confirm that the insertion of X-band 
structures does not compromise the nominal seeded 
operation mode of CLARA at 230 MeV tracking has also 
been performed in CLARA-X at reduced gradient. This is 
shown in Fig. 7. Again we see that the additional 
curvature from the stronger wakefields is a relatively 

Figure 7: Beam properties, as described in Fig. 2, at the 
FEL for CLARA-X at 230 MeV in the seeded mode. 

for CLARA-X with the 4  S-band cavity replaced with an
X-band equivalent. Almost no additional optimisation has 
been performed with the X-band cavity in-place. 
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Figure 8: Beam properties, as described in Fig. 2, at the 
FEL for CLARA-X at 426 MeV in the magnetically 
compressed ultra-short mode.  

CONCLUSION 
Design work on the CLARA FEL test facility has been 

progressing throughout the year. The front end is now in 
procurement phase, correspondingly we have presented 
an updated layout taking into account engineering 
constraints. We have defined a preliminary tuning for the 
required ultra-short bunch mode using purely magnetic 
compression. We have presented results on the viability 
of post-FEL diagnostics on CLARA, and their expected 
performance. Finally, we have presented first 
considerations of performance upon replacing linac 4 with 
an equivalent length of X-band CLIC structures. With 
minimal optimisation of the machine design, we 
reproduce similar beam parameters to previous CLARA 
designs with either lower gradients and a similar energy, 
or higher gradients and a near-doubling of the CLARA 
beam energy. Initial studies also show we can maintain 
the newly-proposed magnetically compressed ultra-short 
bunch mode at this increased energy. Further optimisation 
of the machine design should lead to improvements of the 
beam parameters presented here. 
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For completeness we reproduce the magnetically 
compressed ultra-short mode setup in the CLARA-X 
case. Results are shown in Fig. 8. We see that as in the S-
band case a re-optimisation is required to compensate for 
the chirp and a relaxation in compression will mitigate the 
emittance growth seen. 

small effect and will be compensated for by a reduction in 
the gradient of the linearising cavity prior to the 
compressor. All other beam specifications for this mode 
are met adequately. 
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A BEAM TEST OF CORRUGATED STRUCTURE FOR PASSIVE 
LINEARIZER 

Heung-Sik Kang, Juho Hong, PAL, Pohang, Kyungbuk, Korea 

 
Abstract 

A dechirper which is a vacuum chamber of two 
corrugated, metallic plates with adjustable gap was 
successfully tested at Pohang, in August 2013. Another 
beam test was carried out to test the same structure to see 
if the flat geometry corrugated structure may work as a 
passive linearizer. The test result will be presented 
together with the simulation result. 

 

PASSIVE LINEARIZER TO CORRECT 
QUADRATIC CHIRP  

In August 2013, LBNL and SLAC experts were onsite 
at PAL-ITF to test a dechirper, an interesting instrument 
consisting of a vacuum chamber of two corrugated, 
metallic plates with an adjustable gap. One-meter long 
proto-type of dechirper was tested successfully to 
accurately measure the longitudinal, dipole, and 
quadrupole wakes [1]. And the linear chirp is well 
corrected by the linear longitudinal wake of dechirper.  

An idea to use the same structure came up to see if the 
flat geometry corrugated structure may work as a passive 
linearizer replacing an expensive X-band linearizer 
system which consists of an X-band linearizer cavity and 
an X-band RF system. The total cost of that system is 
over 3 MUSD, and if including one spare of klystron and 
others, it goes to 5 MUSD. However, the passive wake 
structure is very cheap, below 200 kUSD even though the 
gap control system of two plates is included. 

Figure 1 shows the flat geometry corrugated structure. 

The dimensions of the structure used at the experiment in 
August 2013 at PAL-ITF are: the corrugation period (p) is 
0.5 mm, the corrugation depth (h) is 0.6 mm, the wall 
distance (t) is 0.3 mm, and the width of plate (w) 50 mm. 
Figure 2 shows the longitudinal wake of flat geometry 

corrugated structure. 
For the passive wake structure to act like an X-band 

linearizer, quadratic part of longitudinal wake needs to be 
involved in the beam-wake interaction to correct 
quadratic chirp. So, the longitudinal wakefield 
wavelength,     √     , needs to be comparable to 
bunch length. Dechirper has two independent motors: 
jaws are always parallel and move vertically. The gap is 
adjustable from 1 to 30 mm. As the gap of the two plates 
goes close, the wavelength is decreased. With the 
corrugated structure parameters (p=0.5 mm, h=0.6 mm, 

t=0.3 mm), the calculated wakefield wavelengths are 7.5 
mm, 5.3 mm, 3.8 mm for the gaps of 8 mm, 4 mm, 2 mm, 
respectively. To have the electron beam interact with the 
quadratic part of longitudinal wake, the electron beam 

bunch needs to be longer than one fourth of the wake 
wavelength. But there is a limitation in the gap distance 
because the quadrupole wake of the flat geometry 
becomes very strong as the gap goes close. 

Instead, we may increase the bunch length from 3 ps 
to 5 ps in rms in order to have the electron beam interact 
with the quadratic part of longitudinal wake. The 
simulation shows that the longitudinal wake at the gap of 
6 mm can correct the quadratic chirp.  

  

        
Figure 1: A flat geometry corrugated structure. 

 
 

 
Figure 2: Longitudinal wake. 

 

SIMULATION OF PASSIVE LINEARIZER 
AND BEAM TEST AT ITF  

Figure 3 shows the layout of the PAL-ITF which 
consists of a PC RF-gun, two S-band Accelerating 
structures (L0a, L0b), a 1-m long S-band RF deflector, a 
30-degree spectrometer, and three quads. A 1-m long 
corrugated chamber is located between L0b and the 
deflector. Six YAG screens are available, but Screen-6 is 
used for the analysis of the simulation and the experiment. 
In the simulation and measurement, all quads are turned 
OFF while the deflector is turned ON to allow the time-
resolved measurement.  

The beam energy is set at 80 MeV and the beam charge 
is 200 pC, and the pulse repetition rate is 10 Hz. Beam 
size and centroids measured on YAG screens, 
Spectrometer bend allows energy loss and energy spread 
measurements, and Dechirper offset is varied to guide the 
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beam at the center of the two plates to minimize the 
dipole wake of the flat geometry corrugated structure. 

 

 

Figure 3: Layout of PAL-ITF. 

Figure 4 shows the ELEGAT simulation result. 

Longitudinal phase space and x-y beam projection at 

Screen-6 are depicted for the gaps of (a) 30 mm, (b) 10 

mm, and (c) 6 mm.  The x-y beam projection at Screen-6 

represents the energy-time phase space; x-axis represents 

the beam energy and y-axis represents the time streaked 

by the deflector. It is clearly seen that the quadratic 

energy chirp of Fig. 4(a) is well corrected by changing the 

gap to 6 mm in order to have a linear time-energy 

correlation as shown in Fig. 4(c).  
 

 
Figure 4: ELEGAT simulation result. Longitudinal phase 

space and x-y beam projection at Screen-6 for the gaps of 

(a) 30 mm, (b) 10 mm, and (c) 6 mm. 
 
In the ELEGANT Simulation, the quadrupole wake of 

flat-geometry corrugation structure is not included 
because its effect is so strong that the linearization effect 
is not clearly seen. In the measurement, the beam shape at 
Screen-6 is altered due to a strong quadrupole wake (see 

Fig. 5(c). But the beam shape of Fig. 5(b) is quite similar 
to that of Fig. 4(b) at the same gap of 10 mm. 

The quadrupole wake effect is more clearly observed 
than the measurement of August 2013 because the bunch 
length is changed to 5 ps, longer than 3 ps of the previous 
measurement. The quadrupole wake effect goes strong as 
the bunch length is increased.  
 
(a) (b) (c)

Figure 5: The measured beam images at Screen-6 for the 
gaps of (a) 15 mm, (b) 10 mm, and (c) 6 mm. 

 

S2E SIMULATION OF PASSIVE 
LINEARIZER FOR PAL-XFEL  

We carried out the S2E simulation of a passive 
linearizer for PAL-XFEL to look for a possibility of its 
use when the X-band linearizer happens to fail to work 
due to the system failure. The PAL-XFEL is a 0.1-nm 
hard X-ray XFEL facility (2011 ~ 2015) including a 10-
GeV electron Linac (Normal Conducting S-band, 60 Hz) 
[2].  

Figure 6 shows the layout of the PAL-XFEL. The X-
band linearizer cavity, which is 0.6m long, is located 
between Linac-1 and BC1, where the beam energy is 330 
MeV. 

 
Figure 6: Layout of PAL-XFEL. 

 
The corrugation parameters of passive linearizer used 

in this simulation are the same as ITF dechirper (p = 0.5 
mm, h = 0.6 mm, t = 0.3 mm, w = 50 mm). But the 
structure length is increased to 2 m, and the gap is 3 mm. 
In the ELEGANT simulation, the quadrupole wake of 
flat-geometry corrugation structure is included. The 
simulation shows that the quadupole wake does not give a 
big impact on the beam emittance.  

Figure 7 and 8 show the S2E ELEGAT simulation 
results without X-band linearizer and with a passive 
linearizer, respectively. The current profile and the 
longitudinal phase spaces become bad when the X-band 
linearizer does not work (see Fig. 7). By using a passive 
linearizer, the current profile and the longitudinal phase 
space are well recovered enough to perform SASE FEL 
interaction in undulators (see Fig. 8).
property as the X-band linearizer, RF phase of Linac-2 
is only changed from -15.8 degrees to -16.0 degrees with 
other parameters unchanged.  

 To get similar 
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Figure 7: S2E ELEGAT simulation result without X-band 

linearizer. Current profile and longitudinal phase space (a) 

after BC1 and (b) at the entrance of undulators. 

 
Figure 8: S2E ELEGAT simulation result with a passive 

linearizer. Current profile and longitudinal phase space (a) 

after BC1 and (b) at the entrance of undulators. 

DISCUSSION  
In the simulation, we found that it is impossible to get 

the exact same current profile and longitudinal phase 
space as an X-band linearizer system does. It is mostly 
because both the wake amplitude and the wake 
wavelength are dependent on the gap distance in the flat-
geometry corrugated structure, so two parameters are 
correlated. Independent control of wake amplitude and 
wake wavelength is required for better linearization 
control.  

The flat geometry structure is easy to change the gap, 
but it has a quadrupole wake effect. A round shape of 
wake structure is better in terms of quadrupole wake. But 
it lacks the controllability of wake amplitude and wake 
wavelength. 
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Abstract 
There is a growing demand for a high brightness light 

source with short pulse length among the researchers in 
the field of physical, chemical, biological and medical 
sciences in India. To cater to the experimental needs of 
multidisciplinary sciences, a project to develop a compact 
Light Source has been initiated at Inter University 
Accelerator Centre (IUAC). In the first phase of the 
project, pre-bunched electron beam of ~ 7 MeV energy 
will be generated by a photocathode RF gun and coherent 
THz radiation will be produced by a short undulator 
magnet. In the next phase, the energy of the electron beam 
will be increased up to 40 MeV by a pair of 
superconducting niobium resonators. The coherent IR 
radiation will be produced by using an undulator magnet 
(conventional method) and X-rays by Inverse Compton 
Scattering. To increase the average brightness of the 
electromagnetic radiation, fabrication of superconducting 
RF gun is going to be started in a parallel development. In 
this paper, the design of the accelerator system and the 
plan of producing THz radiation will be discussed. 

INTRODUCTION 
Inter University Accelerator Centre (IUAC), New 

Delhi, is a national accelerator facility equipped with 
many ion accelerators notably a 15UD Pelletron 
accelerator, a superconducting Linac booster [1], a 1.7 
MV Pelletron and various low energy ion beam facilities. 
These accelerators are used to carry out research in the 
field of nuclear physics, materials science and radiation 
biology. Recently, to address the growing needs of the 
researchers from multidisciplinary fields like biological, 
chemical, medical and physical sciences, a project to 
develop a Free Electron Laser (FEL) facility named as 
Delhi Light Source (DLS) has been initiated at IUAC.  

The development of the DLS project is being started 
with a room temperature (RT) photocathode RF electron 
gun which will produce a high quality electron beam of 
energy ~ 7 MeV. The beam will be then injected into a 
short undulator magnet to produce radiation in the THz 
range. 

Simultaneously, to operate the RF gun in cw or quasi-
cw mode, development of the superconducting (SC) RF 
photocathode electron gun is being explored. The SC RF 
gun will be either a three and half-cell niobium resonator 
similar to the structure being used at Rossendorf, Dresden 

[2] or a Quarter Wave Resonator (QWR) similar to the 
design adopted by Brookhaven National Laboratory 
(BNL) [3]. Experience of IUAC in the fields of 
fabricating niobium resonators, cryostats and cryogenic 
systems will be useful in this development. The energy 
obtained from the 3.5 cell elliptical structure is estimated 
to be ~ 10 MeV. This beam will then be injected into an 
undulator magnet to produce THz radiation. However, if 
the QWR structure is adopted as RF gun, then the energy 
gain from the gun will be only a few MeV, so another 5 
cell TESLA type SC resonator will be required to increase 
the energy upto ~ 10 MeV. Both the options of SC RF 
gun is shown in Fig. 1.  

In the next phase of the development, two 9 cell 
TESLA type cavities will be installed to boost the energy 
from ~ 7 MeV (from RT RF gun) or 10 MeV (from SC  
RF gun) to ~ 40 MeV. This beam will be switched to 
three different beam lines. One beam line will be 
dedicated to produce infrared (IR) radiation with the help 
of a long undulator magnet. The second beam line will be 
for X-rays produced by the technique of Inverse Compton 
Scattering whereas the third one will be dedicated for 
experiments with THz/Far-IR and/or with 40 MeV 
electron beam. The layout of the complete project plan is 
shown in Fig. 1.  

THE PROJECT – DELHI LIGHT SOURCE 
(DLS) 

The compact light source project will make IUAC a 
unique national facility with the potential to deliver THz, 
IR, X-rays and electron beams as well as the energetic ion 
beams from different ion accelerators. The schematic of 
the layout of the Delhi Light Source is shown in Fig. 1. 
The project will be executed in three phases, namely: 
 

(a) Phase-I: to produce THz radiation from a RT 
photocathode RF gun. 

(b) Phase-II: to produce THz radiation from the SC 
photocathode RF gun 

(c) Phase-III: to increase the energy of the electron 
beam up to 40 MeV with the help of TESLA type 
resonators and to use this beam to produce THz, IR 
and X-rays. 

 
The different phases are described in detail in the 
following sections: 
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Figure 1: The complete layout plan of the Delhi Light Source (DLS). 
 
Phase-I: To Produce THz Radiation from Room 
Temperature Photocathode RF Gun 

The intense and ultrashort THz radiation can be 
produced by injecting pre-bunched [4] electron beam with 
FWHM of a few hundred femto-seconds (fs) into a short 
undulator magnet of a length of approximately ~ 700 mm. 
The wavelength of the electromagnetic radiation emitted 
from the undulator magnet depends on the electron beam 
energy and the undulator parameters. The equation 
relating to these parameters is as follows: 

2

2 1
2 2

u
R

K  

where 
R = Radiation wavelength 

u u
u u

eBK = undulator parameter 93.4B
2 mc

T m  

u = undulator wavelength 
 = E/E0, ratio of electron energy to its rest mass energy in 

MeV 
e = electronic charge (C) 
Bu = Magnetic field of the undulator (T) 
m = mass of electron (kg) 
c = velocity of light (m/sec) 

In the case of pre-bunched FEL, if the separation 
between the successive micro-bunches of the electron 
beam matches with the desired R, then the emitted 
radiation from the micro-bunches passing through the 
undulator adds up in phase and the radiation power 
increases quickly. 

The micro-bunching of the electrons takes place at the 
photocathode by the laser pulse stacking to generate a 
train of laser pulses (‘comb’ beam [4]) with a pulse 
repetition rate at THz frequency. The train of laser pulses 
is generated from a single laser pulse with the help of 
polarizing beam splitters (PBS), half wave plates and 
optical delay lines. The time spacing between the two 
successive pulses can be adjusted by carefully varying the 
path of the optical delay line. The variation of the time 
spacing ranges from ~ 333 fs to 3.3 ps (from f = 3 THz,  
= 100 m to f = 0.3 THz,  = 1 mm). So by varying the 
time spacing between the laser pulses, the separation 
between the electron micro-bunches can be varied and a 
range of electromagnetic radiation will be produced when 
those microbunches will pass through a short undulator. 
However, due to space charge effect and relatively slow 
response time of production of electron from Cs2Te 
photocathode, it is difficult to reduce the bunch length of 
the electron beam below ~ 300 fs. 
 

40 m 

30 m 
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Table 1: Parameter of the Ti:Sa Laser System 

Wavelength 800 nm 

Reference frequency 130 MHz 

Oscillator frequency 130 MHz 

Pulse duration ~ 40 fs 

Repetition rate 10 Hz 

Energy per pulse ~ 25 mJ 

 
Table 2: Design Parameters of the Room Temperature 
(RT) Photocathode RF Gun 

Electron energy (MeV) 7 

Charge / micro-Pulse (pC) 100 

E-beam bunch length (fs) 300 

No. of micro-bunches (300fs each)  16 

Frequency of micro-bunch trains (Hz) 10 

Peak current (A)  333 

Peak beam power (GW) 2.3 

Average beam current (nA) 16 

Average beam power (W) 0.112  

 
The layout of the room temperature RF gun and the 

THz experimental room #1 is shown in Fig. 1. It has been 
decided, that DLS will have 2.6 cell copper resonator with 
a design similar to that of BNL and KEK [5]. This will be 
a S-band structure with resonance frequency of 2860 
MHz. The energy obtained from 2.6 cell resonator is 
estimated to be ~ 7 MeV and RF pulse power requirement 
(peak) is calculated to be 18 MW (maximum). 

The frequency of the copper resonator to be used as the 
RF gun is chosen to be 2860 MHz which is just a few 
MHz more than the commonly used frequency of 2856 
MHz. The reason behind choosing 2860 MHz is that it is 
the 22nd harmonic of the reference frequency of 130 MHz 
as the frequencies of the SC cavities are chosen at 1300 
MHz (3.5 cell TESLA type cavity) or 130 MHz (QWR).  

A Cs2Te photocathode inserted into the copper 
resonator would be used for the production of the electron 
beam. The development of the vacuum chamber to 
produce Cs2Te photocathode, its vacuum transport system 
and load lock mechanism are being undertaken. With the 
remarkable success of GaN photocathode [6] and with its 
strong possibility for commercial availability, Cs2Te may 
be substituted by GaN as photocathode material in future. 
To produce electrons from photocathode, a Ti:Sa femto-
second (fs) laser system will be used. The laser 
parameters are given in Table 1. 

The calculated design parameters of the room 
temperature RF gun and the THz radiation produced from 
the electron beam are given in Table 2 and 3. 

Table 3: Expected Parameters of the 2.0 THz Radiation 
Emitted from the Electron Beam Produced by RT RF Gun 

Radiation wavelength ( m) 150 

K-parameter 0.8 

Undulator period (cm) 3.4 

RMS strength (T) 0.25 

No. of periods (N) with 1m undulator 30 

Peak radiation power (MW) 15 

Average radiation power (mW) 0.75 

Peak no. of photons /sec 10
28

 

Average no. of photons /sec 10
17

 

Phase-II: To Produce THz Radiation from 
Superconducting Photocathode RF Gun 

The second phase of the project will be started after 
witnessing a stable progress of Phase-I. In Phase-II, two 
possibilities are currently being explored. The first option 
is to develop a 3.5 cell 1.3 GHz niobium resonator [2] 
along with the provisions of (a) an independent tuning 
mechanism of gun and accelerating cells, (b) movement 
of the photocathode plug to optimise electron beam 
properties and (c) to generate a magnetic mode (TE) 
inside the cavity, predominantly around the last 
accelerating cell to reduce the transverse emittance of the 
beam. In addition, a resonant superconducting choke filter 
to prevent leakage of RF power from the cavity as well as 
the Higher Order Modes (HOM) and input couplers are to 
be designed.  

In the second option, a niobium quarter wave resonator 
of 130 MHz will be developed and installed in the beam 
line (Fig. 1). This QWR would be similar to the existing 
QWRs for the heavy ion linac at IUAC [1]. The details of 
photocathode insertion mechanism inside the central 
conductor, set up for injecting the laser beam on the 
photocathode etc. are being worked out. The expected 
parameters of both the superconducting RF guns (1.3 
GHz, 3.5 cell and 130 MHz QWR) are given in Table 4.  

With the superconducting cavity, either with elliptical 
resonator or QWR, the THz radiation with the pre-
bunched electron beam (‘comb beam’, similar to the case 
of room temperature RF gun) can be obtained in THz 
Experimental room#2 (Fig. 1). However, since this 
electron beam will have less average current, the total 
power of THz radiation will be low. So when quasi-cw 
electron beam will be produced from the superconducting 
RF gun, the beam will be injected into  longer undulator 
magnet with optical cavity to produce THz radiation of 
much higher average power (Fig. 1).  
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Table 4: Design Parameters for the Superconducting 
Photocathode RF Gun 

Frequency (MHz) 1300 130 

Type of operation High 
Charge 

High 
Current  

Electron energy 
(MeV) 10 10 2 

Max bunch charge 
(nC) 1 0.05 4 

Pulse duration (ps) 20 5 220 

Bunch repetition 
(MHz) 1 39 13 

Peak current (A) 50 10 18 

Average current (mA) 1 2 52 

Norm. transverse 
emitance (mm-mrad) 3 1 3 

Photocathode material Cs2Te/ 
GaN 

Cs2Te/ 
CsK2Sb 

Cs2Te/ 
GaN 

Driving laser 
wavelength (nm) 266 266 266 

Operating temp (K) 2 2 4.2 

Phase-III: To Increase the Energy of the 
Electron Beam up to 40 MeV with the help of 
TESLA Type Resonators and to use this Beam to 
Produce Far-IR, IR and X-rays 

The high quality electron beam from the room 
temperature RF gun and the SC RF gun can be injected 
into a couple of 9 cell TESLA type 1.3 GHz SC 
resonators which will further increase the energy of the 
electron beam from 7/10 MeV to ~ 40 MeV (Fig. 1). 
Frontline research experiments can then be carried out in 
three different beam lines. In the first beam line, far-IR 
radiation can be produced by long undulator magnet and 
experiments can be done with this radiation as well as 
with 40 MeV electron beam. In the second beam line, X-
rays will be generated by the technique of Inverse 
Compton Scattering (ICS) by striking the electron beam 
with another laser [7]. In the third beam line, infrared 
radiation produced from the electron beam with the help 
of long undulator magnet, will be used for other set of 
experiments. The accelerator, the experimental facilities, 
the laser, the klystron, the control room and the shielded 
beam dumps will be accommodated in a hall of 40m x 
30m (Fig. 1).  

PRESENT STATUS OF THE PROJECT 
Presently the phase-I of the project that aims at 

development of a RT RF gun to produce high quality 
electron beam of energy ~7 MeV has been started. For 
this, the fabrication of the copper resonator is being 
started with the help of KEK, Japan. The beam-line optics 

design is going on and will be completed soon. The 
parameter finalization for the Klystron and the laser 
system is in progress and the purchase order for both the 
items will be placed shortly. The manufacturing and/or 
procurement of different beam diagnostic elements will 
be started once the beam optics design is finalised. Some 
preliminary work on the preparation procedure of the 
photocathode with the design of the preparation chamber 
has been started. The infrastructure for installing the RT 
RF gun is being developed and will be finished by the end 
of 2014. The low power tests of the RF gun are planned to 
be done by the end of 2014 followed by the high power 
tests in next 6 months.  

To develop the SC RF gun, exploratory studies of SC 
photocathode RF gun based on Rossendorf type and 130 
MHz QWR type based on BNL design are being carried 
out.  
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FAST, MULTI-BAND PHOTON DETECTORS BASED ON QUANTUM 
WELL DEVICES FOR BEAM-MONITORING IN NEW GENERATION 
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Abstract 
In order to monitor the photon-beam position for both 

diagnostics and calibration purposes, we have 
investigated the possibility to use InGaAs/InAlAs 
Quantum Well (QW) devices as position-sensitive photon 
detectors for Free-Electron Laser (FEL) or Synchrotron 
Radiation (SR). 

Owing to their direct, low-energy band gap and high 
electron mobility, such QW devices may be used also at 
Room Temperature (RT) as fast multi-band sensors for 
photons ranging from visible light to hard X-rays. 
Moreover, internal charge-amplification mechanism can 
be applied for very low signal levels, while the high 
carrier mobility allows the design of very fast photon 
detectors with sub-nanosecond response times. 

Segmented QW sensors have been preliminary tested 
with 100-fs-wide 400 nm laser pulses and X-ray SR. The 
reported results indicate that these devices respond with 
100 ps rise-times to such ultra-fast laser pulses. Besides, 
linear scan on the back-pixelated device has shown that 
these detectors are sensitive to the position of each ultra-
short beam bunch. 

INTRODUCTION 
Several Free-Electron Lasers (FEL) and Synchrotron 

Radiation (SR) applications require radiation-hard and 
fast in-situ detectors for diagnostics and calibration 
purposes [1]. 

The opportunity to use QW devices for photon 
detection has been proposed in infrared region [2]. 
Recently, we have reported on QW detectors working in 
the ultraviolet (UV) and X-ray regions for FEL and SR 
sources [3, 4]. These QW devices give the possibility to 
detect a broad energy range of incoming photons, due to 
the low and direct band gap of the active layers. 
Furthermore, high carrier mobility at room temperature 
(RT) makes it possible to detect ultra-fast light pulses 
operating in either air or vacuum without cooling 
equipment. Therefore, epitaxially grown metamorphic 
InGaAs/InAlAs QW devices are here proposed as fast, 
solid-state detectors for beam monitoring applications. 

These novel detectors are good candidates to sense the 
position and the intensity of a beam meeting the 
demanding time-resolution requirements posed by recent 
SR and FEL sources. To this aim, the performances of 
these detectors have been assessed by measuring their 
response to ultra-fast laser pulses.  

Preliminary experiments have been carried out through 
a table-top Ti-sapphire laser delivering 100-fs-wide 
pulses with a 400 nm wavelength. The structure of the 
aforementioned QW devices and the main results of these 
the tests are reported. 

QUANTUM-WELL DEVICES 
Device Structure and Characterization 

These devices have been grown by Molecular Beam 
Epitaxy (MBE) at the CNR-IOM TASC Laboratory, 
Trieste. The starting material is a 500 m thick epi-ready 
semi-insulating GaAs substrate. As shown in Fig. 1, in 
order to smooth the substrate surface a 200 nm thick 
GaAs layer was grown on its top, followed by a 200 nm 
thick GaAs/AlGaAs superlattice, which blocks the 
impurities from the bulk. Another 200 nm thick GaAs 
layer was introduced before an InxAl1-xAs step-graded 
buffer layer (BL) with increasing x from 0.15 to 0.75; this 
allows the lattice constant to be tuned in order to reduce 
the residual strain due to the lattice mismatch [5]. A 25 
nm thick In0.75Ga0.25As QW containing a 2D Electron Gas 
(2DEG) was placed in between 50 nm thick In0.75Al0.25As 
barrier layers and a delta Si-doping was introduced in the 
upper barrier. 
 

 
Figure 1: Layered structure of the samples and nominal 
profile of the In content in the step-graded buffer layer. 
 

Hall-bar measurements were performed to characterize 
the charge density and the carrier mobility in the QW at 
room temperature, resulting in n=7.7×1011 cm-2 and 
μ=1.1×104 cm2V–1s–1, respectively. Top-to-bottom 
resistance was found to be of the order of 100 M  at 

TUP097 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

600C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines



ambient condition, mostly determined by the substrate 
resistivity.  

Test-Dice Fabrication 
Two types of samples (with a die area of 5x5 mm2) 

were prepared from 500 m thick InGaAs/InAlAs QW 
wafers and the structures on the surface were fabricated 
by using optical photolithography (Fig. 2). In the first 
sample, the QW region was segmented in three different 
pads, leaving a QW under each pad, while the rest of the 
surface was chemically etched by 1.5 μm to reach the 
substrate. Ge/Ni/Au (30/60/130 nm, respectively) ohmic 
contacts were provided as readout electrodes for currents 
from the pads. A single 400 nm Al electrode was 
deposited in the back side of the die for biasing. 

In the second sample, the back side of the device was 
pixelated with 100 μm wide clearances. Same readout 
electrodes were realized on each quadrant. The 
unsegmented QW side was covered by a single bias 
electrode identical to the one described above. 
 

 
Figure 2: Schematic view of the fabricated devices. 

EXPERIMENTAL DETAILS 
Ultra-fast near UV pulsed laser sources are an efficient 

tool to characterize the presented QW detectors in terms 
of time response and position sensitivity. The reported 
experiments were carried out at the IUVS Support 
Laboratory of Elettra through a 400 nm titanium-sapphire 
laser emitting 100 fs wide pulses at a 1 kHz repetition 
rate. The laser beam was focused in order to obtain a 100 
μm spot on the surface of the QW sensor. The power of 
the impinging photon pulse was varied during the tests to 
check the dependence of photo-generated charges. 

In order to perform mesh scans, the QW devices were 
mounted on a XY movable stage housed in a compact 
vacuum chamber. This stage is driven by stepper motors 
which are remotely controlled by a Labview-based 
software. The signals from the readout pads were 
acquired through a 40 GS/s oscilloscope. 

RESULTS AND DISCUSSION 
The first measurement was aimed at assessing the pulse 

response of the sensor. Therefore, the laser beam was 
focused on the surface of the first sample in proximity of 
the pads. The acquired signals (Fig. 3) show sub-ns 
response times with 100 ps rise/fall times to laser pulses.  
 

 

Figure 3: Response of device with segmented QW 
structure on the surface to the laser pulses. 
 

Taking into account the small penetration depth of 400 
nm photons, with a bias voltage as low as –10V and 
electron mobility as high as 104 cm2V–1s–1, the charge 
collection time at readout pads should be of the order 
picoseconds, which is in agreement with the experimental 
results. 

The area of the response pulse was estimated in terms 
of average incident power of the laser pulse and fitted by 
an allometric curve (Fig. 4), which could express the 
behaviour of the devices when dealing with low energy 
photons. 
 

 

Figure 4: Peak area (time-integrated voltage pulse) 
dependence on incident power. 
 

Figure 5 shows that the area of the acquired pulses is 
linearly proportional to the bias voltage applied from the 
back side of the device.  
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Figure 5: Area of response pulse VS bias voltage. 
 

With the second device the position monitoring of each 
ultra-short laser pulse was tested by linear scans across 
the 100 μm clearance between the quadrants. As shown in 
Fig. 6a, when the beam hits one quadrant only, no current 
contribution from other channels is present. 
 

     

Figure 6: (a) Current switch from two channels during 
linear scan and (b) difference over sum. 
 

It is evident how the two currents from each channel 
switch while the beam crosses the clearance. Furthermore, 
the difference-over-sum estimation [6] of the beam 
position results in a sigmoidal curve with a central linear 

range of about 30 μm (Fig. 6b). This proves the capability 
of the detector for beam position monitoring. However, 
the number of steps in the transition region was not 
sufficient for a detailed estimation of the precision of the 
beam-position encoding. 

CONCLUSION 
The capabilities of the proposed QW devices were 

tested in terms of beam-position monitoring and fastness 
of signal detection in response to the short-pulsed laser 
light.  

Thanks to their high carrier mobility and charge-
amplification from 2DEG, these detectors responded with 
100 ps rise times to ultra-short near UV pulses. 
Furthermore, beam-position sensing behaviour was 
confirmed by linear scan across the 100 μm clearance 
isolating two quadrants. 

Alternative pixels strategies are under development to 
characterize other performances such as charge sharing 
behaviour of the pixels, energy resolution, charge 
collection efficiency of photo-generated current, etc. 
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Abstract 
A self-seeded XFEL system using a Bragg transmission 

scheme has been implemented at the compact XFEL 
facility SACLA, in order to generate a single-mode 
XFEL. The setup is composed of a small magnetic 
chicane that can delay the electron beam by up to 50 fs, 
and a diamond single crystal with the thickness of 180 

m. In the beam commissioning, intensity enhancement 
at 10 keV X-rays due to the self-seeding was observed 
with a single-shot spectrometer. A spectral bandwidth of 
the seeded FEL was reduced to 3 eV, being approximately 
1/10 of that of SASE. After partial optimizations of the 
number of undulator segments, a temporal delay of the 
electron beam, and an rf phase of the pre-buncher cavity, 
the peak intensity of the seeded FEL signal in the 
averaged spectrum was 4 times higher than the SASE. 
Observation probability of the seeded FEL signal in the 
single-shot spectra was 42%. Although further 
optimization and improvement are still necessary to keep 
long-term stability, the initial step was successful to open 
up the routine operation in a near future. 

INTRODUCTION 
Self-seeding in the X-ray free electron laser (XFEL) is 

an important method to improve the temporal coherence 
of the self-amplified spontaneous emission (SASE) and to 
obtain high peak brilliance with narrow spectral band 
width. In order to generate brilliant X-ray laser and 
supply to user experiments, the self-seeding system has 
been implemented in the Japanese XFEL facility, SPring-
8 Angstrom Compact free electron LAser (SACLA) [1]. 
The scheme proposed at DESY [2] and firstly 
demonstrated in LCLS [3] was adopted, which uses a 
single diamond crystal in a forward Bragg diffraction 
(FBD) geometry to the initial SASE radiation from the 
first half of the undulators. It produces monochromatic 
tail components of transmitted X-ray pulses at a small 
time delay of several 10 fs. A compact magnetic chicane 
gives the delay to overlap the electron bunches and the 
monochromatic tail for seeding in the following 
undulators. 

The hardware components were installed in parallel to 
the user operation from 2012. In August 2013, a vacuum 
chamber for housing a diamond single crystal was 
installed in the middle of the magnetic chicane. The 
commissioning started in October. After a number of 
tuning processes, significant spectral narrowing due to the 
self-seeding was confirmed at 10 keV. In the following 

sections, the configuration, the tuning process and the 
experimental results are described.  

SETUP 
Figure 1 shows the configuration of SACLA and the 

self-seeding system. The electron beam from the 
thermionic cathode-type electron gun is sequentially 
accelerated and compressed at the accelerator section, to 
obtain high-density electron beam with the peak current 
of over several kA and the bunch length of several 10 fs. 
Then, the electron beam is led to the long undulator 
section composed of 21 segments of the in-vacuum 
undulators with the small periodic length of u=18 mm 
and the maximum K-value (the magnetic deflection 
parameter) of 2.2. 

Between the 8th undulator and the 9th undulator, the 
small magnetic chicane composed of 4 dipole magnets 
was inserted, in order to detour the electron beam from 
the diamond crystal and to provide a tunable time delay of 
maximum 50 fs. In the middle of the chicane, the 
diamond crystal chamber was installed, in order to 
generate the FBD of the SASE radiation from the 
upstream undulators. Figure 2 shows the schematic of the 
chamber. A diamond single crystal with the thickness of 
180 m is mounted on a holder in the vacuum chamber. 
The holder is attached on a multi-axis mechanical stage. 
The crystal is retracted from the beam axis during the 
usual SASE operation, while it is inserted for the self-
seeding. The rotation of the crystal tuned the Bragg angle 

. The diffracted photon is measured by a photo-diode 
and a CCD detectors, attached on the 2 -rotational arm. 
Since the photon energy for our commissioning was 10 
keV, the Bragg angle  was set at about 44 degrees for 
400 reflection of the diamond crystal.  Under these 
configurations, monochromatic tail components in the 
transmitted radiation arise around 10 fs and 24 fs after the 
initial radiation, according to the theoretical calculation of 
FBD [3, 4]. The electron beam delaying at the chicane 
was overlapped to the radiation in the downstream 
undulators.  

Properties of the FEL radiation were measured at the 
experimental hall. Thin-foil beam monitors in the optics 
hutch were used as the in-line monitors of the intensity 
and the center-of-mass position of the radiation [5]. The 
energy spectrum of the radiation was measured by the 
single-shot spectrometer [6]. The spectral resolution and 
the range are selected by changing the diffraction plane of 
the silicon crystal. The configuration using (220) plane 
has a wide measuring range of 100 eV, which was used  ___________________________________________  
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for the measurement of the whole radiation spectrum. The 
configuration using (660) plane has a narrow measuring 
range of 6 eV, but it has a high energy resolution of about 

70 meV, which was used for the precise measurement 
around the Bragg diffraction.  

 

Figure 1: Configuration of the SACLA machine and the self-seeding system. BC1, BC2, and BC3 mean the three bunch 
compression chicanes. 

 
Figure 2: Diamond crystal chamber. 

TEST RESULTS 
Commissioning of the self-seeding was performed 

several times during the machine study period of SACLA 
operation. In November 2013, the first evidence of the 
seeded radiation was observed in the energy spectrum. 
After the electron beam stability was improved in May 
2014, significant spectrum narrowing due to the self-
seeding process was observed. In this section, we report 
the results of commissioning in June 2014. 

The electron beam energy and the photon energy for the 
commissioning were 7.8 GeV and 10 keV, respectively. 
The K-value of the undulators was set at about 2.1, with a 
small taper of -0.002/segment for a compensation of the 
electron energy loss. The electron bunch charge was about 
340 pC. The bunch length was about 30 fs, which was 
measured using the transverse deflector cavity located 
after the final bunch compression chicane (BC3). The 
electron beam quality was confirmed by measuring the 
SASE pulse energy of about 550 J/pulse, using all of 21 
undulator segments and without the crystal insertion. 

Adjustment of the SASE Photon Energy 
Four undulator segments (#5-8) in the upstream of the 

diamond crystal were used to generate initial SASE 
radiation of about 30 J/shot in average. After the dipole 
magnets at the chicane were turned on to give a delay of 
20 fs to the electron beam, the diamond crystal was 
inserted to the beam axis. The Bragg angle was set at 44 
degrees in diamond 400 diffraction for 10 keV radiation. 
We optimized the undulator K values, to match the 
wavelength of the SASE radiation to the Bragg diffraction 
wavelength. Figure 3 shows the diffracted X-ray intensity 
as a function of the offset from the initial K values. We 
selected the offset of -0.002, which corresponds to the 
center of the SASE spectrum. 

 

Figure 3: Bragg diffraction intensity measured by the 
photo-diode as a function of the K-value offset of the 
upstream undulators. 

Spectrum of the Transmitted SASE Radiation 
Energy spectrum of the transmitted SASE radiation was 

measured using the single-shot spectrometer. The 
diffraction plane of the silicon crystal was set to (660) for 
high-resolution measurement. Figure 4 shows the typical 
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spectrum. We found a clear dip due to the Bragg 
diffraction of the diamond crystal. The width of the dip 
was about 0.1 eV (2 pixels of the CCD detector), which 
was comparable to the measurement resolution. These 
results proved the diamond crystal has a good quality for 
raising the FBD and no radiation damage or degradation 
was observed during the commissioning.  

 

Figure 4: Energy spectrum of the transmitted SASE 
radiation from the upstream undulators, which was the 
integration of 100 shots. There was a clear dip at 9.995 
keV due to the Bragg diffraction of the diamond 
crystal.  

Observation of the Seeding 
After the confirmation of the Bragg diffraction, we 

closed the gap of the downstream undulators. We 
measured the photon energy spectrum using the single-
shot spectrometer with 220 diffraction plane for wide 
measuring range of 100 eV. Figure 5 shows the energy 
spectra with different number of downstream undulator 
segments. Clear peaks were observed at 9.99 keV photon 
energy. Increasing the number of undulator segments, the 
monochromatic X-ray component dominantly increased. 
With all of 13 undulator segments (blue line in Figure 5), 
the peak intensity of the monochromatic component was 
4 times higher than the SASE background. The spectral 
bandwidth was 3 eV in FWHM, which was one order 
narrower than that for SASE. For the confirmation, we 
detached the diamond crystal from the SASE photon axis. 
Then the monochromatic component disappeared. We 
concluded the enhancement of the monochromatic 
component was surely due to the self-seeding from the 
FBD of the diamond crystal. Since Figure 4 and Figure 5 
were measured with different configuration of the 
spectrometer, the photon energy difference between the 
Bragg diffraction in Figure 4 and the seeded FEL peak in 
Figure 5 was not obvious and they were within the 
measurement error. 

In the following subsections, we describe the 
optimization of various parameters and the sensitivity 
study for the accelerator. 

 

 

Figure 5: Energy spectra of the X-ray radiation with 
the seeding configuration. The three lines show the 
spectra with different number of active undulator 
segments at the downstream of the chicane. The 
spectra were the integration of 100 shots. 

Number of Undulator Segments 
Figure 6 shows the peak intensity of the seeded 

monochromatic components and the SASE background, 
as a function of the number of downstream undulator 
segments. When we increased the number of undulator 
segments, the seeded FEL signal also increased, while the 
SASE background was hardly increased. This result 
means the radiation from the downstream undulator was 
fairly monochromatic due to the seeding. In the Figure 6, 
slight decrease of the seeded FEL intensity with 9 
undulator segments was not obvious, because the 
systematic error and the reproducibility were still larger 
than the discrepancy of the seeded FEL intensity. 

Next we changed the number of upstream undulator 
segments, fixing the 13 downstream undulator segments. 
Figure 7 shows the seeded FEL intensity and the SASE 
background, with 3, 4, 5 or 6 undulator segments. With 3 
undulator segments, the seeded FEL signal was not 
observed. We consider the initial SASE radiation was too 
weak for the seeding. With 6 undulator segments, the 
seeded FEL intensity was lower than the case with 4 or 5 
undulator segments. It was considered that the SASE 
radiation process increased the energy spread of the 
electron beam and it suppressed the seeding. Therefore 
we concluded the optimum number of upstream undulator 
was 4 or 5 (corresponding SASE pulse energy was from 
30 to 100 J/pulse). For the following study, we used 4 
and 13 undulator segments in the upstream and 
downstream, respectively. 
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Figure 6: Peak intensity of the seeded monochromatic 
components and the intensity of the SASE background, 
as a function of the number of active undulator 
segments at the downstream of the chicane. For these 
measurements, 4 upstream undulator segments were 
used and the delay of the electron beam was set at 20 
fs. 

 

 
Figure 7: Peak intensity of the seeded monochromatic 
components and the intensity of the SASE background, 
depending on the number of active undulator segments 
at the upstream of the chicane. For these 
measurements, 13 downstream undulator segments 
were used and the delay of the electron beam was set at 
20 fs. 

Delay Time for Electron Beam 
Figure 8 shows the seeded FEL signal and the SASE 

background, as a function of the temporal delay for the 
electron beam at the chicane. The seeded FEL signal was 
enhanced with the delay of about 25 fs and 45 fs, which 
was consistent with the theoretical calculation. 

 

Figure 8: Peak intensity of the seeded monochromatic 
components and the averaged intensity of the SASE 
background, depending on the delay time at the 
chicane. 

RF Phase of the Accelerator 
In order to optimize the electron beam properties and to 

check the sensitivity for the rf phase variation, we 
performed a systematic study changing the rf phase of 
each accelerator section. Figure 9(d) shows the spectra 
with different rf phase of the 238 MHz pre-buncher. Only 
the change of 0.05 degree caused the significant effect for 
the seeded amplification. Figure (a) (b) and (c) show the 
variation of the seeded FEL intensity and the overall pulse 
energy, changing the rf phase of C-band linac between 
BC2 and BC3 (off-crest acceleration section), L-band 
APS-type linac and 238 MHz pre-buncher, respectively. 
They show the seeded FEL intensity was more sensitive 
to the rf phase variation than the SASE intensity. Table 1 
summarizes the rf phase tolerance to maintain the seeded 
FEL intensity of more than half of the optimum peak 
intensity. These results indicate that the commissioning 
for the self-seeding requires higher operational stability 
and accuracy than the case of usual SASE operation. 
Actually, the observed spectrum and the peak intensity 
were sometimes changed during the several hours of the 
commissioning. These variations might be caused by tiny 
drifts of the accelerator condition, which were not 
recognized in usual SASE operation. We should study 
more to optimize and stabilize the accelerator condition. 
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Table 1:  RF Phase Tolerances and the Corresponding Time 

table are defined as the rf phase difference made 50 % 
decrease of the seeded FEL intensity 

Accelerator section Tolerance 
(time) 

238 MHz pre-buncher 0.05  (600 fs) 

476 MHz booster 0.1  (600 fs) 

L-band APS-type linac 0.05  (100 fs) 

C-band correction cavity 0.3  (150 fs) 

S-band linac 0.5  (500 fs) 

C-band linac (before BC3) 0.2  (100 fs) 

Single-Shot Spectrum 
We analysed the single-shot spectrum data with 

optimum rf parameters, as shown in Figure 9 (d, blue 
line). Figure 10 shows the distribution of the peak photon 
energy (wavelength) and the peak intensity of each single-
shot spectrum. Since the seeding wavelength is fixed by 
the Bragg diffraction angle of the diamond crystal, the 
“seeded” events are distributed around the photon energy 
of 9.99 keV. We defined the criteria of the “seeded” 
events, that the photon energy were 9.990 0.005 keV and 
the peak intensity was more than 20,000 counts (blue 
dash line in Figure 10). The criteria for the peak intensity 
was required to distinguish the clear peak from the many 
small spikes due to the initial SASE background. Then, 
the probability for observation of the seeded FEL signal 
which satisfied above criteria was 42%.  Averaged peak 
intensity for the seeded FEL signal was 9 times higher 
than the averaged intensity of SASE background. Shot-
by-shot fluctuation of the peak intensity was 31% in rms. 
Fluctuation of the photon energy was less than 1 eV, 
which is comparable to the resolution of the spectrometer. 
These are promising results for the future practical use of 
self-seeding in SACLA.  
 

Figure 9: (Plot a, b, and c) Peak intensity of the 
seeded monochromatic components (Blue line), and 
the total pulse energy measured by the in-line beam 
monitor (Orange line), depending on the relative rf 
phase of the C-band linac before BC3, (a), the L-band 
APS-type linac (b) and the 238 MHz pre-buncher 
cavity (c), from the initial operating parameters. Plot 
d) shows the energy spectra for three rf phases of the 
238 MHz pre-buncher cavity. The each spectrum is 
the integration over 100 shot, measured by the single-
shot spectrometer. 

Period for Each Accelerator Section. The tolerances in this 
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CONCLUSION 
In order to generate high-intense, monochromatic X-ray 

laser, self-seeded XFEL system with forward Bragg 
diffraction (FBD) of the diamond single crystal has been 
developed in SACLA. The monochromatic X-ray 
enhancement and the spectral narrowing due to the 
seeding were observed at a photon energy of 9.99 keV. 
The peak intensity of the seeded FEL signal was 4 times 
higher than the SASE. The probability for observation of 
the seeded FEL signal in the single-shot spectrum was 
42% and the fluctuation of the intensity was 31% in rms. 
These are promising results for the future practical use of 
the self-seeding scheme. Since the seeding process is 
quite sensitive to the rf phase variation, high operational 
stability and accuracy is necessary for the seeding. 

Further tuning efforts are continued for stable seeded FEL 
generation in order to provide seeded XFEL for users. 
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Figure 10: Distribution of the peak photon energy and 
the peak intensity for each single-shot spectrum, which 
is the same data set as “+0.05 degree” spectrum in 
Figure 9 d). Blue dash line box shows the criteria for 
“seeded” event. 

TUC01 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

608C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Seeded FELs



GENERATION OF OPTICAL ORBITAL ANGULAR MOMENTUM USING

A SEEDED FREE ELECTRON LASER∗
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G. De Ninno, Elettra, Trieste, Italy and University of Nova Gorica, Slovenia

Abstract

We propose an effective scheme for the generation of

intense extreme-ultraviolet (XUV) light beams carrying or-

bital angular momentum (OAM). The light is produced by a

high-gain harmonic-generation free-electron laser (HGHG

FEL), seeded using a laser pulse with a transverse staircase-

like phase pattern. The transverse phase modulation in the

seed laser is obtained by putting a phase-mask in front of the

focusing lens, before the modulator. The staircase-like phase

pattern is effectively transferred onto the electron beam in

the modulator and the microbunching structure is preserved

after frequency up-conversion in the radiator. During light

amplification in the radiator, diffraction and mode selection

drive the radiation profile towards a dominant OAM mode

at saturation. With a seed laser at 260 nm, gigawatt power

levels are obtained at wavelengths approaching those of soft

x-rays. Compared to other proposed schemes to generate

OAM with FELs, our approach is robust, easier to implement,

and can be integrated into already existing FEL facilities

without extensive modifications of the machine layout.

INTRODUCTION

At present, the radiation modes of modern free-electron

lasers (FELs) working at saturation are limited to a funda-

mental Gaussian-like mode with no azimuthal phase varia-

tion. This is true for FELs based on self-amplified sponta-

neous emission (SASE), where the amplification starts from

electron shot-noise [1–6], as well as for seeded FELs, such

as those based on high-gain harmonic-generation (HGHG),

where the amplification process is triggered by a coherent

input seed [7–9].

Generation of high-order radiation modes, however, is a

subject of strong interest, not only from the fundamental

point of view but also in practical applications. In partic-

ular, helically phased light beams or optical vortices with

a field dependence of exp (ilφ), where φ is the azimuthal

coordinate and l an integer referred to as the topological

charge, are currently among intensively studied topics in op-

tics. These light beams, which carry orbital angular momen-

tum (OAM) [10] that can be transferred to atoms, molecules,

and nanostructures [11–16], have already been utilized at

visible and infrared wavelengths in a wide variety of ap-

plications, ranging from micromanipulation [17], detection

of spinning objects [18], microscopy [19], and optical data

transmission [20–22]. Perhaps the most promising applica-

tions of vortex beams at short wavelengths are in x-ray mag-

∗ The research was in part funded by the TALENTS UP Programme (7th

FP, Specific Programme PEOPLE, Marie Curie Actions - COFUND)

G.A. 600204

netic circular dichroism, where different OAM states allow

the separation of quadrupolar and dipolar transitions [23],

photoionization experiments, where the dipolar selection

rules are violated giving rise to new phenomena beyond the

standard effect [24], and in resonant inelastic x-ray scatter-

ing, where vortex-beam-mediated coupling to vibrational

degrees of freedom could provide important information on

a wide range of molecular materials [25].

Hemsing and coworkers proposed two clever approaches

to generate intense vortex beams at short wavelengths us-

ing FELs. The first one exploits the interaction of an elec-

tron beam (e-beam) with a seed laser in a helical undula-

tor [26], while the second one is based on the echo-enabled

harmonic generation (EEHG) scheme [27], where two seed

lasers and two magnetic chicanes are used to produce har-

monic microbunching of an e-beam with a corkscrew distri-

bution [28]. A proof-of-principle experiment has recently

been performed to demonstrate the first scheme using a sin-

gle undulator section, generating optical vortices at 800

nm [29] . In this approach, however, OAM beams are pro-

duced at the fundamental frequency of the seed. Reaching

short wavelengths would therefore require a coherent XUV

or x-ray input signal, which is not trivial to obtain. On the

other hand, the technique based on EEHG uses a relatively

complex setup, which has yet to be thoroughly tested in

experiments.

THE SCHEME TO GENERATE OAM

WITH A SEEDED FEL

The scheme is shown in Fig. 1. The main difference

with respect to the standard HGHG setup [30] is the use of

an optical phase mask in order to create a transverse phase

modulation in the seed laser profile. Naively, the simplest

way to produce an XUV/x-ray optical vortex with this setup

would be to seed the FEL directly with an OAM beam, by

using a spiral phase plate as the phase mask. However, this

approach fails at short wavelengths. The reason is that the

topological charge ln of higher harmonics is multiplied with

the harmonic number n [28]; i.e., ln = ln, where l is the

topological charge of the seed. This results in a high-order

OAM mode at the entrance of the radiator, which is tuned to

λ = λs/n, where λs is the seed laser wavelength. Due to a

lower coupling with the e-beam and stronger diffraction, this

high-order OAM mode is not amplified in the radiator [28],

leading to a dominant fundamental (non-OAM) mode at

saturation.

The idea behind our approach is the following: instead of a

helical transverse phase profile, a four quadrant staircase-like

phase structure is imprinted onto an axially symmetric e-
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beam in the modulator. The resulting transverse distribution

of electrons in phase can be represented by the following

matrix:

Bm =

[

1
2
π 0

π 3
2
π

]

, (1)

meaning simply that the electrons with the azimuthal co-

ordinate between −π/4 and π/4 have a relative phase of 0,

the electrons with π/4 ≤ φ < 3π/4 have a relative phase of

π/2 and so on. Following frequency up-conversion at the

radiator entrance, the phase distribution is multiplied by n,

giving:

Br = n

[

1
2
π 0

π 3
2
π

]

mod 2π, (2)

which for odd n = 2k + 1, where k is an integer, becomes:

Br =













1
2
π 0

π 3
2
π







= Bm , for even k







3
2
π 0

π 1
2
π







, for odd k.

(3)

The above equations show that the transverse microbunch-

ing structure is preserved for odd harmonics even after fre-

quency up-conversion. The odd harmonics therefore carry

the same staircase-like transverse phase pattern, which deter-

mines the spatial properties of the radiation at the radiator

entrance. Because this initial bunching distribution contains

a strong helical component, the radiation profile evolves into

a dominant l = 1 OAM mode at saturation. With an initial

Gaussian transverse seed profile with λs = 260 nm and

e-beam parameters corresponding to modern seeded FELs,

optical beams carrying orbital angular momentum at XUV

wavelengths and gigawatt power levels can be generated.

The interested reader can find more details about the gen-

eration scheme together with numerical results using the

parameters of modern generation FELs in PRL 112, 203602

(2014).

Figure 1: The scheme to generate XUV OAM beams using

a HGHG free-electron laser.
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Abstract 

Many applications of THz radiation remain impractical 
or impossible due to an absence of compact sources with 
sufficient power.  A source where the interaction occurs 
between an annular electron beam and a cylindrical 
grating is capable of generating high THz power in a very 
compact package.  The strong beam bunching generates 
significant power at the fundamental frequency and 
harmonics.  A collaboration between Advanced Energy 
Systems and CEA/CESTA has been ongoing in 
performing proof-of-principle tests on cylindrical grating 
configurations producing millimeter wave radiation.  First 
lasing was achieved in such a device.  Further 
experiments performed with a 6 mm period grating 
produced fundamental power at 15 GHz, second 
harmonic power at 30 GHz and, although not measured, 
simulations show meaningful third harmonic power at 45 
GHz.  Comparison with simulations shows very good 
agreement and high conversion efficiency.  Planned 
experiments will increase the frequency of operation to 
100 GHz and beyond.  Ongoing simulations indicate 
excellent performance for a device operating at a 
fundamental frequency of 220 GHz with realistic beam 
parameters at 10 kV and simple extraction of the mode. 

BACKGROUND & INTRODUCTION 
The generation of tunable, narrowband, coherent, 

terahertz (THz) radiation is a topic of great interest across 
a wide variety of disciplines and applications.  Although 
significant scientific and industrial opportunities exist, 
progress in the development of high-power compact 
sources has been frustrated by various technical and 
engineering challenges.  AES is developing a flexible, 
compact, THz source architecture that addresses many of 
these historical challenges and aims to deliver high 
average power from 0.2 to 2 THz.  The AES concept is a 
cylindrical extension of the so-called Smith-Purcell free-
electron laser (SPFEL).  The SPFEL is a type of 
backward-wave oscillator (BWO) that lases on an 
evanescent wave (surface wave) supported by an open 
slow-wave structure (SWS) [1]. 

When an electron passes in close proximity to an open, 
periodic, metallic grating, energy is transferred from the 
electron to radiative modes of the grating.  This so-called 
Smith-Purcell radiation (SPR) is emitted over a broad 
spectrum with the wavelength of the emitted photons 

being correlated to the angle of emission by the Smith-
Purcell relation: 

, 

where L is the grating period, p is the diffraction order of 
the grating,  is the electron velocity normalized to the 
speed of light, and  is the emission angle relative to the 
beam axis [2].  The SPR radiation is always at a higher 
frequency than the backward surface wave, except when 
the fundamental is confined laterally on a scale 
comparable to its wavelength [3].  When the electron 
beam is bunched by the backward wave interaction the 
SPR power is dramatically enhanced and is strongly 
peaked at angles corresponding to harmonics of the 
bunching frequency [4]. Under these conditions the SPR 
is said to be superradiant and significant power output can 
be generated at high frequencies. 

The radiation output of a SPFEL is then a combination 
of the fundamental and the superradiant SPR at its 
harmonics.  The power in the backward wave is much 
higher than the SPR power; however, because the 
backward wave is nonradiative, some form of outcoupling 
is required.  Simple, although suboptimal, outcoupling is 
provided by scattering off of the discontinuities at the 
ends of the grating.  Optimized structures can deliver 
efficient outcoupling in the forward or backward 
directions. 

The SPFEL can easily be designed for a specific 
frequency by adjusting the grating geometry and the beam 
energy.  A limited active-tuning range is possible via 
adjustment of the beam energy.  Ultimately, the highest 
frequency achievable will be determined by current 
density, energy spread, and ohmic losses in the grating, 
and fabrication tolerances.  This is highly dependent on 
the specifics of the system design.  Higher frequency 
output, albeit at lower power, may be provided by the 
coherently enhanced SPR. 

The AES concept, which utilizes a cylindrical SWS and 
a high-power annular electron beam, is compatible with 
established transport and compression techniques from 
the microwave-tube industry.  Furthermore, the 
cylindrical geometry provides for maximum grating 
surface area in a compact package.  The open grating 
design provides significant flexibility in the generation 
and extraction of fundamental and harmonic radiation; 
this is a major point of contrast with other e-beam driven 
sources. 

The AES system is a significant departure from 
previous designs.  As such, it was determined that the 
demonstration of key concepts at microwave frequencies 

_____________ 
*Work supported by the Office of Naval Research and the Office of 
Naval Research Global 
#bluem@aesprin.com 
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would provide an important reference point for theoretical 
and experimental efforts, and would help ensure the 
success of a THz prototype. 

EXPERIMENT 
Over the past year, a joint effort between AES and 

CEA-CESTA has successfully achieved first lasing of a 
cylindrical SPFEL.  This collaboration leverages the 
existing infrastructure and capabilities of CEA-CESTA as 
well its previous successes in the demonstration of 
SPFEL technology [3, 5-7].  Experiments have been 
performed using two separate gratings: one designed for 
operation at 5-GHz, and one for 15 GHz.  The initial 5-
GHz experiments took place in September 2013 and the 
15 GHz experiments followed shortly thereafter in 
January 2014.  In this report we will focus primarily on 
the results of the 15-GHz experiment. 

The basic experimental configuration is shown in 
Figure 1.  An electron gun diode is situated at the end of a 
200-kV, 500-A sub-microsecond cable generator.  The 
electron source is an explosive electron emission cathode 
with an annular geometry.  We have characterized the 
performance of the gun diode using a printed-circuit-
board cathode (copper layer on phenolic) and a graphite 
cathode.  The performance for these two sources is 
substantially the same.  The electron beam is shaped, and 
its current reduced, using an adjustable aperture at the 
anode.  Various beam currents, thicknesses, and beam-
grating separations can be investigated in this way.  The 
typical energy and current of the transmitted beam is 80 
keV and 50 A.  The grating is machined to the desired 
geometry from a single piece of aluminum, and the beam 
stop is attached at the downstream end.  The entire 
apparatus is housed in a large plastic vacuum chamber 
operating at ~10-4 Torr.  A pulsed solenoid surrounds the 
vacuum chamber and provides a confinement field of 
approximately 5 kG during the beam pulse. 

 
Figure 1: Basic experimental arrangement for the 
cylindrical SPFEL demonstrations. 

The properties of the high voltage pulse, the electron 
beam, and the radiation output are measured with a 
variety of diagnostics.  The diode voltage is monitored 
with a capacitive divider placed in the oil tank upstream 
from the diode. Two Rogowski coils are used to measure 
the beam losses during propagation and the current into 
the beam stop.  The electron beam can be destructively 
imaged using thermal paper [as shown in Fig. 2], although 
the response is not believed to be linear.  The surface 

wave is measured using a B-dot probe that can be moved 
throughout the chamber.  Depending on frequency, the 
SPR is collected using either a microwave horn on the 
exterior of the downstream end of the apparatus or a 
section of WR-28 waveguide positioned inside of the 
chamber.  These radiation diagnostics are monitored 
directly using a 33-GHz fast oscilloscope.  Particular 
attention was given to calibrating the microwave 
transmission lines.  A few-kHz to 50-GHz synthesizer 
was used to calibrate all cables and fixed attenuators 
several times. 

 
Figure 2: Beam imprint on thermal paper just before the 
anode aperture (left) and at the beam dump for a 0.5-mm 
aperture (center). Backside illumination of the anode 
aperture with an imprint of the beam (right). 

The grating parameters for the 15-GHz experiment are 
as follows: 6-mm period, 3-mm groove width, 3-mm 
groove depth, 19.25-mm grating radius, and 30 grating 
periods.  The dispersion relation for this grating, which is 
shown in Figure 3 indicates synchronicity at just below 15 
GHz for an 80-keV beam energy.  Using a small-signal 
SPFEL theory we estimate the start current for this 
grating and beam geometry to be on the order of 1 
ampere.  This includes the effects of ohmic losses, which 
are not significant at these frequencies, and the magnetic 
guide field.  The typical beam current of 40-50 A is far in 
excess of this amount, leading to large oscillations of the 
SPFEL’s power output. 

 
Figure 3: Dispersion curve for the 15-GHz grating.  An 
80-keV beam line is also shown and the synchronous 
point of just under 15 GHz is indicated. 

Figure 4 shows a typical B-dot signal during one of the 
more than 100 shots that were taken.  These data were 
taken with the probe located 3 mm above the third groove 
in the grating.  Also shown in Figure 4 is a fast Fourier 
transform (FFT) of the signal and a sliding FFT.  These 
analyses indicate a strong peak at ~14.6 GHz, which is 
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very close to the expected frequency of the evanescent 
mode.  The frequency of the mode changes slightly with 
time due to variation of the accelerating voltage in the 
electron gun.  Based on the probe’s inductance and the 
calibration measurements of attenuation in the 
measurement system, we estimate a field strength of ~17 
G at this location.  The B-dot probe was subsequently 
placed at four different positions in azimuth to determine 
the homogeneity of the field strength; several shots were 
taken at each location.  The field strength was nearly 
uniform in azimuth for this longitudinal position. 

 
Figure 4: B-dot signal (top), FFT (center), and sliding 
FFT (bottom) for a typical shot. 

The WR-28 waveguide used to collect the superradiant 
SPR is located ~65mm above the grating surface and can 
be positioned arbitrarily along the length of the grating.  
Conveniently, the length of the waveguide is sufficient to 
place the fundamental radiation beyond the cutoff 
frequency.  A sliding FFT of a typical signal is shown in 
Figure 5.  As expected, the signal is dominated by a single 
frequency (~29.2 GHz) that is exactly twice the 
fundamental.  Again, the frequency variation is consistent 
with that expected from the time dependence of the beam 

energy.  The superradiant SPR was also found to be 
uniform in the azimuthal coordinate.  Estimates of the 
emitted SPR power and comparisons with simulations are 
given in the following section. 

 
Figure 5: Sliding FFT of the radiation collected by the 
WR-28 waveguide.  The intensity map shows the FFT vs 
time, the black line is the nominal centroid of the 
distribution, the red line shows the variation of the beam 
voltage, and the green line is the theoretical operating 
frequency multiplied by two. 

SIMULATIONS 
The simulations were carried out using two different 

PIC codes: MAGIC 3D and VORPAL, and the agreement 
between these codes was found to be excellent.  Figure 6 
shows an intensity map of the azimuthal magnetic field 
during the lasing process and after saturation.  The second 
harmonic is clearly visible in the top image at ~70° above 
the horizontal.  Ultimately, for this simple grating, the 
radiation output is dominated by scattered fundamental 
radiation from the upstream end of the grating.  Figure 7 
shows the simulated azimuthal magnetic field at the 
nominal position of the B-dot probe.  The observed 
frequency, 14.3 GHz, is very close to the 14.6 GHz 
measured in the experiments.  Also, the field strength is 
of the same order, as seen in Table 1. 
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Figure 6: Intensity maps of the azimuthal magnetic field 
during lasing (top) and after saturation (bottom). 

The collection efficiency of the WR-28 waveguide was 
determined using particle in cell (PIC) simulations in 
MAGIC 3D.  The effective emitting area for the coherent 
SPR was estimated through simulations as well.  
Combining these simulated results with the experimental 
data, we estimate that the radiated power at 29 GHz is on 
the order of 8.5 kW.  This compares well with the 
simulation estimates of ~5 kW.  Although it was not 
measured in the experiments, the simulated third-
harmonic power is ~0.5 kW. 

Table 1:  Comparison of Experimentally Estimated Field 
and Power Levels with Simulated Values from MAGIC 
and VORPAL 

 

 
Figure 7:  MAGIC (top) and VORPAL (bottom) 
simulations of the azimuthal magnetic field strength at the 
nominal location of the B-dot probe. 

The simulated results can also be used to estimate the 
conversion efficiency between kinetic energy of the 
electron beam and energy in the fields.  The energy loss 

fluctuates wildly due to the excessively high beam 
current; however, the maximum rms kinetic energy lost 
by the beam is approximately 15 keV.  This corresponds 
to a total power in the fields approaching a megawatt. 
 

CONCLUSIONS AND FUTURE WORK 
AES has been developing a cylindrical Smith-Purcell 

free-electron laser concept for the production of high-
power THz radiation.  Recently, a collaboration between 
AES and CEA-CESTA has successfully demonstrated 
first lasing of such a device at 5 and 15 GHz.  Validation 
of key concepts in the microwave regime will help 
mitigate risk as system designs are pushed toward higher 
frequencies.  Good agreement is obtained between 
experimental data, PIC simulations, and small-signal 
SPFEL theory.  Building on these successes we are 
planning near-term demonstrations at 50 and 100 GHz 
(fundamental) using the same electron gun and power 
systems. Extensive simulations are being carried out to 
optimize grating structures according to various 
performance metrics, including start current, superradiant 
SPR production, and outcoupling efficiency for the 
evanescent fundamental.  Additionally, AES is designing 
a 220-GHz prototype that will utilize existing cathode 
technology and a reliable, low-voltage, compressionless 
design.  
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Abstract
The Pohang Accelerator Laboratory X-ray Free electron

Laser (PAL-XFEL) project was launched in 2011. This

project aims at the generation of X-ray FEL radiation in a

range of 0.06 to 6 nm for photon users with a bunch rep-

etition rate of 60 Hz. The machine consists of a 10GeV

normal conducting S-band linear accelerator and five undu-

lator beamlines. The linac and two undulator beamlines will

be constructed by the end of 2015 and first FEL radiation is

expected in 2016. As a part of preparation for the project, an

Injector Test Facility was constructed in 2012. Since Decem-

ber 2012, beam commissioning is being carried out to find

optimum operating conditions and to test accelerator com-

ponents including RF, laser, diagnostics, magnet, vacuum

and control. We present the status of beam commissioning

and components tests at the test facility.

INTRODUCTION
The Pohang Accelerator Laboratory X-ray Free-Electron

Laser (PAL-XFEL) project was started in 2011 [1–3]. This

project aims at the generation of X-ray FEL radiation in a

range of 0.06 to 6 nm for users. The machine consists of

a 10GeV electron linac and five undulator beamlines. The

linac is based on the normal-conducting S-band technology,

which has been used for the 3GeV full energy injector linac

of PLS-II, the 3rd generation light source at PAL, over 20

years [4]. As Phase-I of PAL-XFEL, one hard X-ray undula-

tor beamline with two experiment stations and one soft X-ray

undulator beamline with one experiment station are under

preparation. Both hard and soft X-ray undulator systems are

variable-gap, out-vacuum type.

This new machine is being built on the northern hill of

the PAL campus (see Fig. 1). The building construction

was started in autumn 2012. The building will be ready by

December 2014. Accelerator components will be installed

from January 2015 during the year. The machine is capable

of 60Hz operation with a single bunch initially. Upgrade to

120Hz as well as two micro-bunch is foreseen as next phase

in a few years. A fast kicker to divide electron pulses into

the two undulator beamlines is considered as future upgrade

as well. PAL-XFEL commissioning will be started from

winter 2015. Beam commissioning will be carried out at a

repetition rate of 10 Hz for the first year of operation mainly

∗ Work supported by The Ministry of Science, ICT and Future Planning of
the Korean Government
† janghui_han@postech.ac.kr

due to the operation budget. First FEL is foreseen in early

summer 2016.

At the beginning of the project in 2011, the construction

of the Injector Test Facility (ITF) was started [5]. The facility

was built in the extended building of the PLS-II full energy

injection linac as shown in Fig. 1. The concrete tunnel, RF

gallery, laser clean room and control room were prepared.

The RF system, accelerator components, laser system and

control system were installed from summer to autumn 2012.

The first beamwas generated and transported to the beamline

end in December 2012. Emittance measurement was started

in spring 2013. Since then, beam test of diagnostics has

been carried out.

In this paper, we describe the construction, component

installation, beam test of diagnostics and beam property

measurement. Some experiment results are shown even

though empirical optimization is ongoing.

BUILDING
At the northwestern end of the PLS-II linac building, there

has been a multi-purpose test area. This test area is now

utilized as the Accelerator Test Facility (ATF) of PAL-XFEL.

At ATF, high power modulators, klystrons, low level RF

modules, accelerator structures, RF power douplers (SLAC

energy doubler, SLED) and SiC loads are tested.

This test area was extended in 2012 for ITF. The extended

floor area is about 30m long and 14m wide. A concrete

tunnel with 1.5m thickness was built in ITF. The inner area

of the tunnel is 19.2m long and 3.5m wide. The view of the

ITF tunnel and gallery is shown in Fig. 2. The roof of the

tunnel is removed for installation work in the photograph.

During the operation, the roof is covered with the concrete

plates for radiation safety.

A laser clean room was constructed on the same floor of

the tunnel and gallery. Temperature and humidity is con-

trolled in the room. On top of the laser room, a control room

was constructed.

ACCELERATOR DESIGN
The ITF accelerator was designed for the test of the first

9m of the PAL-XFEL linac. An S-band (2.856GHz) photo-

cathode gun and two 3m long S-band (2.856 GHz) constant-

gradient traveling-wave structures are used for electron beam

generation and acceleration. The layout is shown in Fig. 3.

Even though the PAL-XFEL injector will have three S-

band accelerating structures, the design using two structures

was adopted at ITF. After the two structures beam energy is
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Figure 1: Areal view of the Pohang Accelerator Laboratory site in July 2014. The PAL-XFEL building under construction

is shown at the left side. The circular building at the top right is the PLS-II ring. The full energy injector linac is connected

to the ring. The end of the linac, the accelerator and injector test facilities (ATF and ITF) of PAL-XFEL are located. The

insertion device test laboratory (IDL) is located in the storage building located at the north of PLS-II. In the PLS-II ring,

the photon test facility (PTF) is located.

Figure 2: Injector Test Facility (ITF) of PAL-XFEL. The

accelerator components are installed in the tunnel (left). The

RF systems, magnet power supplies other facility control

systems are installed in the gallery (right).

high enough for emittance measurements, diagnostics tests

and laser heater test. With two structures a space for the

installation of diagnostics and other test stands is allowed.

An electron beam is generated at the copper cathode,

which is the central part of the gun cavity back plane, by a

drive laser pulse. The beam is accelerated through the gun

cavity with a 120MV/m maximum field at the cathode on

the beam axis. At the gun exit, the beam energy becomes

5.7MeV. Immediate downstream of the gun a solenoid is

positioned for beam focusing. Between the gun and first

accelerating structure there are an integrating current trans-

former (ICT), a spectrometer dipole and screen, two screens

for beam image measurement, a stripline beam position mon-

itor (BPM) and three sets of beam steerers.

The first accelerating structure starts at 2.2m from the

cathode. Between the structures a stripline BPM and a set of

steerers are positioned. 0.92m long solenoids are installed

around the structures. The first solenoid is mainly for beam

matching at the structures and the second for beta-function

control at the components downstream. After further ac-

celeration through two S-band structures, the beam energy

becomes up to 140MeV.

Table 1: Nominal Operation Parameters of ITF

Laser/cathode
Laser profile Gaussian

Fwhm length 3 ps

Rms size 0.2mm

Gun
Peak field at cathode 120 MV/m

Beam launch phase from 0-crosing 38◦

Accelerating section
Gradient of 1st section 21MV/m

Gradient of 2nd section 24MV/m

Phase of 1st section from on-crest −10◦
Phase of 2nd section from on-crest 0◦

Nominal electron beam
Bunch charge 200 pC

Fwhm bunch length 3 ps

Normalized transverse emittance 0.6mmmrad

Mean energy 137 MeV
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Figure 3: ITF accelerator layout with the gun and two accelerating structures.

ACCELERATOR COMPONENTS
RF Gun
The baseline gun has been developed at PAL, which con-

sists of 1.6 cells and a high power RF coupler on the side

of the second cell with a length of half a wavelength. Both

cells have a round shape. Two RF input holes are made with

mirror symmetry and two additional pumping holes reduce

the high-order modes of the RF field [6]. The peak acceler-

ating field at the cathode is designed to be 120MV/m and

the beam energy at the gun exit is 5.7MeV [7].

The cavity body was made by diamond machining oxy-

gen free copper. Machining was done at a local company,

Hanatech. Cleaning and vacuum brazing were carried out

in PAL. RF tuning was mainly done by controlling the cell

length before the final brazing.

The first gun used for the Injector Test Facility (ITF) was

the gun produced in 2011 for the test at the Gun Test Facility

(GTF), which was located in the underground ATF area for

the gun test far advance to the PAL-XFEL project [8]. This

GTF gun was used for the first beam generation at ITF. An

improved gun, namedGun1-0, in terms of brazing and tuning

process was produced in spring 2013. Gun1-0 installed in

the ITF tunnel is shown in Fig. 4. Gun1-0 was used for the

ITF beam operation from summer 2013 to summer 2014.

In September 2014, another gun, named Gun1-1, will be

installed at ITF. This gun will be used later for PAL-XFEL

beam commissioning as well.

Figure 4: RF gun installed in the ITF tunnel.

High power RF test was done for Gun1-0 with the full

peak power of 13MW and repetition rate of 60Hz. The RF

pulse length was 2 μs. RF breakdown did not take place even
though the test period was only a few hours. At nominal

operation the gun operates at 10Hz, 12MW and 1.75 μs.

A focusing solenoid is positioned after the gun for the

emittance compensation process. The solenoid was man-

ufactured by RadiaBeam Technologies. Almost the same

design of solenoids have been used for the GTF gun and for

the gun of the femtosecond terahertz beamline in PLS-II.

A next stage gun development, targeting the achievement

of a lower transverse emittance as well as a higher peak

current, is ongoing [9]. This gun will provide an electron

beam with a lower transverse emittance by optimizing the

gun cell length and focusing solenoid position [10,11]. With

an exchangeable cathode plug, damaged cathodes can be re-

placed with a fresh one easily. Cathodes with high quantum

efficiency and/or low thermal emittance will be tested at the

gun.

Laser

The Ti:sapphire laser system is a commercial regenerative

amplifier from Coherent Inc [12]. The pulsing rate of the

seed laser (Coherent Mira) is set to 79.333 MHz which

is synchronized to the master oscillator. A regenerative

amplifier (Coherent Legend Elite) is used to generate pre-

amplified output with about 150 ps and 120Hz repetition

rate. A post-power amplifier is employed to boost the output

power up to 2.5W with an rms noise of 0.24 %. The center

wavelength is 770 nm. The wavelength is tripled for the

beam generation at the gun.

Figure 5 shows the results of UV (257 nm) laser pulse

length measurement using synchronized cross correlation

with a femtosecond IR pulse. Various UV pulse length was

used for electron beam generation. The transverse shape

of a laser pulse and the effect to the beam parameter are

discussed in Ref. [7]

Figure 5: Pulse length measurement using cross correlation

method.
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The laser clean room is located at the north wall of the

linac tunnel. Figure 6 shows the view of the laser room.

Laser pulses generated in the laser room are transported

through a hole in the ITF tunnel wall to the laser table in

the tunnel. A pin hole and optics are installed on the laser

table in the tunnel for the transverse beam shaping. The

laser position at the cathode is remotely controlled using

two mirrors .

Figure 6: Laser system in the laser clean room.

Photocathode
The oxygen-free copper which is part of the gun cavity

back plane, is used as photocathode. At nominal operating

condition, a quantum efficiency (QE) of order of 10−5 is
measured. Laser cleaning was tried using an IR (760 nm)

laser pulse as well as a UV (253 nm) lase pulse. An IR laser

pulse with hundreds ps length was found be most useful up

to now. After the IR laser cleaning, the QE of the cathode

was recovered from 4.0 × 10−5 to 1.3 × 10−4 and stayed
without QE drop for a few months [13]. More systematic

study is planned in September 2014.

Accelerating Structures
Two 3m long S-band constant-gradient traveling-wave

structures, manufactured by Mitsubishi Heavy Industries,

are installed in the ITF tunnel (see Fig. 7). The structures

have J-type high power RF coupler for reducing the dipole

mode in the coupling cell [14]. Since the coupler cell has a

round shape, the quadrupole mode remains. It seems to be

the reason of beam emittance rise when the second structure

is on. Study on the effect to a beam is ongoing.

Both structures have 0.9m long focusing solenoids, which

were manufactured by Keum Ryong Tech, a local company.

These solenoids are used for beam matching at the structures

and downstream components.

RF SYSTEM
Two S-band klystrons from Toshiba (E37320) feed high

power RF to the gun, two accelerating structures and deflect-

ing cavity. The maximum power of the klystron is 80MW

with a pulse length of 4 μs. The first klystron feeds the gun
and first accelerating structure. The second feeds the sec-

ond structure and RF deflector (see Fig. 8). The maximum

Figure 7: Accelerating structures and focusing solenoids

installed in the ITF tunnel.

repetition rate of the RF systems is 60Hz. 6 dB and 8 dB

Figure 8: Main components of accelerator beamline and RF

systems. The concrete tunnel wall between the accelerator

beamline and RF stations is not shown.

RF power dividers are installed at the first and second RF

stations, respectively. Higher power is sent to the accelerat-

ing structures. Lower power is delivered to the gun or RF

deflector.

For the independent RF operation of the gun a high power

RF attenuator and a phase shifter are installed in the waveg-

uide to the gun. For the RF deflector, a vacuum gate valve

is installed before the cavity coupler in addition to an atten-

uator and a phase shifter because only few kW RF power in

the deflector can induce a transverse kick to a beam. Both

attenuators and phase shifters were manufactured by Nihon

Koshuha.

Two high power pulse modulators were manufactured by

a Korean company, DAWONSYS. The maximum power of

the modulators is 200MW (400 kV, 500A) with a flat top

width of 4 μs.

Two low level RF (LLRF) modules consisting of both

phase and amplitude detector (PAD) and phase and ampli-

tude controller (PAC) units were manufactured by Mobiis,

a Korean company. More detail on the LLRF modules is

found in Ref. [15] The solid state pre-amplifiers amplify a

2.856GHz pulse from the LLRF module to 800W for the
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klystron operation. The pre-amplifiers are manufactured bu

SUNGSAN, a Korean company.

DIAGNOSTICS
Screen Station
100 μm thick 1 inch YAG screens are installed normal to

the beam direction. a 200 nm aluminum layer on a 100 μm
silicon substrate, installed 45◦ to the beam axis, reflects
beam images horizontally to the view port parallel to the

beam axis. BAUMER TXG50 GigE cameras with 5M pixels

and a 2/3 inch CCD sensor are used.

The original version of ITF screen station was manu-

factured by RadiaBeam Technologies. A new version of

screen station is under preparation for the use at PAL-XFEL,

with considering the European XFEL/DESY and SwissFEL

screen station designs (see Fig. 9). The new version has a tar-

get geometry for the reduction of coherent optical transition

radiation (COTR).

Figure 9: Geometry of screen station. The original design

(left) manufactured by RadiaBeam Technologies and the

new design (right) for reducing the COTR.

Spectrometer Dipole
Two spectrometer systems are installed for beam energy

measurement. Both systems consist of a dipole for beam

bending, a drift vacuum tube and a screen.

The first dipole is installed between the gun and first ac-

celerator column for the gun commissioning. Beam launch

phase of the gun is found with this spectrometer by means

of beam energy measurement as function of gun RF phase.

The dipole is a sector magnet which bends a beam by 90◦.
The second dipole is installed at the end of the ITF beam-

line. The dipole is a sector magnet which bends a beam by

30◦ for a beam energy measurement up to 150MeV.

Integrating Current Transformer
Two Bergoz integrating current transformers (ICTs) were

installed, one after the gun and another before the beam

dump at the end of the beamline. Since signal from the ICTs

was interfered by high level of noise, it was difficult to read

beam signal using the controller. The first ICT after the gun

was replaced with Turbo-ICT from Bergoz Instrumentation.

Bunch charge is now measured clearly using the Turbo-ICT

without background noise problem.

Beam Position Monitor
Seven stripline beam position monitors (BPMs) are in-

stalled. One BPM is located before the first accelerating

structure to monitor the position of a beam entering the ac-

celerating structure. Three BPMs are located between the

first and second structures, after the second structure, and

before the RF deflector, respectively. These four BPMs are

used for beam operation purpose.

Other three BPMs are installed on the BPM test stand at

the rear part of the ITF beamline (see Fig. 10). Using this

Figure 10: Diagnostics test stand at ITF.

BPM test stand, the performance of BPM electronics was

evaluated. Libera Brilliance Single Pass and Libera Single

Pass E from Instrumentation Technologies showed 3 μm and
1.5 μm resolution for 200 pC electron beam, respectively.
μTCA based BPM electronics produced by SLAC showed
about 3 μm resolution using a divided signal from a 200 pC
beam. All tested BPM electronics satisfy the PAL-XFEL

BPM resolution requirement, 5 μm at 200 pC.

This test stand will be used for the test and beam-based

calibration of new BPM pick-ups as well. A new type of

BPM pick-ups will be installed in this autumn.

Beam Arrival Time Monitor
A cavity type of beam arrival time monitors (BAMs) are

installed before the BPM test stand as shown in the left side

of Fig. 10. Resonance takes place when an electron passes

through the single cell S-band cavity. The RF signal is col-

lected with two pick-up antenna at the cavity cylindrical wall.

The signal is analyzed using one channel of the LLRF mod-

ule installed at the second RF station. The BAM resolution

is about 10 fs. More detail on the BAM will be found in

Ref. [16]. Figure 11 shows analyzed signal from the beam

arrival time monitor. This measurement was carried out

during the pulse optical timing test [17].

RF Transverse Deflector
An RF transverse deflecting cavity is installed about 2m

downstream of the second accelerating structure (Fig. 12).

This 1m backward traveling-wave structure deflects an

electron bunch vertically. This deflector was used for the

dechirper experiment [18] and slice emittance measurement.

It will be used for laser heater test in winter 2014. This
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Figure 11: Measured signal from the beam arrival time

monitor during the pulsed optical timing test for a short term

(top) and a long term (bottom).

deflector will be moved to PAL-XFEL and installed after the

first bunch compressor where the beam energy is 350MeV.

Figure 12: RF transverse deflector installed in the ITF tunnel.

EMITTANCE MEASUREMENT
Projected Emittance
Projected emittance was measured by scanning the

strength of the third quadrupole [19, 20]. The beam im-

age was measured using the screen immediate upstream

of the second (high energy) spectrometer dipole. The dis-

tance between the quadrupole and screen is 2.6m. Measured

emittance was normalized by diving with the beam energy

measured with the second spectrometer dipole and screen

downstream. An example scan of quadrupole strength for

emittance measurement is shown in Fig. 13.

Figure 13: An example of single quadrupole scan for

projected emittance measurement. Current of the third

quadrupole was scanned and the beam image was measured

with the screen 2.6m downstream.

Figure 15 shows the history of emittance measurements

at 200 pC bunch charge for the past 18 months. The values

in the plot are the quadratic means of the horizontal and

vertical emittance values. For each measurement point, gun

solenoid field was optimized for best emittance compensa-

tion condition. For the measurements, various drive laser

size and length, RF phases of the gun and first accelerat-

ing structure, RF amplitude of the gun, and current of the

accelerating structure solenoid were used.

Figure 14 shows the emittance measurement with various

radius and pulse length of drive laser. For each measurement,

gun RF phase and gun solenoid current were optimized. This

result does not agree with numerical simulation. An electron

beam generated with a 5 ps laser pulse length has a smaller

emittance compared to the 3 ps case according to numerical

simulation using the ASTRA code [21]. The reason is under

investigation.

Figure 14: Projected emittance (95% rms) for various radius

and pulse length of drive laser at 200 pC bunch charge.

During the first few months of ITF operation, measured

emittance values varied much. However, at good measure-

ment conditions emittance values below 0.5mmmrad was

measured (see Fig. 15). Recent measurements do not show
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a low emittance. We are studying possible reason including

components alignment.

Figure 15: Projected emittance (95% rms) measured with

200 pC beams at ITF from early 2013 to summer 2014.

For the period of October 2013 to April 2014, beam test of

stripline BPM, laser cleaning, and other maintenance were

carried out instead of systematic emittance measurement.

Slice Emittance

Slice emittance for the horizontal direction was measured

by streaking a bunch vertically using the RF deflector [22].

As for projected emittance, the third quadrupole was used for

beam focusing and the last screen was used for beam image

measurement. Figure 16 shows an example measurement at

200 pC. Slices were divided for equal charge. Each slice has

a 10 pC charge. The measurement condition was not fully

optimized yet.

Figure 16: Slice emittance (95%) for the horizontal direction

measured by streaking vertically using the RF deflector. The

right side corresponds to the bunch head.

Systematic measurements of slice emittance as well as

projected emittance are planed in September 2014.

OTHER BEAM TESTS
Dechirper
A 1m long dechirper system was produced for the test of

energy chirp control. The beam experiment was successfully

carried out at ITFwith SLAC and LBNL physicists in August

2013 [18, 23].

Laser Heater
A laser heater system will be installed in the ITF tunnel in

September 2014. Beam commissioning will be carried out

and operating condition will be found in winter 2014 for the

efficient commissioning at PAL-XFEL. Laser heater compo-

nents such as laser heater undulator (see Fig. 17), bending

magnets and vacuum chamber are ready for installation. A

small fraction of an IR pulse (770 nm) from the gun laser

system will be sent to the laser heater.

Figure 17: Laser heater undulator. The undulator magnetic

field is being measured in the insertion device test lab.

Cavity BPM
Cavity BPM test is foreseen in autumn 2014. The cavity

BPMs, which were fabricated at PAL, will be used in the un-

dulator lines of PAL-XFEL for a position reading resolution

better than 1 μm [24].

SUMMARY
The PAL-XFEL Injector Test Facility (ITF) was built in

2012 for beam commissioning of the injector in advance to

the construction of the PAL-XFEL main linac. Beam test of

the RF system, drive laser and diagnostics required for the

PAL-XFEL main linac is also another important role of ITF.
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Projected and slice transverse emittance is beingmeasured

with various machine parameters. Diagnostics test using

electron beamswas done successfully. Beam commissioning

of the ITF accelerator including new guns and diagnostics

will be continued.
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EUROPEAN XFEL CONSTRUCTION STATUS
W. Decking∗, DESY, Hamburg, Germany

F. Le Pimpec, European XFEL GmbH, Hamburg, Germany
for the European XFEL Project Team

Abstract
The European XFEL is presently being constructed in

the Hamburg region, Germany. It aims at producing X-rays
in the range from 260 eV up to 24 keV out of three un-
dulators that can be operated simultaneously with up to
27000 pulses/second. The FEL is driven by a 17.5 GeV
linear accelerator based on TESLA-type superconducting
accelerator modules. This paper presents the status of major
components, the project schedule and a summary of beam
parameters that are adapted to the evolving needs of the
users.

INTRODUCTION
The European XFEL [1] construction has started in 2009

with the ground-breaking for the underground buildings -
about 5.5 km of tunnels, six access shafts, two underground
dump halls, the injector building and the 4500m2 experi-
mental hall. The underground construction is finished and
the erection of the above ground buildings on three different
sites is well underway. The series production of components
is in full swing with many parts already being ready for
installation. The completion of the construction phase was
planned for end of 2015. Due to the delayed delivery of
several components, a new schedule was adopted with the
completion date shifted to end of 2016.
Encouraged by the successful operation of LCLS and

SACLA and based on the small emittances measured for the
XFEL photo-cathode RF-gun at PITZ (DESY/Zeuthen) [2],
the European XFEL has adjusted its target parameters in
2011, see Table 1. The new parameter set enlarges the per-
formance range of the facility [3], but puts a strain on differ-
ent sub-systems, especially for operation at very low charge
(20 pC). All beam diagnostics are affected as well as the
RF stabilization and the beam-stabilizing feedback systems.
As a rule, the original 1 nC-case specifications could be
extended down to 0.1 nC and a limit to the deterioration in
performance for even lower charges was set.

Table 1: European XFEL Electron Beam Properties

Quantity Target Parameters
Electron Energy 8/12/14/17.5 GeV
Bunch Charge 0.02 - 1 nC
Norm. Slice Emittance at Und. 0.4 - 1.0 mm mrad
Slice Energy Spread at Und. 4 - 2 MeV
Peak Current 5 kA

∗ winfried.decking@desy.de

Figure 1 summarizes the photon energy reach of the Euro-
pean XFEL for different accelerator energies and undulator
gap settings. The facility covers the photon energy range
from the Carbon K-edge up to above 25 keV in the first SASE
harmonic.

Figure 1: Photon energy reach of the two undulator types of
the European XFEL at different electron energies.

ACCELERATOR
Injector and Bunch Compression
The XFEL RF gun is similar to the operating gun at

FLASH, DESY. It has been conditioned at PITZ [4]. RF
operation in the design configuration in the XFEL injector
tunnel took place in December 2013 [5]. The photo-cathode
laser - a Nd:YLF laser operating at 1047 nm converted to
UV wavelength in two stages - has been delivered by the
Max Born Institute, Berlin [6]. The RF gun should produce
its first beam after the completion of the laser beam line
in October 2014. The injector tunnel will host, in addition
to the gun, one standard XFEL superconducting 1.3 GHz
module, a superconducting 3.9 GHz module with an acceler-
ating voltage of up to 40 MV, a laser heater and a diagnostic
section. The final installation of all components is scheduled
for mid 2015. The complete injector can be commissioned
and operated independently from the ongoing installation
work in the main accelerator tunnel.

The European XFEL employs a three-stage bunch com-
pression scheme to reduce both micro-bunching and the
required 3.9 GHz voltage. All magnetic chicanes are tun-
able within a wide range of R56 to allow for flexible com-
pression scenarios, for instance balancing peak current and
arrival time stability with LLRF performance. The tuning
is achieved by means of large pole width dipole magnets
and accordingly wide (400 mm) vacuum chambers. All
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dipole magnets are produced and measured, fulfilling the
stringent requirements on the field quality over the complete
width of the pole. After the second and third compression
stage, diagnostic stations similar to the one in the injector
are placed.

Linear Accelerator
At the heart of the facility is the superconducting lin-

ear accelerator. 100 TESLA-type accelerator modules can
deliver a 17.5 GeV electron beam with an average beam
power of 600 kW. The linac will be operated in a pulsed
mode with 10 Hz repetition rates and up to 2700 bunches
per pulse. Production of cavities is in full swing, with more
than 1/2 of the total of 800 industry-built cavities already
being delivered to DESY. The average accelerating gradient
is exceeding the specified 23.6 MV/m and 2/3 of the cavities
are accepted for accelerator module assembly immediately
after their initial rf test; the gradient reached for those cavi-
ties is almost 30 MV/m. About 1/3 of the cavities undergo
an additional ultra pure, high pressure water treatment after
test, boosting the achievable average gradient clearly above
XFEL specifications. A forecast until the end of production
gives a potential additional energy of 1.3 GeV in excess of
the XFEL design energy of 17.5 GeV [7].
The tested cavities are then integrated into a string of

eight cavities at CEA Saclay [8] and installed together with
a quadrupole and beam position monitor into a cryostat, thus
forming an accelerator module. So far nine series modules
have been produced. Most of the sub-components are avail-
able in sufficient quantities to sustain the required production
rate of 1 module/week. Still, to achieve the project goal of
installation of the last of the 100 modules in the tunnel by
mid 2016 an accelerated assembly is necessary.
The accelerator modules are supported from the ceiling

with a beam height of about 2.2 m above the tunnel floor (see
Figure 2). This allows for klystrons, pulse transformers as
well as the LLRF and other electronics racks to be installed
below the accelerator. The modulators are installed in one
single hall above ground and the high-voltage pulse is fed
to the pulse transformer by up to 2 km long cables. Almost
all of the modulators and 2/3 of the klystrons are delivered
and will be installed and put into operation following the
installation of the modules in the tunnel.
The LLRF system is completely based on the MTCA.4

technology and is now successfully in operation at FLASH
[9]. It is for instance capable of manipulating the RF phase
and amplitude along one RF pulse, which would allow to
deliver bunches with different properties to different users
within one 600 µs RF pulse. The beam dynamics potential
and issues for this operation mode are under investigation
[10].

Electron Beam Distribution and Dumps
After the linac almost 3 km of electron beam lines dis-

tribute the beam through the SASE undulators to three differ-
ent beam dumps. Most of the electromagnets have already
been delivered by the Efremov Institute, St. Petersburg,

Figure 2: First accelerator module installed at its final posi-
tion in the main accelerator tunnel [11].

while the vacuum system is under preparation at DESY and
Budker Institute, Novosibirsk.

Downstream of the linac the electron beam line will also
be supported from the ceiling, over a length of 600 m. This
keeps the tunnel floor free for transports and installation
of electronics. Especially at the end of the 5.4 m diameter
tunnel, where 3 beamlines (to SASE1&3, SASE2 and into
the linac dump) run in parallel, installation and maintenance
of the components pose a considerable challenge.
The electrons are distributed with a fast rising flat-top

strip-line kicker in one of the two electron beam lines. A
similar system is already in operation at FLASH2 [12], the
second undulator beamline recently being commissioned at
FLASH, DESY. Another kicker system is capable of deflect-
ing single bunches in a dump beam line [13]. This allows
for a free choice of the bunch pattern in each beam line even
with the linac operating with constant beam loading.

Three solid state beam dumps will be placed at the end
of the accelerator beam lines, capable of absorbing 300 kW
of beam power each, while the beam dump at the end of the
injector (see Figure 3) allows to operate the injector stand
alone up to full beam power. Two tuning dumps after the
bunch compressors complete the beam absorbers. All beam
dumps are manufactured by industry and the high power
dumps come with a semi-automated exchange device, that
allows replacement of the dumps in case of a failure.

Beam Diagnostics
State of the art electron beam diagnostics is of pivotal im-

portance for the success of an FEL. 64 screens and 12 wire
scanner stations, 460 beam position monitors of eight dif-
ferent types, 36 toroids and 6 dark-current monitors are
distributed along the accelerator. Production of the sensors
and read-out electronics is well underway and prototypes of
all devices have been tested at FLASH. BPM electronics is
developed by the Paul-Scherrer-Institut, Villigen and shows
together with the DESY built pick-ups performance already
exceeding the specifications [14, 15], of - for example - a
single bunch resolution of 1 micron for the undulator cavity
BPM’s.

WEB03 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

624C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Status of Projects and Facilities



Figure 3: Test installation of the injector dump [11]. The
dump is placed on the exchange device ready to be moved
into its concrete housing to the right.

Energy measurement will be performed with dedicated
beam position monitors in dispersive sections. In addition
time of travel measurements through compressor chicanes
using beam arrival time monitors, precision aligned screens
and synchrotron radiation monitors [16] in the chicanes can
be used.
Longitudinal and slice parameters of the bunches can be

measured at dedicated diagnostic sections in the injector
at 130 MeV, after the second bunch compressor BC1 at
about 600 MeV and after the final bunch compression stage
at 2400 MeV. The diagnostic sections rely on transverse
deflecting structures and kicker systems to distribute single
bunches onto off-axis screens to measure transverse slice
beam parameters on-line during a bunch train [17]. The
dispersive diagnostic beam lines at these positions can only
be operated in a dedicated mode with a DC deflector that
steers the beam in the tuning dumps. At high energies after
the linac the bunch compression [18] and beam arrival time
[19] will be measured.

PHOTON BEAM SYSTEM
The photon beam system (PBS) starts at the undulator

sections and ends inside the experimental hutches. The
layout of these sections is shown in Figure 4.

Figure 4: Photon Beam System layout

While the control systems DOOCS is used for the electron
accelerator, Karabo controls the components related to the

transport and diagnostic of the photon beam to be delivered
to the experimental areas. In addition to that, Karabo will
be used for acquiring, manipulating and managing the huge
amount of data to be collected by the multi mega-pixel de-
tectors installed at the various instruments [20, 21]. The
challenge of the photon system, which includes various state
of the art optics and instrumentations, will be to cope with
the structure of the electron beam and the peak power den-
sity per bunch. As a reminder, each electron bunch train is
comprised of 2700 bunches distant of 220 ns (4.5 MHz) and
2 trains are distant by 100 ms (10 Hz).
We will in the following sections show some highlights

of the various components of the photon beam system.

Undulator System
The undulator system consists of movable gap out-of vac-

uum undulator segments of 5 m length and intersections with
a phase-shifter, a movable quadrupole, a photon absorber
and a cavity beam position monitor. Undulator parameters
are summarized in Table 2 [22]. In total 91 undulator seg-
ments have to be built and tuned. At the time of writing 81%
of the undulators have been measured and tuned in three
dedicated measurement labs (see Figure 5). Measured seg-
ments are placed into storage before the start of installation
at the beginning of 2015. The phase shifters are produced
by three different companies. Tight tolerances and a special
shimming procedure [23] ensure that they can be operated
over a wide range with no influence on the electron beam
trajectory.

Table 2: European XFEL Undulator Parameters

Quantity SASE1/SASE2 SASE3
System length 213.5 m 128.1 m
Number of segments 35 21
λ0 40 mm 68 mm
K-Range 3.9 - 1.65 9.0 - 4.0
Operational Gap Range 10 - 20 mm 10 - 25 mm

Figure 5: Undulators in the measurement hall [11].
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Photon Beam Transport

The photon bunches emitted at the end of an undulator
section will have a high peak power density (20 GW/mm2 for
pulses of up to 150 fs). This is sufficiently high to damage
any material placed in its way. The photon beam transport
concept is to let the beam expand before cleaning and steer-
ing to the experimental areas could happen. Various mirrors
are going to be installed in the 3 initial beam lines. Their
properties are shown in Table 3. The mirrors will be in
vacuum and coated with B4C to sustain the beam power.
The SASE2 mirror will be partially coated with B4C and Pt.
Pt coating is necessary to reflect higher harmonics of the
FEL beam (>24 keV) to the samples. The substrate length
is 900 mm for the flat mirrors and 950 mm for the bendable
ones.

Table 3: Mirrors Specifications - All mirrors shape error
(peak to valley) should be <2 nm; and the RMS roughness
<3Å. The overall optical length for all mirrors is 850 mm
[24]

Mirror Type Radius Heat Load Energy
(km) (W) (keV)

M1 (SASE1) flat >600 7.0 3 - 24
M2 (SASE1) bendable 54 to∞ 2.5 3 - 24
M3 (SASE1) flat >600 1.2 3 - 24
M1 (SASE2) flat >600 7.0 3 - 80
M2 (SASE2) bendable 58 to∞ 2.5 3 - 80
M3 (SASE2) flat >600 1.2 3 - 80
M1 (SASE3) flat >600 140 0.26 - 3
M2 (SASE3) bendable 10 to∞ 40 0.26 - 3
M5 (SASE3) flat >600 10 0.26 - 3

In addition to the mirrors described above, 2 curved mir-
rors and 3 flat monochromators for the soft-XR beam line
will be provided.

Photon Beam Diagnostics

While being transported it is also important to know the
quality of the photon beam, its pulse energy, position, wave-
length, polarization andmore photon parameters, see [25,26]
and ref therein. X-ray Gas Monitors, designed and produced
by DESY, will allow for non-invasive on-line monitoring of
intensity and beam position. The first complete device was
tested at the PTB (Physikalisch-Technische Bundesanstalt)
beamlines at BESSY2, Berlin in July 2014. Photoelectron
Spectrometers will, online and non-destructively, measure
the photon wavelength and bandwidth as well as the beam
polarization. Invasive diagnostics such as imagers are imple-
mented throughout the beam transport for alignment of the
optical elements. Special commissioning diagnostics like
the undulator K-parameter spectrometers and MCP-based
detectors were constructed and are ready for installation.

Delivering Sample
The first SASE experiment to be operating in 2017 for

users will include advanced sample systems suited to meet
the special requirements of the extremely high peak power
density and the 4.5 MHz repetition rate within a pulse train.
Sample environment systems include a fast solid sample
scanner that will be able to swap micro scale targets fixed
on surfaces within two pulse trains. For handling of liquid
samples for biological imaging and crystallography and for
spectroscopy of chemicals in liquid solvation, a versatile
liquid jet system is under development. To provide a fresh
stream of sample for each pulse of the European XFEL, the
liquid jets need to have high speeds in the order of 100 m/s.
With aerodynamic focusing of a liquid jet by a surrounding
stream of supersonic helium gas, liquid jet diameters below a
µm can be reached. This results in low sample consumption
and reduced background from evaporation [27].

Detectors and Laser systems in the Experimental
Areas

After the sample interaction of the X-Ray, GB of data per
photon pulse will be recorded by some fast imaging detectors,
Figure 6. The challenge of the detectors is to acquire, pre-
process the data and transmit them to a computing center
before the next train of photon bunches arrives. The detectors
will be either installed permanently or be movable from
instruments to instruments, as well as allowing dismounting
for re-calibration.

A significant amount of the experiments at the European
XFEL (up to 75%) will require optical lasers for pump-probe
experiments [29]. Naturally, such a laser must be adapted to
the European XFEL bunch pattern. Some degree of freedom
in the choice of pulse width and wavelength (around 800 nm)
is also desirable. Energy requirements for single pulses usu-
ally range from µJ to mJ. Moreover, different experiments
need different repetition rates and pulse patterns inside the
burst. In consideration of such difficult demands, the Euro-
pean XFEL embarked on a development project to overcome
the lack of commercial laser technology, capable of fulfill-
ing them. The scheme consists a multi-stage non-collinear
parametric amplifier, employing an Yb-based synchronized
front-end, Yb:YAG Innoslab pump amplifiers and dispersion
managed super-continuum seed [30–34]. With the exception
of further scaling of pulse energy and average power, all
essential features were achieved with the R&D prototype:
pedestal-free 15 fs pulses at an intra-burst repetition rate of
up to 4.5 MHz, a pulse energy of 180 µJ with an intra-burst
repetition rate of 188 kHz, long pulse generation up to 75 fs,
wavelength tuning over a range of more than 100 nm, random
pulse selection and the production of a diffraction-limited
laser beam. Current plans foresee the installation of one
pump-probe laser per SASE beamline.

WEB03 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

626C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Status of Projects and Facilities



Figure 6: Planned photon detectors at the Soft and Hard X-ray beamlines. Most of them are capable of operating at the
intra-bunch frequencies (4.5 MHz) [28]

CONCLUSION
The European XFEL is constantly evaluating its target

beam parameters. Recent studies show the potential of the
facility within [35–38] or even beyond its baseline design
[39–41]. Fabrication and installation of components for the
European XFEL is in full swing. The 6 scientific instruments
serving the initial 3 SASE lines have now completed their
Technical Design Reports hence completing a necessary
milestone before the start of their construction [42]. The
aim is to close the main accelerator tunnel by mid 2016.
The subsequent beam commissioning follows an ambitious
schedule with the goal to have the possibility of first lasing
by end of 2016.
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Abstract
A mid-infrared oscillator FEL has been commissioned

at the Fritz-Haber-Institut. The accelerator consists of a
thermionic gridded gun, a subharmonic buncher and two
S-band standing-wave copper structures. It provides a final
electron energy adjustable from 15 to 50MeV, low longitudi-
nal (<50 keV-ps) and transverse emittance (<20 πmm-mrad),
at more than 200 pC bunch charge with a micro-pulse rep-
etition rate of 1 GHz and a macro-pulse length of up to
15 µs. Pulsed radiation with up to 50 mJ macro-pulse energy
at about 0.5% FWHM bandwidth is routinely produced in
the wavelength range from 4 to 48 µm. Regular user oper-
ation started in Nov. 2013 with 6 user stations. The user
experiments include nonlinear spectroscopy of solids, spec-
troscopy of bio-molecules (peptides and small proteins),
which are conformer selected in the gas-phase or embedded
in superfluid helium nano-droplets at 0.4 K, as well as vibra-
tional spectroscopy of mass-selected metal-oxide clusters
and protonated water clusters in the gas phase.

INTRODUCTION
In 2008 the Fritz-Haber-Institut (FHI) embarked on setting

up an infrared FEL facility. The aim was to set up an FEL
that is capable of providing intense, pulsed laser radiation,
continuously tunable from a few micron in the near to mid-
infrared (MIR) all the way to several hundred micron in the
far-infrared (FIR), or Tera-Hertz (THz) regime. Installation
of the FEL started in mid 2011 in a new, dedicated FEL
building on the FHI campus in Berlin. We observed first
lasing in 2012 [1–3] and started user operation in November
2013.
IR radiation in the spectral region from 3 to 100 µm is

often referred to as the molecular fingerprint region, because
it is the region in which the fundamental vibrational modes
of molecules, clusters or solid materials are located. The
vibrational IR spectrum is intimately connected to the molec-
ular structure and dynamics, which is why IR spectroscopy
is one of the basic methods for molecular structure character-
ization. The highest energy vibrations, involving stretching
motions of light atoms, are found around a wavelength of
3 µm. Lower energy vibrations are found throughout the
∗ Consultants to Advanced Energy Systems, Inc.

IR region, down to the FIR region beyond 100 µm. The
vibrational frequencies in the FIR result from heavy atoms
and/or weak bonds, or from soft modes that involve large
amplitude motions and global geometry changes. Thus, FIR
spectroscopy also allows to study the folding dynamics of
(bio)molecules.

FIR radiation can also be used to directly probe surface-
adsorbate vibrations. This allows to study the structure and
dynamics of adsorbates on surfaces, to measure the proper-
ties of deposited or gas-phase cluster materials, or to investi-
gate real-world catalysts in action. In addition, the intense
FEL radiation can readily induce multiple photon excitation
processes and is well suited for double-resonance experi-
ments with other, table-top laser systems.

DESIGN OF THE FHI FEL
To cover the full wavelength range of interest from about

4 to 500 µm the basic design of the FHI FEL includes two
different undulator lines as outlined in Fig. 1 [1–5]. The
MIR branch works for wavelengths up to about 50 µm and
the FIR branch covers the wavelength range from about 40
to 500 µm. A normal-conducting linear accelerator provides
electrons of up to 50MeV energy with a beam transport
system feeding either of the FEL branches or the diagnostics
beamline (Fig. 1).

Electron Accelerator and Beamline
The electron accelerator and beamline system, designed,

built, and installed byAdvanced Energy Systems, Inc. (AES),
has been described before [4–7]. In brief, the accelerator
system is comprised of a gridded thermionic gun, a sub-
harmonic buncher cavity and two standing-wave, π/2 copper
linacs. The first of the two S-band (2.99 GHz) linacs accel-
erates the electron bunches to a nominal energy of 20MeV,
while the second one accelerates or decelerates the electrons
to deliver any final energy between 15 and 50MeV. A chi-
cane between the linacs allows for adjustment of the electron
bunch length as required.
Key performance parameters of the accelerator are

low longitudinal (<50 keV-psec) and transverse emittance
(<20 π mm-mrad) at more than 200 pC bunch charge with
a micro-bunch repetition rate of 1 GHz. The maximum
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Figure 1: Overview of the FHI FEL installation showing the electron accelerator system and the MIR FEL (operational)
and the FIR FEL (to be installed in the future).

Table 1: Summary of Electron Beam Parameters of the S-
band Linear Accelerator

Parameter Unit Spec. Target
Electron energy MeV 20 - 50 15 - 50
Energy spread keV 50 < 50
Energy drift per hour % 0.1 < 0.1
Bunch charge pC 200 > 200
Micro-bunch length ps 1 - 5 1 - 10
Micro-bunch rep. rate GHz 1 1
Micro-bunch jitter ps 0.5 0.1
Macro-bunch length µs 1 - 8 1 - 15
Macro-bunch rep. rate Hz 10 20
Normalized rms
transverse emittance π µm rad 20 20

macro-bunch repetition rate is 20Hz. Table 1 summarizes
the top-level electron beam performance.
The beam is delivered from the accelerator to either the

MIR or the FIR FEL by 90◦-isochronous achromats that
minimize the effect of the micro-bunch and macro-bunch
jitter to ensure radiation wavelength stability and timing
consistency for pump-probe experiments. A quadrupole
triplet downstream of the second linac leads to the first dipole
where the diagnostic beamline goes straight through. There
is another quadrupole triplet in the back leg before the second

90◦ isochronous achromat delivers the beam to theMIR FEL.
Downstream of the undulator the electrons are bent to the
beam dump by a 60◦-dipole.

MIR Oscillator FEL
Both the MIR and FIR FEL consist of an undulator placed

within an IR cavity as summarized in Table 2. The MIR FEL
includes a planar, radiation-resistant, high-field-strength,
wedged-pole hybrid undulator, manufactured by STI Optron-
ics, Inc., which has been described in detail elsewhere [8].
It is 2 m long containing 50 periods with a period length of
40 mm. At a minimum undulator gap of nominally 16.5 mm,
a maximum root-mean-square undulator parameter Krms of
more than 1.6 is reached [8]. This, in combination with
the minimum electron energy of 15 MeV corresponds to a
theoretical maximum wavelength of more than 50 µm for
the MIR system.
The 5.4 m long FEL cavity is formed by a cavity end

mirror and the outcoupling mirror. These are gold-plated
copper mirrors of spherical concave shapes with radius of
curvature of 2.65 m and 3.51 m, respectively. As a result, the
Rayleigh length of the cavity mode is 2 m, thereby matching
the undulator length, and the location of the mode’s waist
is shifted by 50 cm away from the cavity center to coin-
cide with the undulator center [3]. The cavity-end mirror
is mounted on a precision translation stage to enable cavity
length adjustment with a nominal precision of 1 µm. The
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Table 2: Summary of Essential Parameters of the MIR (com-
missioned) and FIR (prospected) FEL Setups

Undulator MIR FIR
Type Planar hybrid Planar hybrid or PPM
Material NdFeB NdFeB or SmCo
Period (mm) 40 110
No. of periods 50 40
Length (m) 2.0 4.4
Krms 0.5 - 1.6 1.0 - 3.0

IR-cavity MIR FIR
Length (m) 5.4 7.2

outcoupling mirror has a hole in its center. Each one of a
set of mirrors with hole diameters of 0.75, 1.0, 1.5, 2.5, and
3.5 mm can be precisely positioned at the cavity end by an
in-vacuum mirror changer. This allows to choose the out
coupling-hole diameter best suited for the wavelength range
of interest.
The FIR FEL has not yet been installed, but its design

has been outlined. The right column of Table 2 gives the
essential design parameters for the FIR undulator and cavity.
The electron branch-off beamline has been included in the
current system, thereby allowing for implementation of the
FIR system at a later point of time.

CHARACTERIZATION OF THE MIR FEL
RADIATION

To characterize the IR radiation different commercial IR
detectors including a liquid-nitrogen cooled MCT (HgCdTe)
detector (Judson J15D24) and a large area (46 mm diame-
ter) pyroelectric detector (Ophir PE50BB) are used for IR
power and pulse energy measurements. In addition, a vac-
uum Czerny-Turner grating spectrometer (Acton VM-504)
equipped with a 0.5”-wide pyroelectric linear array detector
(DIAS 128LT) allows online monitoring of the FEL spec-
trum (see Fig. 2). Further commercial diagnostics equipment
includes a 5 stage IR beam attenuator (LASNIXModel 102).
It is planned to set up additional equipment for characteriz-
ing and manipulating the IR beam in the future including a
photo-acoustic cell and a polarization rotator.

Figure 2: Spectrum of the FEL laser line centered at 5 µm
measured with the grating spectrometer.

Figure 2 shows a spectrum of the FEL line centered at
a wavelength of 5 µm obtained for an electron energy of

38 MeV. The spectral line FWHM (full width at half max-
imum) in this measurement is about 33 nm corresponding
to a relative line width of less than 0.7%. As discussed in
detail in the next section, the line width can be varied by
adjusting the FEL cavity length. Most user experiments at
the FHI FEL facility benefit from narrow line width, even at
the expense of pulse energy. Therefore, the FEL is usually
tuned to exhibit a narrow line width of typically 0.35% to
0.6% FWHM, when lasing at 10 µm or less, increasing to
1.0% to 1.5% FWHM at the longest wavelengths close to
50 µm. This corresponds to absolute FWHM bandwidths
of 3.6 to 6 cm−1 and 2 to 3 cm−1 at 10 and 50 µm central
wavelength, respectively.

As of summer 2014 the accelerator is operated at ei-
ther one of three electron energies of 38 MeV (regime I),
26.5MeV (regime II), and 18.5 MeV (regime III). With these
three energies lasing over the entire MIR wavelength range
from 3.5 to 48 µm is achieved. Figure 3 shows measurements
of the macro-pulse energy for the three regimes, when the
FEL is operated at narrow line width conditions. Largest
macro-pulse energies of about 50 mJ are found at highest
electron energy (regime I), decreasing to less than 10 mJ
in regime III at wavelengths larger than 25 µm. We expect
lasing at even shorter or longer wavelengths once the accel-
erator is operated at its maximum and minimum electron
energies of 50 and 15 MeV (see Table 1), respectively. So
far, a maximum IR pulse energy of 130 mJ was observed
with a broad spectrum centered around 9 µm.
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Figure 3: Macro-pulse energies measured at narrow band-
width conditions for electron energies of 38 MeV (regime I),
26.5 MeV (regime II) and 18.5 MeV (regime III).

Micro-pulse Characterization by SHG Auto-
correlation Measurements
To determine the micro-pulse time structure we im-

plemented an auto-correlation measurement setup shown
schematically in Fig. 4. The FEL beam is split in equal parts
by a Ge-coated ZnSe beam splitter. Both partial beams are
focused onto a 1 mm thick CdTe single crystal. The optical
path-length difference of the beams is accurately controlled
by a commercial precision translation. Non-linear interac-
tion in the CdTe sample leads to second harmonic generation
(SHG). Due to the angle between the incident beams, the
generated SHG beam is separated from the reflected FEL
beams, allowing to block the latter by an aperture. As a re-
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sult, the relatively weak SHG signal can be detected free of
the second harmonic background signal inherently present
in the FEL beams.

Figure 4: Setup to measure auto-correlation functions by
second harmonic generation in a CdTe sample.

Auto-correlation data measured at a wavelength of 12 µm
is shown in Fig. 5 for three different cavity length detunings
of ∆L = −3, -16, and -50 µm, where ∆L = L − L0 with L
and L0 = 5.4 m standing for the actual and nominal cavity
length, respectively. The 2-D plots on the left of Fig. 5
show the SHG signal as a function of the delay time and
real time. The former describes the micro-pulse arrival-time
difference due to the optical path-length difference, while
the latter refers to the time referenced to the beginning of the
electron macro bunch. Thus, the plots show the evolution of
the micro-pulse auto-correlation over the macro-pulse time
window.

For the smallest cavity detuning of -3 µm (Fig. 5A) micro-
pulses occur rather late in the macro-pulse indicating a rela-
tively small FEL gain. These pulses show very sharp auto-
correlation functions with FWHM values down to 0.6 ps.
The auto-correlation time structure changes significantly
when the cavity detuning is increased to -16 µm (Fig. 5B).
Pulses now appear earlier within the macro-pulse indicating
a larger FEL gain. In addition, the auto-correlation function
exhibits multiple peaks separated by about 1 ps. Finally, at
even larger cavity detuning of -50 µm (Fig. 5C) the multiple-
peak structure has evolved into a single broad peak with a
relatively large FWHM increasing from 3 ps to about 8 ps
over the course of the macro-pulse.

A multiple-pulse time structure of the micro-pulses in an
oscillator FEL was observed at FELIX before and explained
in terms of limit-cycle oscillations [9, 10]. Our observations
agree well with those findings. The large variation of the
micro-pulse time structure allows us to tune the temporal
and spectral properties of the FEL radiation by changing the
cavity length. In fact, in most FHI FEL user experiments,
which will be described in the next section, a rather narrow
spectral bandwidth is advantageous. Time resolved experi-

A

B

C

Figure 5: Auto-correlation measurements of FEL pulses at
12 µm wavelength for 3 different cavity length detunings of
∆L = −3 µm (A), −16 µm (B), and −50 µm (C), measured
with the setup shown in Fig. 4. The plots on the left show
the observed SHG signal as a function of delay time and real
time within the electron macro-bunch time window with
zero set by the beginning of the macro-bunch. The data
analysis results shown on the right indicate the evolution of
the micro-pulse structure over the macro-pulse.

ments, however, will benefit from short FEL pulses that can
be achieved at small cavity length detuning. The FWHM
of 0.6 ps observed in the auto-correlation function shown
in Fig. 5A corresponds, assuming a Gaussian pulse shape,
to a deconvoluted micro-pulse length of less than 0.43 ps
FWHM.

FACILITY AND USER STATIONS
The IR pulses, extracted from the MIR FEL, enter the IR

beamline through a CVD diamond window under Brewster
angle. The window separates the ultra-high vacuum of less
than 1 x 10−8 mbar in the undulator and cavity-mirror cham-
bers from the high vacuum (10−5 mbar) in the IR beamline.
The IR beamline consists of 10 cm inner-diameter stainless
steel pipes interconnected at right angle by vacuum chambers
housing 90◦-deflection broadband IR mirrors. The mirrors
are either flat or toroidal (focusing) and are made out of
copper with a gold coating. The nominal mirror reflectivity
is 99.2% over the entire IR range. A total of 6 such mirrors
steer the IR beam from the FEL cavity in the vault to the
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IR diagnostic station, located in the neighboring building,
over a total length of 18 m (see Fig. 6). Another IR beam-
line system (user beamlines) brings the FEL beam from the
diagnostic station to either one of six experimental stations
located in the basement and the ground floor as indicated in
Fig. 6.

As of summer 2014 five experiments from the area of gas-
phase spectroscopy of clusters and bio-molecules as well
as one experiment from the field of solid-state physics have
been using the MIR FEL radiation.

Station I: Chemistry of transition metal clusters
The group of André Fielicke (FHI & TU Berlin) has been
using the FHI FEL radiation to investigate transition-metal
clusters in the gas phase. For instance, vibrational spec-
tra of CO attached to small cationic ruthenium and cobalt-
manganese clusters have beenmeasured. These studies allow
to probe the effects of alloying on the d-band center that is
controlling the strength of the p-backbonding to the CO. Fur-
ther systems studied so far by FHI FEL radiation include: (i)
neutral iron oxide clusters studied by IR-UV two color ion-
ization; (ii) neutral gold clusters in search for O2 activation
in the presence of deuterated water; (iii) positively charged
Rh+nCH4 clusters; and (iv) neutral SinB clusters.

Station II: Vibrational spectroscopy of gas phase clus-
ters: catalysis, astrochemistry and new materials The
group of Knut Asmis (FHI & U Leipzig) has been using the
FHI FEL radiation to study negatively charged aluminum
oxide and iron oxide clusters in the gas phase. The small
negatively charged metal oxide clusters are prepared in an
ion trap, cooled to temperatures on the order of 20K, and
tagged with a few D2 molecules per cluster. Mass-selective
vibrational spectra are measured by way of IR photodissoci-
ation of the messenger-tagged complexes in order to probe
(close to) the linear absorption regime.

Station III: Vibrational spectroscopy of gas phase
clusters: atmospheric chemistry and ion solvation
Protonated gas-phase water clusters H3O+(H2O)n and
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Figure 6: Cross sectional view of the new FEL building
(left) and the spectroscopy-lab building (right) indicating
the IR transport beamline system connecting the FEL with
currently six user stations in the basement and ground floor,
which are labelled by the principle investigator’s name.

D3O+(D2O)n as well as Cs+(H2O)n and Cs+(D2O)n have
been investigated by the Asmis group to illucidate their
structural properties. Further systems studied at this
beamline using the FHI FEL radiation include anionic
ClMgCO−2 molecules as well as NO−3 (HNO3)n(H2O)m and
NO−3 (HNO3)n clusters tagged with D2.

Station IV: Spectroscopy of conformer selected pro-
teins The group of Gert von Helden (FHI) has been us-
ing the FHI FEL to study the structure of bio-molecules
in the gas phase. IR spectra of the protein Ubiquitin (76
amino acids) in different charge states n+ and crown-ether
complexes thereof have been measured. Prior to the in-
teraction with the FEL beam, the molecules are not only
selected according to their mass-to-charge ratio but they are
also conformer selected using gas-phase IMS (ion mobil-
ity spectrometry) methods. Surprisingly narrow amide-I
bands near 1650 cm−1 and amide-II bands near 1500 cm−1
have been found. Further molecules studied by IR spec-
troscopy combined with IMS include the penta-peptide
leucine-enkephalin.

Station V: Spectroscopy of bio-molecules embed-
ded in superfluid helium nano-droplets Helium nano-
droplet isolation spectroscopy has been established as a
method to record optical spectra of molecules at ultracold
conditions. Charged bio-molecules, brought into the gas
phase via electrospray ionization, are mass-to-charge se-
lected in a mass spectrometer and stored in an ion trap.
Suprafluid helium nano-droplets traversing the ion trap pick
up the molecules. The IR spectra of the ions at 0.4 K in
the helium droplet, measured with the FHI FEL radiation,
reveal much narrower lines than those measured using con-
ventional gas-phase methods. This is why the results are
expected to improve the understanding of the peptide and
protein structures. The von Helden group has so far observed
spectra of leucine-enkephalin and of the proteins ubiquitin
and angiotensine.

Station VI: Nonlinear spectroscopy of solids The
group of Alexander Paarmann (FHI) has embarked on a
project to investigate ultrafast dynamics in solid state systems
under MIR excitation with the FHI FEL. These experiments
on the one hand allow micro-pulse temporal characterization
using second harmonic generation in MIR nonlinear optical
crystals like CdTe and GaSe. On the other hand, ultrafast
time-resolved experiments using the FEL as pump pulse
and applying various probes, such as visible reflectivity or
sample magnetization allow detailed study of fundamental
interactions among low-energy excitations. As part of the
project, sub-ps time synchronization of a near-IR femtosec-
ond laser with the FEL micro-pulses will be implemented.

Station under preparation: Surface science experi-
ment A surface-science beamline station is currently un-
der construction by the group of Helmut Kuhlenbeck (FHI).
It is scheduled for commissioning in 2015. It will be used
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for vibrational spectroscopy of metal clusters deposited on
flat ordered substrates, so-called model catalysts. Similar to
the gas-phase experiments the clusters will be tagged with
weakly bound rare-gas atoms. Upon vibrational excitation of
the cluster by FEL radiation, the rare gas atoms will desorb
due to the rapid resonant heating of the clusters, and vibra-
tional spectra of the clusters can be measured by recording
the desorption signal.

CONCLUSION
The IR FEL Facility at the Fritz-Haber Institute of the

Max-Planck Society started regular user operation in Novem-
ber 2013. The MIR oscillator FEL, operated with 15 to
50MeV electrons from an S-band copper accelerator made
by AES, Inc., provides pulsed radiation from, currently, 4 µm
to almost 50 µm. The temporal and spectral properties of
the FEL radiation has been characterized using a grating
spectrometer and by auto-correlation measurements. The
width of the FEL’s spectral line was determined to be as
small as 0.35% (FWHM) for relatively large detuning of
the FEL cavity length. For very small cavity detuning, IR
pulses as short as 0.4 ps (FWHM) have been observed. As
of now, 6 user stations have been applying the FHI FEL
radiation for vibrational spectroscopy of charged and neutral
cluster and bio-molecules in the gas-phase or embedded in
helium-nanodroplets as well as for nonlinear spectroscopy
of solids.
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FLASH: FIRST SOFT X-RAY FEL OPERATING TWO UNDULATOR

BEAMLINES SIMULTANEOUSLY

K. Honkavaara∗, B. Faatz, J. Feldhaus, S. Schreiber, R. Treusch, M. Vogt,

DESY, Hamburg, Germany†

Abstract

FLASH, the free-electron laser user facility at DESY

(Hamburg, Germany), has been upgraded with a second

undulator beamline FLASH2. After a shutdown to connect

FLASH2 to the FLASH linac, FLASH1 is back in user op-

eration since February 2014. Installation of the FLASH2

electron beamline has been completed early 2014, and the

first electron beam was transported into the new beamline in

March 2014. The commissioning of FLASH2 takes place in

2014 parallel to FLASH1 user operation. This paper reports

the status of the FLASH facility, and the first experience of

operating two FEL beamlines.

INTRODUCTION

FLASH [1–4], the free-electron laser (FEL) user facility

at DESY (Hamburg), delivers high brilliance XUV and soft

X-ray FEL radiation for photon experiments.

The TESLA Test Facility (TTF) Linac [5], constructed at

DESY in mid 1990’s and operated until end of 2002, was

originally dedicated to test the feasibility of high gradient

superconducting accelerator technology in the framework

of the TESLA linear collider project [6]. In addition, it

was used to drive a SASE (Self Amplified Spontaneous

Emission) free-electron laser pilot facility TTF-FEL [7,8] at

photon wavelengths from 80 nm to 120 nm [9,10] to demon-

strate the feasibility of SASE FELs in the VUV range. Based

on the experience gathered from the TTF-FEL operation,

FLASH – originally called VUV-FEL at TTF2 – was con-

structed in 2003-04.

The first lasing of FLASH at 32 nm was achieved in Jan-

uary 2005 [11]. Since summer 2005 FLASH has been op-

erated as an FEL user facility, being the first facility in the

world delivering VUV and XUV FEL radiation for photon

experiments. During 2005-2007, FLASH delivered FEL

radiation in wavelengths from 13 nm to 47 nm (fundamen-

tal), entering the water window with the 3rd and 5th har-

monics [1]. An energy upgrade to 1 GeV in summer 2007

extended the range to the soft X-rays with wavelengths down

to 6.5 nm [12,13]. The next upgrade [14], accomplished in

2009/10, led to major modifications of the facility, including,

for example, the installation of third harmonic RF cavities to

linearize the longitudinal phase space and an energy upgrade

to 1.25 GeV. This allowed lasing with wavelengths down

to 4.1 nm [15], entering thus the water window also with

fundamental wavelengths.

The most recent upgrade to include a second undulator

beamline has been carried out in 2011-14, mostly parallel

∗ katja.honkavaara@desy.de
† for the FLASH team

Table 1: FLASH Parameters 2014

Electron beam

Energy MeV 380 - 1250

Bunch charge nC 0.08 - 1

Bunches / train 1 - 500

Bunch spacing µs 1 - 25

Repetition rate Hz 10

FEL radiation

Wavelength (fundamental) nm 4.2 - 45

Average single pulse energy µJ 10 - 500

Pulse duration (fwhm) fs < 50 - 200

Spectral width (fwhm) % 0.7 - 2

Peak power GW 1 - 3

Photons per pulse 1011 - 1013

Peak brilliance * 1029 - 1031

Average brilliance * 1017 - 1021

* photons / (s mrad2 mm2 0.1 % bw)

to the FLASH user operation. After a shutdown in 2013 to

connect the new beamline to the FLASH linac, the operation

re-started in August 2013. Since February 2014, FLASH

is back in user operation. The beam commissioning of the

second undulator beamline (FLASH2) has started in March

2014.

This paper reports the status of the FLASH facility, and

the first experience of operating two undulator beamlines.

Part of the material discussed here has been presented in

previous conferences, most recently in [4].

FLASH FACILITY

The layout of the FLASH facility is shown in Fig. 1. The

first undulator beamline, being in operation since 2004, is

referred to FLASH1, the new one to FLASH2. Table 1 shows

typical FLASH operating parameters. These parameters are

not all achieved simultaneously, but indicate the overall span

of the performance.

A superconducting linac driven by an RF-gun based pho-

toinjector provides a train of electron bunches: the maximum

bunch train length is 800 µs, and it can be shared between

the two undulator beamlines. Several discrete bunch spac-

ings between 1 µs (1 MHz) and 25 µs (40 kHz) are possible.

The bunch train repetition rate is 10 Hz. The typical bunch

charge ranges from 80 pC to 1 nC.

The photocathode laser system has two independent lasers,

both based on an actively mode-locked pulse train oscillator

with a linear chain of fully diode pumped Nd:YLF ampli-
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Figure 1: Layout of the FLASH facility (not to scale).

fiers followed by frequency quadrupling to the UV [16,17].

During simultaneous operation, one of the lasers is used to

produce the electron bunch train for the FLASH1 beamline,

the other one for FLASH2. The duration of the Gaussian

shaped laser pulse is fixed to 6.5±0.1 ps (rms). For certain

experiments, especially in order to produce very short elec-

tron bunches [18], a third laser system is in the testing phase.

This laser provides UV-pulses with an adjustable duration of

0.8 ps to 2 ps (rms), easing thus the compression of electron

bunches.

An exchangeable cathode, consisting of a thin Cs2Te

film on a molybdenum plug [19], is installed on the back-

plane of the RF-gun. During the last years, severe hardware

problems have occurred related to the RF-gun and its RF-

window [4,20]. During the 2013 shutdown, a new RF-gun

has been installed and was successfully taken into operation

in autumn 2013. Unfortunately, a vacuum leak developed at

the RF-window, and the window had to be replaced in April

2014. New RF-gun design options and new RF-window

types are being tested with a goal to increase their lifetime

considerably.

The FLASH linac consists of seven superconducting

TESLA type accelerating modules. Each module has eight

9-cell niobium cavities operated at 1.3 GHz. The maximum

achievable electron beam energy is 1.25 GeV. A module

with four 3.9 GHz (third harmonics of 1.3 GHz) supercon-

ducting cavities is installed downstream the first accelerat-

ing module to linearize the energy chirp in the longitudinal

phase space. In order to achieve the peak currents required

for the lasing process, electron bunches are compressed by

two magnetic chicane bunch compressors at beam energies

of 150 MeV and 450 MeV, respectively.

The RF-gun and the accelerator modules are regulated

by a sophisticated low level RF (LLRF) system. During the

2013 shutdown, the LLRF system of the accelerator modules

has been upgraded to a new powerful and fast digital system

using MTCA.4 specifications [21]. The upgrade of RF-gun

LLRF system is scheduled late 2014. Details of the new

LLRF system and its performance at FLASH can be found

in [22].

A kicker-septum system is now installed downstream the

last accelerator module. Flat-top kickers with a total deflec-

tion angle of 2.2 mrad kick the FLASH2 part of the bunch

train vertically into the deflecting channel of a Lambertson

septum. The septum deflects the beam horizontally by 6.5°

into the FLASH2 beamline. The FLASH1 part of the bunch

train goes straight ahead to the FLASH1 collimator and un-

dulator section. The septum magnet with the FLASH1 and

FLASH2 beamlines is shown in Fig. 2.

The FLASH1 and FLASH2 bunch trains are within the

same RF-pulse. This allows to serve both beamlines with

a bunch train repetition rate of 10 Hz. The two trains, one

for FLASH1 and the other one for FLASH2, are separated

by a gap of some tens of µs. The minimum gap width is

determined by the kicker pulse rise time, and is about 30 µs.

Figure 2: Separation of FLASH1 (straight) and FLASH2

beamlines (to the right). The blue magnet is the Lambertson

septum.

The FLASH1 electron beam passes through six 4.5 m

long fixed gap (12 mm) undulator modules producing FEL

radiation based on the SASE process. The undulators con-

sist of permanent NdFeB magnets, the undulator period is

27.3 mm, and the peak K-value 1.23. The FLASH2 beam-

line has twelve 2.5 m long variable gap undulators with an

undulator period of 31.4 mm.

At FLASH1 a transverse deflecting structure is installed

upstream of the SASE undulators. It serves together with a
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kicker and an off-axis screen as an on-line monitor for the

electron bunch length and shape [23]. This monitor is now

in continuous use, especially during short pulse operation.

In the FLASH1 beamline, a planar electromagnetic un-

dulator is installed downstream of the SASE undulators to

produce, on request, THz radiation. Later, a THz undulator

will also be installed into the FLASH2 beamline.

Both FLASH1 and FLASH2 have a sophisticated photon

diagnostics section providing a possibility to measure and

characterize the photon beam parameters. In the FLASH1

experimental hall, five photon beam lines are available for

user experiments. Photon diagnostics and photon beamlines

of FLASH1 are described in [2, 24]. Since FLASH1 is not

yet equipped with permanent end-stations, each experiment

has to provide and install its own measurement hardware.

The first permanent end station (CAMP instrument) is under

preparation at beamline BL1. The operation of FLASH2

starts initially with 2-3 photon beamlines, and the new exper-

imental hall foresees place for finally up to seven beamlines.

The aim is to provide several fixed end-stations for photon

users. The FLASH2 photon beamlines and diagnostics are

described in [24, 25].

A seeding experiment sFLASH [26], with four variable

gap undulators, is installed between the collimation section

and the SASE undulators in the FLASH1 beamline. In the

FLASH2 beamline, a place for seeding hardware is reserved

upstream of the undulators. Investigations of the optimal

seeding scheme for FLASH2 are on-going. Initially the

FLASH2 operation will start with SASE having similar pa-

rameters as FLASH1.

OPERATION STATUS OF FLASH1

After the shutdown to connect the FLASH2 beamline to

the FLASH linac, the operation started in August 2013.

A ground settlement of the FLASH1 beamline of up

to 10 mm was expected due to the heavy load of the new

FLASH2 buildings, including a 6 m deep and 80 m long

triangle-shaped space between FLASH1 and FLASH2 build-

ings, which was filled with some kilotonnes of sand for ra-

diation safety reasons. Due to delays in FLASH2 civil con-

struction, the settlement occurred late, mainly in summer

2013. As a consequence, the final survey and re-alignment

of FLASH1 undulators coincided with the commissioning of

the linac and caused a significant delay of about one month

for beam commissioning. A stable FEL operation was es-

tablished by end of 2013, including commissioning of the

photon beamlines, which had to be re-adjusted as well.

A highlight of the commission phase was the successful

increase of the average single FEL pulse energy up to 540 µJ.

This is a new record at FLASH, and has been achieved at a

photon wavelength of 8.7 nm. A new electron beam optics

[27,28], allowing simultaneous operation of FLASH1 and

FLASH2, has been implemented. Substantial amount of

time was used also to commission the new LLRF system,

new magnet controls, and upgrades of the timing system.

The 5th user period started in February 2014. As in the pre-

vious user periods, the photon experiments have requested

a large variety of beam parameters. Experiments requiring

400 pulses per train with 1 µs spacing at the wavelength of

7.8 nm, 50 pulses per train with 5 µs spacing at 42 nm, and a

single pulse in the water window at 4.3 nm are examples of

the diversity of beam parameters realized in the last months.

In addition many experiments require photon pulses shorter

than 50 fs (fwhm) or with a small bandwidth (<1%). Ar-

rival time stabilization to the 20 to 40 fs level is also often

requested.

A vacuum leak on the RF-window of the RF-gun was

detected in March 2014, and the window was promptly ex-

changed at the next opportunity in April. Due the required

conditioning of the RF-window, one user experiment had

to be postponed. Nevertheless, the the user run could be

continued with shorter RF-pulses to serve users with a few

bunches per train only. During the following weeks, the

RF-gun pulse length has been slowly increased, and a length

of 500 µs has been re-established. The user operation con-

tinued in June 2014 according to the schedule with a stable

RF-gun operation.

COMMISSIONING STATUS OF FLASH2

The construction of the building hosting the new FLASH2

undulator line started in autumn 2011. The civil construction

took significantly longer than expected and was finished only

early summer 2013, almost half a year later than originally

scheduled. The construction of the new experimental hall

has been finalized in spring 2014.

Figure 3: FLASH2 undulator beamline with twelve variable

gap undulators.

The installation of the FLASH2 extraction beamline and

its connection to the FLASH linac took place in spring and

early summer 2013. The mounting of the FLASH2 electron

beamline, including the undulators (see Fig. 3), was fin-

ished in January 2014. Devices for basic photon diagnostics,

such an MCP detector to measure the photon pulse energy, a

Ce:YAG crystal for beam profile and position measurements,
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and a wavelength spectrometer, have also been installed al-

ready. Technical commissioning of FLASH2 components,

for example, magnet power supplies and variable gap undula-

tors, started early 2014. The control and timing systems have

been upgraded to allow simultaneous operation of FLASH1

and FLASH2.

After connecting the FLASH2 personnel interlock system,

the official permission for FLASH2 beam operation was

given February 7, 2014. Due to the FLASH1 user operation,

dedicated beam time for FLASH2 had been restricted to a

few days only until simultaneously operation was established.

The first electron beam was transported into the FLASH2

extraction beamline on March 4, 2014, and beam transport

up to the dump was achieved on May 23, 2014.

Figure 4 shows the FLASH1 and FLASH2 electron beams

on a screen at the septum entrance; the upper one is the

kicked beam to be deflected to FLASH2, the lower one the

beam going straight to FLASH1.

Figure 4: FLASH1 (lower) and FLASH2 (upper) electron

beams on a screen at the septum entrance. The beam sepa-

ration is 16 mm.

End of May 2014, the simultaneous operation of FLASH1

and FLASH2 has been established, and starting with June,

the FLASH2 beam commissioning has taken place, when-

ever possible, parallel to the FLASH1 user operation. This

increases significantly the time available for FLASH2 beam

commissioning.

The on-going commissioning is mainly related to the elec-

tron beam diagnostics and to the beam loss and machine

protection systems. The setting up of the beam optics to pro-

vide a stable, loss-free beam transport is under way [29]. In

order to avoid radiation damage on the permanent undulator

magnets, the first beam operation has been carried out with

open undulator gaps. First lasing is expected soon.

OPERATION OF TWO UNDULATOR

BEAMLINES

The FLASH linac uses superconducting accelerator tech-

nology, which allows operation with long RF-pulses, i.e.

with long electron bunch trains. The bunch train can be

shared between the two undulator beamlines, giving the

possibility to serve simultaneously two photon experiments,

both at 10 Hz pulse train repetition rate. Since roughly half of

the photon experiments request operation with a few pulses

per train only, it is feasible to organize experiments such that

both undulator beamlines are efficiently used.

Two separate injector lasers are used in parallel to produce

two electron bunch trains within the same RF-pulse with

different parameters. The two trains are separated by a gap

of some tens of µs (kicker pulse rise time). The number

of bunches as well as the bunch spacing can be selected

independently for both trains, taking into account the total

available RF-pulse length of 800 µs. In addition, the elec-

tron bunch charge can be different in the two trains. This

feature, together with the flexible LLRF system, which is

able to provide in certain limits different accelerating am-

plitude and phase for the two trains, allows FLASH1 and

FLASH2 experiments with different pulse durations. Since

the electron bunches are accelerated and compressed by the

same linac, the practical feasibility of different parameters

is constrained by beam dynamics of the bunch compressors

(space charge related collective effects) and the acceptance

of the beam optics in terms of beam energy.

FLASH1 has fixed gap undulators, and therefore the elec-

tron beam energy of the FLASH linac is defined by the wave-

length of the FLASH1 experiment. Thanks to the variable

gap undulators, the FLASH2 wavelength can be typically

tuned by a factor of 2-3 and hence be adapted, at a fixed

electron beam energy, to the requirements of the FLASH2

experiment. In the future, it is planned to exchange the

FLASH1 undulators to variable gap ones as well.

During the last months, we have gathered our first ex-

perience to operate the FLASH1 and FLASH2 beamlines

simultaneously. We have successfully established FLASH2

electron beam operation during FLASH1 photon user ex-

periments. For example in July 2014, FLASH1 delivered

a photon beam to a user experiment at 4.3 nm, while the

FLASH2 electron beam was simultaneously transported up

to the dump and used for commissioning of electron beam

diagnostics, without disturbing the FLASH1 operation.

Operation with two injector lasers is well-established and

applied routinely. The control and timing systems as well

as operation procedures have been upgraded and commis-

sioned. In order to allow smooth simultaneous operation of

both beamlines, it is important to set up the FLASH linac at

the same time for FLASH1 and FLASH2 operation. This

includes, for example, the beam orbit in the common beam-

line between the kicker and the septum. In the first meters

downstream of the septum, the two electron beamlines are

very close to each other (Fig. 2), and cross-talk through stray

fields of the magnets has to be taken into account as well.

SUMMARY AND OUTLOOK

After connecting the FLASH2 beamline to the FLASH

linac, the 5th period of user FEL experiments at FLASH1

started in February 2014, continuing until April 2015.
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”

The FLASH2 beam commissioning started in March 2014
and mainly takes place in parallel to the FLASH1 user op-
eration. First lasing and SASE operation is expected soon.
The first FLASH2 pilot photon experiments are expected in
2015, and regular user operation in 2016.

With FLASH2 in operation, the user capacity of FLASH
will be significantly increased. The variable gap undulators
will ease photon wavelength changes in FLASH2, and, to-
gether with two injector lasers and the flexible LLRF system,
allow parallel operation of FLASH1 and FLASH2 with to a
certain extent independent parameters.
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Abstract
The accurate measurement of the arrival time of a hard 

x-ray free electron laser (FEL) pulse with respect to a 
laser is of utmost importance for pump-probe experiments 
proposed or carried out at FEL facilities around the world. 
This paper presents the latest device to meet this 
challenge, a THz streak camera, and discusses the 
challenges in its design, use, and analysis of results.

INTRODUCTION
Laser pump, x-ray probe experiments performed at FEL 

facilities around the world [1, 2, 3, 4, 5] typically want to 
use short pulse length and intense coherent x-ray radiation 
to perform experiments with sub-picosecond time 
resolution.   As they go towards improved temporal
resolutions, the experiments require accurate 
measurements of the arrival times of the FEL pulses 
relative to a laser pump on the sample they are probing.  
This measurement must also be non-invasive, allowing 
the experimenters the maximum use of the X-ray beam 
for their work rather than for diagnostics.

Several methods have been proposed and implemented 
in the past to meet this diagnostics challenge: 
transmission/reflectivity spatial and spectral encoding
used for soft and hard x-rays at FLASH, SACLA, and 
LCLS [6, 7, 8, 9], the THz streak camera for soft x-rays at 
FLASH [10, 11] and other methods [12, 13, 14].  These 
methods all have their advantages and drawbacks, and the 
only one that has been attempted for hard x-ray arrival 
time measurement is the spatial/spectral encoding setup, 
which has an arrival time accuracy of on the order of 10 
fs RMS [6, 9].  The potentially more accurate THz streak 
camera has not been attempted for use at hard x-ray 
sources due to the small photoionization cross-section of 
the gas target and the difficulties in differentiating jitters 
in the photon energy of the FEL beam from an arrival 
time signal of the FEL beam by electron spectroscopy.  
The Photon Arrival and Length Monitor (PALM) 
prototype chamber [15] developed at the Paul Scherrer 
Institute (PSI) for the future SwissFEL facility mitigates
both of these problems, measuring the pulse length, and 
the arrival times of hard x-ray FEL pulses relative to a 
THz pulse and the laser it is generated from.

CONCEPTS
The concept of the THz streak camera has been 

explained in the past in literature [16, 17, 18], and has 
shown itself capable of measuring pulse lengths of high-
harmonic-generation (HHG) soft x-rays in table-top laser 
laboratories.  The device can also be used to measure the 
arrival time of the x-ray relative to the THz pulse.
The THz streak camera uses a gas that is photoionized by 
the x-ray light as an electron emitter.  The electrons are 
then subject to a time-varying vector potential generated 
by co-propagating THz radiation, the duration of which is 
longer than the pulse length of the x-ray pulse.  A shift in 
the arrival time of the x-ray pulse translates to a shift in 
the kinetic energy gained by the electrons in the vector 
potential.  The final kinetic energy of the photoelectrons 
Kf streaked by the vector potential Up is

= + 2 ( ) ± 8 sin ( ) (1)

where K0 is the initial kinetic energy of the electrons at 
the time of ionization, 0 is the phase of the vector 
potential at the time of the ionization, and 

=
( )

 (2)

ETHz(t) is the (sinusoidal) THz electric field, e is the 
electron charge, me is the mass of the electron, and THz is 
the frequency of the THz f in radians/s.

The time delay between the external THz field and the 
FEL pulse was controlled by a translation stage, and time 
of flight of the electrons under different time delays were 
recorded, forming a two dimensional (2D) streaked 
spectrogram. As shown in Eq. 1, the shape of the 
spectrogram is determined by the THz frequency, initial 
electron kinetic energy and the vector potential.  The 
time-to-energy map can be extracted by recording the
center of mass (COM) kinetic energy of each time delay 
and shot-to-shot arrival time of the FEL pulses related to 
the THz pulse are retrieved by recording the single-shot 
electron kinetic energy when the stage is set at the middle 
of the time-to-energy slope. The pulse lengths are 
measured by looking at the change in spectral width of 

THA01 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

640C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines



the kinetic energy of the electrons.  A longer pulse will 
give a longer width, as described in [10, 11].

Since x-ray photoionization cross sections decrease as 
the x-ray photon energy increases [19], fewer electrons 
are thus expected to generate from single-shot ionization 
of the noble gas atoms for hard x-rays. However, the 
PALM setup counterbalanced this effect by using gas 
from a supersonic pulsed valve [20] that is synchronized 
to the FEL pulse that increases the sample density in the 
interaction region, while in the other hand decrease the 
gas load in the streaking chamber.

SETUP CONSIDERATIONS
The flight path of electrons, and especially low-kinetic-

energy electrons, can be affected by magnetic fields, 
yielding flight times inconsistent with their real kinetic 
energy.  To counteract this issue, the chamber was built 
out of -metal and described in [15]. As schematically 
shown in Figure 1, two ETF20 Kaesdorf electron time-of-
flight (eTOF) spectrometers measured the strength of the 
streak induced on the photoelectrons by the vector 
potential of the THz field. This tandem measurement is 
used to eliminate the photon energy jitter common at 
FELs from the observed spectra. The pressure near the 
sensor element of the eTOFs, the multi-channel plates 
(MCPs) should not be on the order of 10-6 mbar to prevent 
sparking and damage to the MCPs.  Small pumps are 
attached to the eTOFs to keep the drift tube under low 
pressure despite a higher gas load in the chamber.  
Despite this precaution, the pressure in the main chamber 
is limited by the tolerance of the MCPs, and should 
always be checked before the device is started.

Figure 1: Schematic drawing of the PALM prototype 
chamber.

The two e-TOF spectrometers, positioned opposite each 
other, measure exact opposite streaking effects, but 
measure the same electron kinetic energy shift due to 
photon energy jitter.  The resolution of the eTOFs over 
the dynamic range of the measurement is controlled by 
adjusting their drift tube and electrostatic lens settings. By 
subtracting the average of the two mean kinetic energies 
from each individual measurement, the photon energy 
jitter contribution is eliminated, leaving only the clean 
measurement of the FEL relative pulse arrival time.

The Xe gas is injected into the interaction region by a
LaserLab Amsterdam piezo cantilever valve [21]
synchronously with the FEL repetition rate.  The valve 
has a 40o conical nozzle with a diameter of 150 m with a 
backing pressure of about 3.5 bar above atmospheric 
pressure. The valve was placed 10 to 12 mm away from 
the center of the interaction region to deliver the largest 
amount of gas in the smallest volume possible while not 
interfering with the flight path of either the THz beam or 
the FEL pulse.  The estimated diameter of the gas target
in the interaction region was between 1.2 and 1.5 mm.   
The average pressure in the chamber while the valve was 
working was 1.1 × 10-5 mbar, with a background pressure 
of about 3 × 10-7 mbar.

The THz radiation has thus far been generated in a
LiNbO3 crystal via the tilted pulse-front pumping method
[22] optimized for a high-energy pump [23] by 800 nm
laser 5-10 mJ system outside of the chamber and then 
introduced into vacuum through a z-cut quartz window.  
The laser intensity should be monitored on a shot-to-shot 
basis to compensate for the change in the THz field’s
power in the data analysis. A three inch parabolic mirror
focuses the THz radiation 170 mm downstream, 20 mm
behind the interaction region to avoid Gouy phase shift 
[24] effects across the diameter of the gas target. The 
unfocused x-ray FEL pulses are transmitted though the 3-
5 mm hole in the middle of the parabolic mirror and co-
propagate with the THz field. High humidity or 
temperature variations can have an effect on the laser 
power or the strength of the THz field, so utmost care 
should be taken to stabilize both in the room the PALM is 
placed in. A larger streaking slope gives better results 
and time resolution.

The setup of the device requires a calibration of the 
eTOFs to find an accurate electron flight-time to kinetic 
energy scale.  This is done by either scanning the photon 
energy of the FEL beam over several hundred electron
volts, a hard and time-consuming process for the 
operators, or by tweaking the retardation voltage settings 
on the eTOFs to simulate an effective lower photon 
energy by directly reducing the kinetic energy of the 
electrons in the flight tube.  The latter method works best 
for high kinetic energy electrons (>1000 eV) so that the 
flight time from the interaction region to the entrance of 
the eTOF is as short as possible.  Lower energies have 
larger variations in flight times over this field-free region, 
and would not be well-simulated by altering only the 
flight time in the flight tube.

The calibration scan should also record the measured 
spectral width as a function of retarded energy.  The 
eTOF lensing and retardation systems are usually 
optimized around one energy—large variations from this 
sweet spot cause de-focusing effects from the electrostatic 
lenses, yielding larger measured electron kinetic energy 
spectral widths than what the FEL delivered.  This effect 
can be corrected for by measuring the response of the 
spectral width as a function of electron kinetic energy for 
a single photon energy, and then accounted for in analysis 
later. One such scan is shown in Figure 2.
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Figure 2: ETOF spectral width scan for 7 keV with a 
monochromator done at SACLA.

Further tests need to be done to check the accuracy of 
measurement of the mean kinetic energy of a peak, 
performed by having to eTOFs measure the same beam at 
the same time without the THz streak and comparing the 
variations of the kinetic energies they measure.  This 
measurement is typically accurate to about 0.3-1% of the 
retarded kinetic energy of the electrons.

ANALYSIS CONSIDERATIONS
There are several effects that have to be accounted for 

when evaluating the data from a THz streak camera 
measurement.   Some of the most important ones are 
listed below, along with some suggestions mitigate them.
Spectral width drift and jitter is the tendency of the FEL 
beam to change the width of its spectrum with time or on 
a shot-to-shot basis.  If a calibration measurement was 
done with one spectral width, and the beam changes this 
width, the final evaluation for pulse length can be 
erroneous.  The addition of another e-TOF that would 
measure the non-streaked beam would rectify this 
problem, seeing any drifts or jitters in the on a shot-by-
shot basis.

Space charge is generated in the interaction region as 
the thousands or millions of atoms are photoionized by 
the FEL beam. The effect is most easily observed for 
electrons of low kinetic energies, where even a small 
space charge can retard the flight of an electron to a 
measurable degree.  High energy electrons, however, are 
much less sensitive to the space-charge effect, and the 
few-eV space charge contribution to the streaking 
strength of a multi-keV electron is negligible.

A large number of electrons flying together through the 
drift tube of the eTOF have mutual Coulomb repulsions 
which could distort the original imprint the FEL pulse 
created at the time of photoionization.  This can cause the 
perceived spectral width to be larger than the real one.  
However, simulations done with SimION have shown 
that the contribution from such repulsions for 1000-2000
high-KE electrons flying simultaneously through the drift 
tube, a number that is typical for a single peak observed 
by the eTOFs, is small, on the level of a percent or less of 
the spectral width.  The effect is noticeable for low 
kinetic energy electrons (few eV-10s of eV) since they 
have more time to separate themselves in the drift tube.

CONCLUSIONS
The PSI-developed PALM device will measure the 

arrival time and pulse length of hard x-rays at SwissFEL.
Because it is a gas-based measurement method, it is also 
less intrusive than most other methods and allows for the 
use of the FEL pulse for experiments further downstream 
with a minimal loss of intensity or wavefront distortion.
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Abstract
Polarization control of the coherent radiation is 

becoming an important feature of recent and future short 
wavelength free electron laser facilities. While 
polarization tuning can be achieved taking advantage of 
specially designed undulators, a scheme based on two 
consecutive undulators emitting orthogonally polarized 
fields has also been proposed. Developed initially in 
synchrotron radiation sources, crossed polarized 
undulator schemes could benefit from the coherent 
emission that characterizes FELs. In this work we report 
the first detailed experimental characterization of the 
polarization properties of an FEL operated with crossed 
polarized undulators in the Soft-X-Rays. Aspects 
concerning the average degree of polarization and the 
shot to shot stability are investigated together with a 
comparison of the performance of various schemes to 
control and switch the polarization.

INTRODUCTION
FEL sources naturally produce radiation with precise 

polarization states as they use undulators. The 
polarization of light is in fact directly correlated to the 
symmetry of the electron trajectory in the magnetic 
device where radiation and electrons couple in the FEL 
process. Self Amplified Spontaneous Emission (SASE)
FELs, which require several tens of meters of undulators, 
normally use linearly polarized undulators. The choice 
was mainly driven by the users’ request. Moreover, linear 
undulators ensure high field quality and reduced cost. 
Otherwise, if different states of polarization are to be 
provided, elliptical polarized undulators [1,2] have been 
demonstrated to be suitable for both low and high gain 
FELs in the VUV and XUV wavelength range [3]. These 
devices implement a variable arrangement of the 
magnetic poles such that the magnetic field can assume a 
circular, elliptical or planar symmetry and so does the 
emitted radiation. Unfortunately they are not capable of
fast variations of the polarization state as requested, for 

example, by circular dichroism experiments [4].

Figure 1: Crossed undulator scheme. One undulator is 
emitting horizontal polarization (green curve) while the 
other vertical polarization (red curve) to produce 
circularly polarized light (blue curve). Image obtained 
with [5].

CROSSED POLARIZED UNDULATORS
Other possible approaches for fully controlling the 

output polarization of the emitted radiation have been 
studied. One is the crossed undulator scheme [6,7].

Synchrotron Sources
Originally demonstrated on synchrotron light sources, 

the scheme relies on two undulators emitting orthogonally 
polarized light, e.g., one linear horizontal and one linear 
vertical undulator, see Figure 1. A suitable phase shifter
separates the undulators in order to carefully control the 
relative phase between the two emitted waves. In this way 
the scheme is capable of producing linearly polarized 
light with an arbitrary direction as well as elliptically and 
circularly polarized light with arbitrary chirality. 
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In general the source used for this kind of devices must 
have a high degree of coherence and narrow bandwidth 
spectrum, so that the two electro-magnetic waves emitted 
by the undulators can interfere between each other in 
correspondence of the sample to be studied. In the case of 
synchrotron light, the bandwidth is too large, so the 
scheme needs a monochromator to be effective. Still, due 
to the limited coherence, the maximum degree of 
polarization that has been demonstrated is in the 40% 
range [8]. Nevertheless the light has been successfully 
used to perform experiments [9], demonstrating the 
viability of the method for full polarization control.

FEL Sources
FEL sources, characterized by a narrow bandwidth 

emission and high degree of coherence, are most suitable
for the crossed undulator setup. 

A number of studies have been carried out for SASE, 
based on FLASH, XFEL [10] and LCLS [11,12] setups.
While in the case of synchrotrons the intensity emitted by 
the two undulators has the same intensity, for FELs the 
gain determines a possible unbalance between the two 
undulator emissions. For overcoming this difficulty the 
scheme can be implemented using a first undulator that 
acts as a buncher for the electrons that, just before
reaching saturation, are injected in the crossed undulators
emitting the same intensity for both undulators. In the 
case of SASE the maximum theoretical limit for the 
degree of polarization of the output radiation is thought to 
be in the 80 to 90% range, mainly limited by the spiky 
structure of the SASE pulse [10-12].

A seeded FEL can therefore be the right choice for the 
crossed undulator scheme for its higher degree of 
temporal coherence, inherited by the external seed source 
used. A theoretical maximum degree of polarization in 
this case can exceed the 90% [13].

The scheme has been successfully demonstrated at the 
SDUV FEL [14], using a bunched beam and two 
orthogonal undulators emitting visible light at 523 nm, 

corresponding to the second harmonic of the external 
1047-nm seed. The balancing of the emission from the 
two undulators has been achieved by using short 
undulators in order to have a nearly rigid bunching in 
both of them. 

CROSSED POLARIZED UNDULATORS 
AT FERMI

Despite of the aforementioned demonstration [14], the 
demonstration of the scheme in presence of FEL gain in 
the VUV spectral range was still missing up to now. In 
the following we provide a description of the 
measurements carried on at FERMI FEL facility [15], on 
the FEL-1 beamline.

FERMI is a seeded FEL based on the High-Gain 
harmonic generation (HGHG) scheme [16]. It features 
two FEL beamlines, a single stage cascade FEL-1 [17]
and a double-stage for FEL-2 [18]. The necessary electron 
beam for the production of the photons is provided by a 
normal conducting linac [19].

All the presented results were obtained with FEL-1
tuned at the 8th harmonic of the 260 nm Ti:Sa seed laser, 
corresponding to HGHG FEL emission at 32 nm. 
Contrary to the visible spectral range, the measurement of 
the polarization of light in the VUV and X-ray range is an 
experiment in itself [20].

FERMI is based on variable polarization APPLE-II
type radiator undulators [17]. The polarization of the FEL 
radiation can be linear horizontal, linear vertical, circular 
left and right and can be changed arbitrarily. Phase 
shifters are installed in between each undulator and are 
used to modify the phase variation of the light emitted by 
each module.

These features open up the possibility of different 
implementations of the crossed undulator scheme. We can 
in fact superimpose a horizontal linear polarization with a 
vertical linear polarization, in order to produce circular 
polarization with different chirality and linear polarization 

Figure 2: Two different ways to achieve the crossed undulator scheme at FERMI. By taking advantage of the variable 
polarization undulators, the crossed polarization scheme can be implemented with linear horizontal and linear vertical 
polarization in order to produce circular or linear polarization with variable direction (top). It is also possible to couple
circular right and circular left polarized light to produce linearly polarized light with an arbitrary direction of 
polarization (bottom).
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at an arbitrary direction of the polarization angle
depending on the phase shift in between the orthogonal 
undulators, see Figure 2 (top panel).

Another possibility is to implement the crossed 
polarization scheme by superimposing two circular 
polarized emissions with opposed chirality to produce 
linearly polarized light with arbitrary polarization angle,
as shown in Figure 2 (bottom panel).

EXPERIMENTAL DESCRIPTION
During a dedicated beam time, different polarimeters 

have been installed and used to characterize the radiation 
produced by FERMI in the different pure polarization 
states. In all the cases a degree of polarization up to 99% 
has been measured at different wavelengths [21]. The 
machine was then tuned to explore the crossed undulator 
scheme. One of the concerns for the scheme is its stability
from one shot to another, so a shot-to-shot diagnostics 
was needed.

e-TOF Polarimeter
The only polarimeter capable of characterizing the 

polarization state of the radiation on a shot-to-shot basis 
is the e-TOF polarimeter [20]. The device uses angle-
resolved electron spectroscopy to determine the degree of 
linear polarization of the incident light. It is composed of 
an array of 16 time-of-flight electron spectrometers 
arranged in a circular symmetry with respect to the 
photon beam axis.

A 3D rendering of the device is shown in Figure 3. It is 
capable of detecting the degree of linear polarization as 
well as its direction, by analysing the angular distribution 
of electrons photoemitted by a rare gas injected in the 
centre of the device.

The circular polarization signal is instead 
indistinguishable from the unpolarized one, but it can be 
inferred by assuming the source to be fully polarized and 
subtracting in quadrature the measured degree of linear 
polarization.

Figure 3: 3D rendering of the e-TOF polarimeter used for 
the shot-to-shot measurements.

Balancing The Intensities in Presence of Gain
As already mentioned, a key point for obtaining a high 

degree of polarization in the case of the cross polarized 
undulators is balancing the intensity of the two sources. 
This is critical not only to avoid the production of 
elliptically polarized light, which in principle can be 
compensated by a proper tuning of the phase shifter 
between the two sources, but also because unbalanced 
sources can lead to a degradation of the maximum 
polarization degree obtainable. 

Figure 4: Distribution of the FEL pulse intensities for the 
first group of undulators (blue curve) and when both 
groups are emitting radiation (red curve). 

While in the case of SDUV-FEL [14] the emission was 
balanced by using short undulators, so that the FEL gain 
was not playing any role, in the case of FERMI we 
wanted to exploit if the balancing of the two crossed 
sources was possible. This has been achieved by properly 
tuning the seed laser intensity and dispersive section 
strength in order to have that the first group of undulators 
(radiators 1-5 in Figure 2) emits the same FEL energy per 
pulse as the last undulator alone.

The balancing of the two sources can be fast checked 
during the experiment either via a gain curve scan or just 
by recording the intensity distribution with the last 
undulator tuned and detuned. In Figure 4 the emitted 
intensities per FEL pulse are reported in the case of all the 
undulator tuned (red curve) and for the last undulator 
detuned (blue curve). One can notice that the two groups 
of undulators are emitting ~5 J pulse energy each, for a 
total emission of 10 J.

EXPERIMENTAL RESULTS
In the following the data acquired for the circular left 

and circular right crossed polarization scheme are 
presented. This configuration has been chosen in order to 
take full advantage of the e-TOF polarimeter 
characteristics, in particular its sensitivity to linear 
polarization. In the circular left plus circular right scheme, 
in fact, the output polarization should be linearly 
polarized, with arbitrary direction of the polarization 
direction depending on the phase shifter setting. The 
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machine was tuned as described above in order to have 
the two undulators emiting similar intensities. The data 
have been acquired via the FERMI control system and 
analysed using DART [22].

Direction of Polarization
In Figure 5 the measured direction of the linear 

polarization, as a function of the shot number (top panel)
and the corresponding statistical histogram (bottom panel)
are reported in case of zero phase between the two 
orthogonally polarized sources. One can see that the 
direction of the linear polarization is compatible with 
horizontally polarized light, as expected. The rms of the 
distribution is instead a factor 2 to 3 larger than the one 
found for the pure horizontal polarization state, cfr. [21]. 
The obtained result is probably due to shot-to-shot 
variations of the balance between the intensity of the two 
sources.

Degree of Linear Polarization
In Figure 6 the degree of linear polarization as a 

function of the shot number (top panel) and the 
corresponding statistical histogram  (bottom panel) is
reported. The rms of the distribution has a value 
compatible with what found in the pure polarization case, 
cfr [21], showing that the crossed undulator scheme can 
be stable enough for performing experiments. The
average degree of linear polarization has been found to be 
~65%, lower than what expected and reported in [14].

The result can be explained by considering the fact that 
each of the two crossed polarized sources is diverging due 
to propagation effects. In Figure 7 a schematic 
representation of the propagation from the two undulators 
(red and blue lines) to the detector is provided. At large 
distances from the sources, compatible with the position 
of the detector along the beamline, the wavefronts 
(represented in black) exhibit different behaviours for the 
on-axis and off-axis regions.

Figure 5: Shot-to-shot distribution of the measured 
direction of the linear polarization vector in the case of 
circular left and circular right crossed undulators.

Figure 6: Shot-to-shot statistics of the degree of linear 
polarization in the case of circular cross polarized  
undulators that produce linear polarization.

Figure 7: Schematic description of two undulators with 
different source position (red and blue lines). The 
wavefronts of the two sources are represented in black.

The on-axis radiation has a smooth phase relation 
between the two sources, so the resulting field has a 
definite polarization. Instead, the off-axis emission 
exhibits rapid phase variations (represented by the 
oscillating ripples) due to the different divergence of the 
two sources. This means that, while small regions have a 
definite polarization state, the latter is changing with the 
changes of the radiation phase, leading to an overall loss 
of polarization.

CONCLUSION
Crossed polarized undulator scheme has been 

demonstrated on a seeded high gain FEL in the VUV. The 
maximum degree of linear polarization obtained was 
65%. Polarization control, both in direction and type, is 
possible by properly tuning the phase shifter in between 
the two undulator groups. Other schemes were proposed 
and have been implemented in order to further improve 
the degree of polarization obtainable with the crossed 
undulator scheme [23,24].
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A more detailed analysis on the acquired data for the 
crossed polarized undulator experiment at FERMI is on 
going [15].

Future activities will focus on studying the possibility 
of performing fast polarization switching via 
implementation of an electromagnetic phase shifter. 
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A PLAN FOR THE DEVELOPMENT OF SUPERCONDUCTING 
UNDULATOR PROTOTYPES FOR LCLS-II AND FUTURE FELS 

P. Emma, N. Holtkamp, H.-D. Nuhn, SLAC, Stanford, CA 94309, USA 
D. Arbelaez, J. Corlett, S. Myers, S. Prestemon, R. Schlueter, LBNL, Berkeley, CA 94720, USA 
C. Doose, J. Fuerst, Q. Hasse, Y. Ivanyushenkov, M. Kasa, G. Pile, E. Trakhtenberg, E. Gluskin, 

ANL, Argonne, IL 60439, USA

Abstract 
Undulators serve as the primary source of radiation for 

modern storage rings, and more recently for the advent of 
Free-Electron Lasers (FELs).  The performance of future 
FELs can be greatly enhanced using the much higher 
magnetic fields of superconducting undulators (SCU) [1].  
For example, the LCLS-II hard x-ray undulator can be 
shortened by up to 70 m using an SCU in place of a PMU 
(permanent magnet undulator), or its spectral performance 
can be critically improved when using a similar length.  In 
addition, SCUs are expected to be orders of magnitude 
less sensitive to radiation dose; a major issue at LCLS-II 
with its 1-MHz electron bunch rate.  We present a funded 
R&D collaboration between SLAC, ANL, and LBNL, 
which aims to demonstrate the viability of 
superconducting undulators for FELs by building, testing, 
measuring, and tuning two 1.5-m long planar SCU 
prototypes using two different technologies:  NbTi at 
ANL and Nb3Sn at LBNL.  Our goal is to review and 
reassess the LCLS-II HXR baseline plans (PMU) in July 
of 2015, after the development and evaluation of both 
prototypes, possibly in favor of an SCU for LCLS-II. 

INTRODUCTION 
The LCLS-II [2] FEL project at SLAC aims to 

construct a new continuous wave (CW), 4-GeV 
superconducting linac (SC-linac) [3], to feed either of two 
new undulators: 1) the Soft X-ray Undulator (SXU), or 2) 
the Hard X-ray Undulator (HXU).  The HXU replaces the 
existing LCLS-I fixed-gap undulator and can be 
optionally fed by the existing 3-15-GeV copper (Cu) linac 
(120 Hz), presently used to drive the LCLS-I FEL.  The 
spectral requirements for the SXU are 0.2-1.3 keV (SASE 
and self-seeded), while the HXU requires 1 keV to 
 5 keV (SASE, and self-seeded where possible) when 
driven by the SC-linac.  The HXU spectral range, when 
driven by the Cu-linac (3-15 GeV), requires 1-25 keV. 

The present (2014) baseline design uses two adjustable-
gap, planar PMUs (NdFeB) with 39-mm (SXU) and 26-
mm (HXU) periods and a 7.2-mm full magnetic gap, gm.  
At 4 GeV (limited by SC-linac costs) the PMUs reach 
these requirements, but with little margin, especially in 
the HXU which barely produces 5 keV SASE, and cannot 
exceed 4 keV when self-seeded (limited hall length). 

To remove these performance limitations, we propose 
an SCU undulator, at least for the HXU system, which 
significantly extends the spectral range when driven by 
the SC-linac, outperforms the presently foreseen PMU, 
and can even provide > 1 TW peak power when self-

seeded, tapered, and driven by the Cu-linac.  It also offers 
much less magnetic field sensitivity to radiation dose, an 
issue greatly magnified by the high-rate, high power linac. 

Unresolved technical risk issues for SCU systems, such 
as field correction, and limited experience with SCUs in 
operating machines [4], [5], have led to an R&D plan with 
a goal of building, testing, and correcting two 1.5-m long 
prototype FEL undulators by July 2015 which meet 
LCLS-II HXU specifications using two different 
conductors: NbTi (21 mm period), and Nb3Sn (19 mm 
period), each with an 8-mm magnet gap. 

FEL PERFORMANCE MOTIVATION 
The motivations for SCUs, especially in comparison to 

PMUs (“in” or “out” of vacuum), are listed below. 

 Higher magnetic fields allow superior FEL 
performance, or reduced undulator length. 

 No permanent magnetic material to be damaged by 
radiation, allowing long life and smaller gaps. 

 Reduced resistive wakefield with a cold bore? [6]. 
 Much lower vacuum pressure limits gas scattering. 
 Smaller footprint and simpler K-control than the 

typical massive adjustable-gap PMU. 
 Easily oriented for vertical polarization, if desired. 

Figure 1 shows LCLS-II (HXU, SC-linac) calculations 
[7] of the full undulator system length (2-m magnet 
segments and 0.7-m breaks; each with a BPM, 
quadrupole, and phase shifter) versus the upper-limit 
SASE photon energy that saturates within 80% of that 
undulator length at 4 GeV (beam parameters in Table 1). 

 
Figure 1: Undulator system length (with breaks) versus 
upper-limit SASE photon energy saturating in 80% of that 
undulator length at 4 GeV.  Existing 145-m und. hall 
length is indicated. 
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The lower-limit photon energy is chosen at 1.5 keV for 
all curves (at 4 GeV), so once the magnet gap and 
undulator technology (e.g., NdFeB-PMU, NbTi-SCU, or 
Nb3Sn-SCU) are chosen, the period is then exactly given 
from the FEL resonance condition, 

ߣ  ൌ
ఒೠ
ଶఊమ

ሺ1  ଶܭ 2⁄ ሻ	,  

where r is the FEL wavelength, u is the period,   is the 
electron energy in units of rest mass, and K is the 
undulator parameter (K  0.93Bpk[T]u[cm]), where the 
peak field, Bpk, is a known function of the magnet gap, gm, 
period, and the precise undulator technology used. 

All “5” labels (e.g., “PMU-5”) in Figure 1 have 5-mm 
vacuum gaps (7.3-mm magnet gaps), while “4” labels 
(e.g., “PMU-4”) are 1-mm smaller.  The “in-vacuum” is 
the same PMU technology and has the same (4-mm and 
5-mm) vacuum gaps for fair comparison, but 2-mm 
smaller magnet gaps.  Periods are shown for all 8 cases. 

The SCU performance is superior to the PMU (both 
“in-vac” and “out-of-vac”) allowing up to 7.6 keV SASE 
saturation in a 145-m undulator (whereas LCLS-II 
baseline design allows just 5 keV).  Clearly the “in-
vacuum” performs better than the “out-of-vacuum”, but 
neither reaches the attractive performance levels of the 
SCUs.  The Nb3Sn promises the best performance, but 
involves more risk with a 650C heat treatment cycle 
required.  Note that self-seeding requires 50% more 
undulator, so the highest self-seeded photon energy is the 
intersection of these curves with the 97-m line (e.g., 6.5 
keV for Nb3Sn-4).  The parameters used in these 
calculations (and TW discussion below) are in Table 1. 

Table 1: Parameters used for FEL Calculations (SC & Cu-
linac) 

Parameter Sym. SC-linac Cu-linac unit 

Electron energy E0 4.0 6.6 GeV 

Emittance x,y 0.4 0.4 m 

Energy spread, rms E 0.5 1.5 MeV 

Peak current Ipk 1 4 kA 

Und. period u 16.8 16.8 mm 

Und. magnet gap gm 6.3 6.3 mm 

Und. vacuum gap gv 4.0 4.0 mm 

 

 
Figure 2: Peak power (1.6 TW) at 4 keV using same 
“Nb3Sn-4” undulator of Figure 1, but now self-seeded, 
tapered, and driven by the Cu-linac at 6.6 GeV with 4 kA 
(see Table 1).  Segment lengths are 2 m long, which is 
optimal for this 1-m gain length. 

In addition to this spectral range extension, when the 
same “Nb3Sn-4” undulator (or similar for “NbTi-4”) is 
driven by the Cu-linac at 6.6 GeV (120 Hz), with self-
seeding [8], and a step-wise field taper applied to each 2-
m undulator segment (20% total taper), a peak FEL power 
of 1.6 TW at 4 keV is possible (see Figure 2 and Table 1).  
Here the self-seeding monochromator is at z = 0. 

SCU R&D PLAN 
The goal of this R&D effort is to demonstrate the 

viability of SCU technology for FEL undulators by 
building, measuring, testing, and correcting two prototype 
SCUs.  The parameters, such as magnetic field strength 
for the chosen period and gap, and field quality over the 
undulator length, must be demonstrated.  The parameter 
selection is dictated by the desired spectral range of x-rays 
and the electron energy of LCLS-II.  As a result, with an 
8-mm prototype gap, the undulator period lies between 19 
and 21 mm, depending on the superconductor.  The 
vacuum gap is 5.7 mm.  The undulator segment length 
should not be too long, in order to avoid practical 
difficulties, and is chosen as 1.5 m for the prototype, 
representing a reasonable building block for a long 
undulator line.  This length also conveniently fits the 
existing 2-m long test cryostat at ANL [4] for prototype 
testing.  A full-scale SCU system may use a longer 
segment and smaller gap, but this needs more study. 

We will build two 1.5-m long superconducting planar 
undulator magnetic structures, one from NbTi (ANL) and 
another from Nb3Sn (LBNL), with independent cryogenic 
testing on each using the same (existing) APS 2-m 
cryostat, verifying the magnetic performance of each 
undulator using the same magnet measurement bench.  It 
will also employ a unique magnetic tuning approach 
developed at LBNL [9] (see below).  The project design 
and execution relies heavily on well-established designs 
of the cryostat, undulator magnet core, and magnetic 
measurement systems developed and implemented for 
shorter undulators at the APS [10]. 

The APS SCU magnetic measurement system 
incorporates Hall-probe and rotating coil sensors modified 
for the smaller vacuum pipe diameter.  The system will 
also incorporate a pulsed-wire technique developed at 
LBNL [11].  The project deliverable will be two fully 
functional superconducting undulators that meet LCLS-II 
undulator specifications by July 2015.  Prototype 
undulator parameters are listed in Table 2, showing the 
slightly different period for each magnet. 

Table 2: SCU Prototype Parameters 

Parameter Symbol NbTi Nb3Sn Unit 

Magnetic full gap gm 8 8 mm 

Vacuum chamber gap gv 5.7 5.7 mm 

Und. period u 21 19 mm 

Magnet length Lm 1.5 1.5 m 

Peak magnetic field Bpk 1.66 1.86 T 

Max. K value Kmax 3.27 3.31 - 
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PROTOTYPE MAGNET DESIGNS 
Two 1.5-m long magnets are being developed, with 

NbTi conductor at ANL and Nb3Sn at LBNL, each based 
on recent SCU development experience [4], [12].  The 
magnet designs are described for each technology below. 

The Niobium-Titanium Magnet (NbTi) 
The NbTi magnet is a scaled up version of the 1.1-m 

long SCU1 magnet, the second superconducting undulator 
currently being built at the Advanced Photon Source 
(APS) of ANL.  The magnetic design is similar to that of 
SCU0 [13], the first SCU currently in operation at the 
APS.  It consists of a pair of identical magnets, or jaws, 
separated by a gap where a beam chamber is 
accommodated.  Each jaw is a series of vertical racetrack 
superconducting coil packs (53 turns) wound with a round 
0.7-mm wire, and separated by magnetic poles, with 
currents flowing in opposite directions in adjacent coil 
packs. The winding form is made of low carbon steel to 
increase the undulator peak field.  Each jaw has a main 
coil and there are two pairs of correction coils that are 
wound on top of the main coil in the first and last two end 
grooves.  The correction coils are separately powered and 
are used mainly for tuning the second field integral since 
the first integral is automatically zeroed due to a chosen 
asymmetric magnetic configuration. 

The design model of the magnet is shown in Figure 3.  
The superconducting coils are indirectly cooled by liquid 
helium passing through the channels in the cores; the 
flanges of the LHe circuit are visible in the Figure. 

 
Figure 3: NbTi prototype undulator magnet design. 

The Niobium-3-Tin Magnet (Nb3Sn) 
A prototype using Nb3Sn superconductor is being 

fabricated at LBNL.  The high transport current provided 
by Nb3Sn conductors is leveraged in order to attain the 
highest possible magnetic field in the undulator.  Nb3Sn is 
an intermetallic compound with an A15 lattice structure, 
and is very brittle in nature.  To avoid damage, the 
material is drawn in an unprocessed state and wound prior 
to subjecting the material to a heat treatment cycle that 
produces the intermetallic Nb3Sn.  This reaction process, 
which occurs at ~650 °C, adds an additional processing 
step to the fabrication when compared to NbTi. 

The magnetic design is based on a solid low carbon 
steel mandrel structure into which grooves are machined 
to accommodate the coils.  The result is a single structure 
that provides all of the magnetic and structural 
characteristics of a half-undulator.  The half-undulator is 
wound from a single continuous length of wire (0.6-mm 
diameter) with alternating wire directions in neighboring 
coil packs (56 turns).  Insulation in the form of a glass 

braid with a thickness of less than 60 μm will be used to 
electrically isolate the wire.  Two sets of end correction 
coils are used to cancel dipole fields inside the undulator 
and to correct for end kicks.  The 2nd field integral is zero 
by choice of a symmetric magnetic configuration. 

The Nb3Sn prototype is shown in Figure 4, including 
the single-piece undulator core, an end corrector that is 
decoupled from the main core, and a joint section where 
the brittle Nb3Sn conductor is soldered to NbTi cable. 

 
Figure 4: Nb3Sn prototype undulator magnet design. 

MAGNETIC MEASUREMENTS 
The APS SCU horizontal magnetic measurement 

system incorporates Hall probe mapping for determining 
local field and phase errors, and a stretched-wire rotating 
coil system for measuring both static and dynamic field  
integrals and integrated multipole coefficients. The 
horizontal measurement system incorporates a heated 
warm-bore Ti tube inside a cold beam chamber.  This 
design allows switching between the Hall probe and the 
rotating coil measurement system while the SCU is at 
cryogenic temperatures.  The Hall sensor is housed in a 
small carbon fiber tube and is driven by a 3.5-m long 
linear stage.  The carbon fiber tube slides inside the Ti 
tube during a field measurement [14].  For integrated field 
measurements, the integral coil (which is inside the Ti 
tube) is continuously rotated by two precision rotary 
stages and uses a lock-in amplifier technique for 
improved sensitivity and noise rejection [15]. The 
effective resolution of the Hall probe measurement scan is 
0.1 Gauss with five measurement points per millimeter. 
Repeatability of the measured 1st and 2nd field integrals 
are ±0.5 G-cm and ±100 G-cm2 respectively, well below 
the LCLS-II HXU FEL tolerances. 

Wire-based methods, such as pulsed wire or vibrating 
wire techniques, can readily be used in small gap devices 
or where space restrictions make other measurement 
methods more difficult.  For both methods, a wire is 
stretched along the length of the undulator and current is 
passed through the wire, generating either a local 
disturbance (pulsed wire method) or a global wire 
vibration (vibrating wire method) due to the Lorentz 
force.  For the pulsed wire technique, the shape of the 
disturbance can be related to the first and second field 
integrals of the magnetic field (depending on the length of 
the current pulse), making this an attractive candidate for 

Proceedings of FEL2014, Basel, Switzerland THA03

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines

ISBN 978-3-95450-133-5

651 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



field-integral measurements.  A pulsed-wire measurement 
system has been constructed at LBNL and will be applied 
to the measurement of the superconducting undulators. 
Significant effort has been placed in the improvement of 
the pulsed wire method in order to obtain accurate 
measurements in undulators, especially those with short 
period lengths.  Specifically, algorithms that correct for 
finite pulse width and dispersive effects in the wire 
motion have been developed in order to obtain accurate 
field integral and phase error measurements [11]. 

MAGNETIC CORRECTIONS 
In order to reduce magnetic field errors, much of the 

focus will be placed on accurate winding methodologies 
and machining processes.  Nevertheless, for long devices, 
corrections may be necessary for the stringent tolerances 
on trajectories and phase errors in an FEL.  The methods 
include end corrections, and phase error and trajectory 
corrections in the periodic section of the undulator.  A 
tuning scheme using YBCO tape-based single-turn coils 
and superconducting switches will be implemented for 
corrections in the periodic section of the device.  The coils 
can be activated by using heater switches, which divert 
the current from a bypass path to individual coils. Since 
all of the coils are wired in series, the current through all 
active coils is equivalent.  Therefore, the correction is 
performed with a single variable current source with 
variable on/off single-turn coils which can be activated at 
desired locations along the device.  It can then be used to 
tune the undulator in-situ while magnetic measurements 
are performed.  Figure 5 shows the concept, including the 
main tape, the soldered single-turn coil tapes, and the 
switching heaters.  When a heater is off, the current 
bypasses its single-turn coil. When a heater is on, a 
majority of the current (> 95%) passes through that 
single-turn coil for field correction. 

 
Figure 5: Periodic section field tuner on both sides of 
chamber. 

The single-turn correction coils (0.1 mm thick) will be 
placed on each side of the vacuum chamber under the 
undulator poles.  The coils will be placed in a pattern that 
allows for positive and negative kick corrections as well 
as positive and negative phase error corrections.  A 
switching network and corrector scheme using patterned 
superconducting (YBCO) tapes and sputtered heaters has 
been developed at LBNL [9].  A new scheme that uses 

resistive joints is being developed for the tuning of the 
undulator prototypes. 

THE CRYOSTATS 
Two 4-K LHe cryostats are being prepared for the R&D 

program, with a small tuning cryostat developed at LBNL 
to allow early testing of field measurement and correction 
techniques.  In addition, a larger 2-m long cryostat, based 
on the existing design in Ref. [4], is being constructed at 
ANL.  This larger cryostat will be used to do the full SCU 
testing for each magnet in sequence.  The details of each 
cryostat are described in the two sections below. 

The Small Tuning-Cryostat at LBNL 
A small cryogen-free cryostat will be used for the field 

tuning R&D at LBNL.  This cryostat can accommodate 
the full-length (1.5 m) field corrector (Figure 5) and its 
supporting vacuum chamber.  The cold components in the 
cryostat are cooled with two pulsed tube cryocoolers.  A 
radiation shield is cooled with the first stage of 
cryocoolers, while the tuner system will be cooled with 
the second stage of cryocoolers.  Current leads with a 
100-A capacity will be used to power the tuning system. 

The 2-m Test-Cryostat at ANL 
The 2-m test cryostat shown in Figure 6 is a copy of the 

SCU0 cryostat which has been in service in the APS 
storage ring since January 2013 [16].  Refrigeration at 
4.3K is provided by a pair of cryocoolers thermally linked 
to a 100-liter LHe reservoir piped to the magnets.  Since 
the available cooling power exceeds the heat load, the 
system operates in full recondensation mode with zero 
helium boil-off.  Cold mass, thermal shield, and vacuum 
vessel geometry are large enough to accommodate both 
the ANL and LBNL magnet designs, including 
instrumentation and magnetic measurement systems. 

 
Figure 6: ANL cryostat for testing each of the SCU 
magnets. 

FULL SYSTEM CONCEPT FOR LCLS-II 
A concept for a full LCLS-II undulator system is being 

developed simultaneously with the prototype program.  A 
possible layout is shown in Figure 7, with two 2-m long 
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SC-undulator sections making up one 5-m cryostat with 
0.5-m “cold” magnetic breaks.  The system is composed 
of (up to) 29 cryostats for a full length of (up to) 145 m.  
Each break includes a cold cavity BPM with ~1 m rms 
position resolution, a cold quadrupole focusing magnet, 
steering coils, and a cold adjustable phase shifter.  The 
undulator parameters will be similar to those of Table 1. 

System layout could follow the “minimal 
segmentation” concept used for the SC-linac, with cold 
cryostat interconnects, common insulating vacuum, and 
internal cryogenic distribution throughout the undulator 
string.  Segmentation at some level may be desirable from 
a maintenance or functional standpoint although the 
packing factor (0.8), heat load, and cryogenic distribution 
system cost would be adversely impacted.  Cooling would 
likely be provided by a small closed-cycle 4-K cryogenic 
refrigerator in the several-hundred Watt class, providing 
both magnet and thermal shield cooling.  The refrigerator 
would be separate and independent from the SC-linac 
cryoplant for reasons of operational flexibility, differences 
in cooling requirements, and physical system location. 

 
Figure 7:  Conceptual SCU system layout for LCLS-II 
HXU. 

DISCUSSION 
The performance of the LCLS-II HXR FEL can be 

greatly improved by choosing superconducting 
undulators, allowing a much wider photon tuning range, a 
far longer undulator lifetime, and the possibility of 
generating terawatt peak power levels from a tapered, 
self-seeded FEL.  Practical development of this 
technology is the key to making this decision.  A baseline 
LCLS-II design change is possible, but not before 
completion of the R&D prototypes (July 2015) and a fully 
developed plan with LCLS-II project impact estimated. 
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SIMULTANEOUS MEASUREMENT OF ELECTRON AND PHOTON

PULSE DURATION AT FLASH

S. Düsterer, DESY, Hamburg, Germany

Abstract

One of the most challenging tasks for extreme ultraviolet,

soft and hard X-ray free-electron laser photon diagnostics

is the precise determination of the photon pulse duration,

which is typically in the sub 100 fs range. In a larger cam-

paign nine different methods, which are able to determine

such ultrashort photon pulse durations were compared at

FLASH [1]. Radiation pulses at a wavelength of 13.5 nm

and 24.0 nm together with the correspondingelectron bunch

duration were measured by indirect methods like analyz-

ing spectral correlations, statistical fluctuations and energy

modulations of the electron bunch, and also direct methods

like autocorrelation techniques, THz streaking or reflectiv-

ity changes of solid state samples.A detailed description of

the measurement campaign can be found in Ref. [2].

THE IDEA

One of the main characteristics of the new generation

XUV to X-ray free-electron lasers is their ultrashort pulse

duration in the femtosecond range. With these new sources

ultra-fast reaction dynamics on the femtosecond time scale

[3–5] can be investigated. It also allows the investigation of

multi-photon processes in the XUV [6] to the X-ray range

[7] which has not been possible before. The accurate knowl-

edge of the FEL key parameters such as pulse peak power,

radiance, and on-target irradiance for example is crucial for

the analysis of experimental data. It turns out that the num-

ber of photons, the focal spot size and the spectral content

in such short pulses can be measured reliably [8–11], while

the pulse duration is still the most difficult parameter to be

determined.

At FLASH [1]     the duration of the generated photon pulses

can be varied over a range of few tens of femtoseconds up to

several 100s of fs. Still, a reliable method to measure pulse

durations for the entire parameter range is not yet available.

Although a variety of methods have been proposed, they all

need to be set-up and tested experimentally to find out the

best suited technique. In a campaign nine different tech-

niques – three electron bunch duration measurements and

six photon based methods – have been used to determine

the photon pulse duration. They are either performed in a

direct way by measuring the photon pulse duration at the

experimental end stations or on the other hand by indirect

methods measuring only parameters which are linked – by

theoretical models – to the actual pulse duration. From the

measured information the actual XUV pulse duration can

be calculated using these models. From the experimental

point of view, indirect methods are typically simpler to re-

alize as compared to the direct approaches. However, they

have to be verified and calibrated by direct methods. So

far only photon pulse duration measurement campaigns us-

ing one (or two) measurement technique have been under-

taken at FLASH in the last years [12–17]. Up to now there

were no studies at FLASH or at any other XUV/X-ray FEL

where many different methods were compared within one

dedicated pulse duration measurement campaign as shown

in Fig. 1.

The main motivation for this study was three-fold. Firstly,

we wanted to address the question how well the results mea-

sured by the indirect methods agree with the direct ones.

What are the error bars when comparing the different meth-

ods? How much information about the photon pulse du-

ration can we deduce from the electron beam parameters

in contrast to the photon based methods? Secondly, the

realization of all nine techniques together under the same

beam conditions allows a direct comparison of advantages

and disadvantages of the individual techniques. Thirdly, the

aim of the campaign was to identify sensitive parameters

of the electron bunch compression and to develop recipes

for routine operation to reliably establish a specific user re-

quested XUV pulse duration at FLASH, especially for ul-

trashort pulses below 50 fs. The detailed description of all

methods and the comparison of the various approaches can

be found in the extended paper Ref. [2].

CONCLUSION

The FEL was tuned such that all pulses in the bunch

train had roughly the same electron bunch and XUV pulse

parameters for the measurements that were performed at

13.5 nm. For this case a remarkably good agreement be-

tween all methods was found. Most of all it was shown that

all used indirect methods reveal the same results as the di-

rect methods and thus the assumptions made for the analysis

of the indirect methods seem to be valid for this case. On the

other hand, when the electron pulse and thus the XUV pa-

rameters were significantly changing within the bunch train,

as in the case when the FEL was running at 24 nm, a strong

deviation between different methods was observed. Here

it is difficult to judge which method can be trusted to what

extend.

While in SASE mode of operation the photon pulse is

shorter than the total length of the electron bunch from

which it is generated, the assumption of a factor 0.6 [2, 17]

between the two can only be used as a very simple rule of

thumb for first estimations. The measurements as well as

start-to-end simulations showed, the factor can be substan-

tially smaller depending on the accelerator settings. Due

to the complicated beam dynamics in the energy range

FLASH is working in, parameters like slice emittance and

energy spread also have to be taken into account as well. Up
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Figure 1: Schematic layout of the FLASH accelerator and the experimental hall (not to scale). The total length of the

facility is 315 m. The positions of the various techniques for electron bunch or photon pulse duration measurements are

indicated by numbers: (1) Transverse Deflecting RF Structure (TDS), (2) Bunch Compression Monitors (BCM), (3) THz

Spectrometer CRISP, (4) XUV Spectra, (5) XUV Statistics, (6) Optical Replica (Afterburner), (7) XUV Autocorrelation

(gas phase), (8) XUV Autocorrelation (solid state), (9) THz Streaking. A detailed description of the measurements can be

found in Ref. [2].

to now we can only state that a universal scaling factor be-

tween electron and photon pulses could not be determined

for FLASH.
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EXPERIMENTAL RESULTS OF DIAGNOSTICS RESPONSE FOR
LONGITUDINAL PHASE SPACE

F. Frei∗, V. Arsov, H. Brands, A. Saa Hernandez, R. Ischebeck, F. Löhl, B. Kalantari, R. Kalt,
B. Keil, W. Koprek, G.L. Orlandi, T. Schilcher, V. Schlott, PSI, Villigen, Switzerland

Abstract
At SwissFEL, electron bunches will be accelerated,

shaped, and longitudinally compressed by different radio

frequency (RF) structures (S-, C-, and X-band) in combina-

tion with magnetic chicanes. In order to meet the envisaged

performance, it is planned to regulate the different RF pa-

rameters based on the signals from numerous electron beam

diagnostics. Here we will present experimental results of

the diagnostics response on RF phase and field amplitude

variations that were obtained at the SwissFEL Injector Test

Facility.

INTRODUCTION
The SwissFEL free electron laser [1] is currently under

construction at the Paul Scherrer Institut. To obtain a proper

and stable bunching process, certain stability requirements

of different sub-systems (Laser, RF, magnets etc...) have to

be reached. Diagnostics should be available to measure the

related beam parameters and possibly provide this informa-

tion to feedback systems, which then can be used to stabilize

the beam.

In order to develop and optimize different components and

procedures for SwissFEL, the 250MeV SwissFEL Injector

Test Facility (SITF) [2] is currently in operation.

To investigate the current status of the systems, a diagnos-

tics response measurement was performed at SITF. Each RF

parameter was varied separately around previously chosen

initial settings. The measured responses of the diagnostics

then allow conclusions on the achievable sensitivities at

these initial settings. Additionally, corresponding simula-

tions performed using the code LiTrack are presented in a

separate contribution [3]. The post analysis has been done

following the concept already described in detail in [4].

It is worth emphasizing that the present paper provides a

snapshot of the work presently done at SITF. The systems

are under continuous development and optimization to reach

the ultimate goals for SwissFEL.

After a first brief overview of the systems installed at SITF,

the initial settings of the RF and the diagnostic elements will

be described in more detail. Based on this information, the

diagnostic response measurement is described in a third

section followed by a section discussing the analysis of the

deduced response matrix.

SWISSFEL INJECTOR TEST FACILITY
As depicted in Fig. 1, SITF is based on an S-band

radio frequency (RF) photoinjector (FINSS). A booster

∗ franziska.frei@psi.ch

LINAC consisting of normal conducting S-band RF struc-

tures (FINSB01-FINSB02-FINSB03/04) is simultaneously

generating the acceleration up to 250MeV and the neces-

sary energy chirp for the magnetic compression in the bunch

compressor (BC). To linearize the longitudinal phase space

for optimal bunch compression, a fourth harmonic X-band

cavity (FINXB) phased for deceleration is located in front

of the bunch compressor.

Jitter and drift of field amplitude and phase of each of these

accelerating cavities (subsequently referred to as actuators)

affect the longitudinal phase space of the electron bunches.

To measure the effect on the electron beam, SITF is equipped

with longitudinal instrumentation (subsequently referred to

as diagnostics) which is illustrated in Fig. 1.

For the present measurements, the bunch charge is mea-

sured with stripline beam position monitors (BPMs) that

were previously calibrated against a Faraday cup and a wall-

current monitor [5]. Two of these stripline BPMs (BPM-E1,

BPM-E2) are located between the first and the second dipole

of the bunch compressor, where the horizontal beam posi-

tion is a measure of the mean particle energy. Furthermore,

a synchrotron radiation monitor (SRM) [6] after the third

dipole of the bunch compressor provides the energy distri-

bution by imaging the incoherent synchrotron radiation onto

a camera. While the position of the centroid is also a mea-

sure of the mean particle energy, the width is related to the

relative energy spread.

After the bunch compressor, relative bunch length changes

are measured by the bunch compression monitor (BCM).

This monitor is based on coherent diffraction radiation

(CDR) generated as the electron bunch passes through a

hole of radius 3mm in a 1 μm thick titanium foil. The CDR

is thereafter filtered by two different "thick grid" high pass

THz filters. The two different spectral bands are individually

detected by two Schottky diodes. Additionally, the absolute

bunch length can be measured destructively using an S-band

transverse deflecting cavity (TDC). Thereby, the longitudi-

nal profile gets vertically deflected. The bunch profile is

then measured by imaging the electron distribution onto a

subsequent screen.

A bunch arrival time monitor (BAM) after the bunch

compressor is based on a Mach-Zehnder type modulator [7].

A high bandwidth pickup signal [8] is sampled at the zero

crossing by a laser pulse. This laser pulse provides the

timing reference. It is delivered in the accelerator tunnel

through single-mode fiber links stabilized in length with

femto second precision. The arrival time change results in

deviation from the zero crossing, thus creating a modulation

voltage for the electro optical modulator, which encodes the

arrival time into the amplitude of the reference laser pulse.
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Figure 1: Scheme of the SwissFEL Injector Test Facility. The longitudinal diagnostics used through the measurement is

shown in green, whereas the actuators varied are colored in red.

Ideally, one would like to have one diagnostic related to

a single actuator (or vice versa). However, in reality, these

beam based measurements are not independent. For exam-

ple, the total CDR energy detected at the BCM is not only a

measure of the relative bunch length, but is also affected by

the bunch charge.

THE INITIAL SETTINGS
To investigate the diagnostic response to the different ac-

tuators, namely the RF phase, RF amplitude, and charge, the

actuators are varied one by one around the initial settings

(IS) listed in Table 1.

For a bunch charge of 20.5 pC, the RF parameters at the

initial settings were optimized for a mean particle energy of

200MeV and a compression factor of roughly 7 resulting in

a bunch duration of 260 fs rms (see Fig. 2).

Figure 2: Solid line: Longitudinal electron bunch pro-

file ( 260 fs rms) at the initial settings, measured by the

TDC. Dashed line: Longitudinal electron bunch profile for

a smaller compression phase.

The phase of FINSSΦSS is at the initial settings, typically

set to minimize the energy spread, and the on-crest energy

gain of the particle is estimated to 7MeV. For maximal en-

ergy gain, FINSB01 is operated on-crest (phase = 0 °), with

an estimated energy gain of a particle of 53.7MeV. For the

current compression scheme, the phase of FINSB02 ΦS2

was set slightly off-crest to −2.5 °. For this RF station, the

on-crest energy gain of a particle is estimated to 70.8MeV.

However, the main energy chirp was introduced by FINSB03

at an off-crest phase of −37.5 ° with an on-crest energy gain

of a particle estimated to 102.7MeV. To linearize the com-

pression, the fourth harmonic field FINXBwith an estimated

on-crest energy gain of the particle of 14.2MeV is operated

anti-on-crest with ΦXB = 180.0 °.

The particle energy gains for an on-crest phase are esti-

mated based on the forward RF power at the entrance of

each RF structure for the initial settings.

An RF feedback stabilizes the vector sum of the input

and output RF fields measured with directional couplers.

It stabilizes the RF amplitudes and phases, which might

fluctuate due to temperature changes in the accelerating

structures. In these measurements of the vector sum, the

amplitudes are given in arbitrary units (see Table 1), while

the phases are given in deg.

Table 1: Initial Settings (IS) and Variation Range of the

Actuators (their stability was determined at the IS values)

Act. IS Var. Range Stability
Q 20.5 pC 18.6 - 21.9 pC 0.18 pC

ΦSS 148.5 ° ± 1.5 ° 0.039 ° (36 fs)

ASS 0.4990 arb units -2.64 - 2.04 % 0.04 %

ΦS1 −0.02 ° ± 1.5 ° 0.022 ° (21 fs)

AS1 0.3000 arb units ± 1.67 % 0.011 %

ΦS2 −2.5 ° ± 1.5 ° 0.026 ° (24 fs)

AS2 0.5950 arb units ± 0.51 % 0.0072 %

ΦS3 −37.53 ° ± 1.5 ° 0.035 ° (32 fs)

AS3 0.3309 arb units ± 6.0 % 0.056 %

ΦXB 180.04 ° ± 1.5 ° 0.18 ° (42 fs)

AXB 0.3500 arb units ± 8.6 % 0.13 %

The variation ranges of the actuators are chosen large

enough to measure a clear effect on the diagnostics, but

small enough to ensure linear dependencies. The resulting

experimentally defined variation ranges are summarized in

Table 1.

For each actuator, the stability value listed in Table 1

is the standard deviation of the measured values of 300

bunches over one minute at the initial settings. For the whole

measurement, SITF was operating at the standard repetition

rate of 10Hz, but only every second bunch was measured.

For the chosen initial settings, the resolutions of the dif-

ferent diagnostics are listed in Table 2.

The resolution of the SRM is derived from the pixel size

(40 μm) of the camera and the nominal dispersion at that
position (330.9mm). By cross calibrating the BPM-E1 and

BPM-E2 in the bunch compressor with respect to the SRM,

the dispersion at the position of these BPMs can be derived

(172.6mm). For the initial settings of 200MeV, their spatial

resolution of 8 μm results in an energy resolution roughly
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Table 2: SITF Longitudinal Diagnostics and Their Resolu-

tion at the Initial Settings

Diagnostics Quantity measured Resolution (Δ)
BPM-E1 energy diff. to the IS 9.3 keV

SRM-E energy diff. to the IS 24 keV

SRM-Δ E/E relative energy spread 1.2 · 10−4
BPM-E2 energy diff. to the IS 9.3 keV

BCM-D1r CDR, integr. 0.6-2 THz 1.6mV (0.8 %)

BCM-D2r CDR, integr. 0.26-2 THz 2.4mV (0.6 %)

BPM-Q mean of all BPMs 62 fC (0.3 %)

BAM-t bunch arrival time after BC 52 fs

TDC-σt bunch length 40 fs

2.6 times better than the estimated energy resolution of the

SRM-E.

The resolution of the BCM is estimated according to previ-

ous correlation measurements using two identical frequency

ranges for the integration. For smaller signal levels, the rela-

tive noise is slightly larger, resulting in a different relative

noise for BCM-D1r and BCM-D2r.

For the BAM, the resolution is intrinsically measured from

the pickup slope and the instantaneous amplitude jitter of the

reference laser pulses. While the present BAM resolution at

high charges (200 pC) is in the order of 10 fs, at a charge of

20.5 pC it drops to 52 fs [7].

The resolution of TDC−σt is a rough estimate of com-

paring the measurements at the two zero-crossings in the

present measurements.

Since values of actuators and diagnostics might differ by

many orders of magnitude and units, the measured quanti-

ties are subsequently divided by the listed stabilities resp.

resolutions.

DIAGNOSTICS RESPONSE
During the diagnostics response measurement, the actu-

ators are varied one by one in five steps around the initial

setting. For each step, all the diagnostics and actuators are

read out bunch synchronously with the exception of the SRM

and the TDC. While the data from the SRM was acquired si-

multaneously at the same five steps, the TDC measurements

were done separately after all the actuators were varied since

the TDC is destructive.

Throughout the measurement, the RF actuators are

changed through a vector modulator via low level RF elec-

tronics and the charge was varied by rotating a polarizer in

the gun-laser beam path.

As an example, the procedure is described in detail for

the variation of ΦS3, the phase of FINSB03 and illustrated

in Fig. 3. By varying ΦS3, there is not only a change in

compression and bunch length expected, but also a change in

energy. Furthermore, since a phase change implies a change

of the curvature in phase space, this affects the energy spread

as well as the bunch shape.

For the five points around the initial settings, ΦS3 was

nominally set to [-39.03°, -30.28°, -37.53°, -36.78°, -36.03°].

The diagnostics and read back values of the actuators are

recorded at 5Hz during one minute for each set phase.

To simplify the comparison between the different mea-

sured quantities, the actuator valuesΦS3 are divided by their

rms stability of 0.035 ° and the diagnostics values are divided

by the expected corresponding rms resolution, mentioned in

Fig. 3 as Δ as well as in Table 2.

For each diagnostic element, Figs. 3a)-i) show the mean

and standard deviation at each scan point with respect to the

mean and the barely visible standard deviation of the also

measured actuator ΦS3.

As expected, the charge shown in g) is not affected by any

change of ΦS3. A very weak response might be seen for the

relative energy spread by the SRM-ΔE/E in c). However the

main change is observed by the diagnostics most sensitive to

energy which are BPMs in the bunch compressor a) and d)

and the SRM-E b). These diagnostics only show a difference

from the actual energy to the original energy at the initial

settings. The convention of the axis for these diagnostics

is chosen to show a positive difference for an increase in

energy. Since an energy change is affecting the transit time

through the bunch compressor, also the BAM h) is sensitive

to energy changes. WhileΦS3 is moved towards the on-crest

phase, the mean particle energy is increasing and the beam

is less deflected by the dipoles in the bunch compressor.

This implies a slightly shorter trajectory through the bunch

compressor and therefore a negative deviation of the arrival

time with respect to the measurement at the initial settings.

Furthermore, a variation in ΦS3 results in a change of

compression that is detected by the BCMs e) and f) and the

TDC i). While the phase is shifted towards the on-crest phase,

the electron bunch is less compressed and the integrated

energy in the two frequency ranges of the BCMs is decreased,

because the coherent diffraction radiation is shifting towards

lower frequencies. This is seen in Figs. 3e) and f).

The responses of individual diagnostics on the actuators

are confirmed to be linear within the scan ranges. The re-

sponse Ri j of diagnostics i with respect to the actuator j is

approximated by the slope of a linear fit.

A slope of 1 corresponds to the situation where the value

of the diagnostics is changing by one rms resolution, if the

actuator is changed by an amount corresponding to its rms

stability. This means that slopes smaller than 1 can not be

measured reliably in single shot. However, slow drifts might

still be detected by averaging over an appropriate number

of bunches. The measured response matrix is depicted in

Table 3.

DISCUSSION OF THE RESPONSE
MATRIX

A very rough inspection of the response matrix in Ta-

ble 3 shows, that only the charge measurement by BPM-Q is

clearly sensitive to only one actuator, namely to the charge.

All the other diagnostics are sensitive to more than one actu-

ator.
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Figure 3: Phase scan of the off-crest operated accelerating structure FINSB03. ΦS3 is varied for 5 different settings around

its IS value. The resulting measurements of the SITF longitudinal diagnostics are depicted in a) to i). The middle points

correspond to the initial settings and the bars shown indicate the standard deviation. Therefore, the quantity is divided by

the resolution Δ of the corresponding detector, and the RF actuator by its rms stability 0.035 °.

Table 3: Response matrix R of the experimentally measured values as a function of the actuators. The values measured

have been divided by the measured stability of the actuators and the expected (resp. measured) resolution of the diagnostics.

The bold numbers indicate the most sensitive diagnostic for each actuator according to the measurement.

Since the responses of each diagnostic on each actuator

is linear, simultaneous variations of all parameters can be

represented as a linear combination of the individual varia-

tions. Therefore, the response matrix can be analyzed using

the method of singular value decomposition (SVD) [9].

For this purpose, the response matrix R can be decom-

posed into three matrices according to

R = U · Σ · VT , (1)

where the matrix Σ is a diagonal matrix, containing the

singular values of R. By convention, they are sorted by de-

scending order, as depicted in Table 4. Each singular value

corresponds to the weighting factor of the related mode. The

corresponding mode is derived from the left singular vectors

of R contained in U (describing the diagnostics in Table 5)

and the right singular vectors of R contained in V (describ-

ing the actuators in Table 6). Since the singular values for

mode 7-9 are very small compared to the first 6 modes, in
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Table 5 and 6 only the first 7 singular vectors are shown for

better understanding.

Table 4: Matrix Σ, containing the singular values of R. They

describe the importance of the corresponding singular vec-

tors in U, resp. V.

Table 5: Matrix U, containing the first seven left singular

vectors of R as columns. They describe the diagnostics and

are sorted according to their importance.

Mode number 1 is primarily acting on the mean par-

ticle energy. The first row in U implies that this mode is

basically measured by the BPM-E. The corresponding actu-

ators are mainly AS3, ΦS3 and ASS . A slightly lower impact

on the energy is given by AXB . Since FINXB is operated

anti-on-crest, this coefficient has the opposite sign compared

to the coefficient for the amplitude of FINSB03.

Mode number 2 is describing a combined compres-

sion-charge mode, mainly detected by the BCM-D1r and

the BPM-Q (column 2 in U). The leading actuators (column

2 in V) are the phase of FINXB and the charge. A smaller

influence is given by the phases of FINSB03 and FINSB02

as well as the amplitude of FINSB03.

Since BCM-D1r is integrating the CDR energy in a nar-

rower spectral range starting at a higher frequency than BCM-

D2r (see Table 2) , the relative change of the detected CDR

is higher than for BCM-D2r, thus resulting in a higher sensi-

tivity with respect to compression.

Table 6: Matrix V, containing the first seven right singular

vectors of R as columns. They describe the actuators and

are sorted according to their importance.

Mode number 3 is also describing a combined charge-

compression mode with the same contributors as mode num-

ber 2, but now primarily acting on the charge. In contrast to

mode 2, the relative signs of charge and compressions are

opposite.

Mode number 4 with a singular value already more

then 10 times smaller then the first one, is describing the

arrival time. This is exclusively detected by the BAM. The

corresponding main actuator is given by the amplitude of

FINSS and, much weaker, by the phase and amplitude of

FINSB03.

Mode number 5 having a singular value which is

roughly 100 times smaller then the first mode, is only con-

tributing very little to the overall response. However, column

5 in U is indicating that mainly the relative energy spread is

affected with a slight contribution of also BCM-D2r by the

corresponding main actuator of the phase of FINSS (column

5 in V).

The remaining singular values are so small, that they are

probably dominated by noise and have no constructive im-

pact on the response matrix. Therefore, columns 8 and 9 of

the matrices U and V are not shown for better understanding.

CONCLUSION AND OUTLOOK
A diagnostics response matrix was successfully measured

at one working point of the SITF. As expected, the beam

based measurements of the different diagnostics are not de-

coupled. This implies that different beam parameters can

only be stabilized by using an appropriate procedure based

on different diagnostics.

This can be seen for example in mode number 1, dedicated

to energy. There is not only one actuator mainly affecting the

energy, but the gun amplitude ASS as well as the amplitude

of the accelerating S-band cavity AS3 and the compression
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phase ΦS3 are contributing in the same order of magnitude

relative to their stability.

It is worth underlining that the specific responses Ri j are

determined based on the measured stabilities of the actuators.

These stabilities vary from RF station to RF station as listed

in Table 1. If these stabilities change, for example because

the temperature stabilisation of an RF cavity is improved, this

would affect all entries in the response matrix. In particular

the relative importance of the different actuators might then

change in the present representation.

The charge and compression modes (modes number 2 and

3) might be disentangled by compensating the influence of

varying charge on the bunch compression monitor in the

data processing. This would lead to zeros in the response

matrix for RBCM−D1r,Q and RBCM−D2r,Q . In consequence,
mode number 2 would be dedicated to compression, with

the leading actuator of the X-band phase followed by the

S-band compression phase and the S-band amplitude. Mode

number 3 would be purely sensitive to charge.

As can be seen from the response matrix R, the two BPMs

in the bunch compressor as well as the centroid of the syn-

chrotron radiation monitor SRM-E are redundant measure-

ments with a higher accuracy for the BPMs. However, the

BPMs only allow to measure the center of mass of the par-

ticle energy distribution in the electron bunch. In contrast,

the synchrotron radiation monitor provides additional in-

formation on the longitudinal phase space projected onto

the energy axis. The width of this distribution (the relative

energy spread) is the main measure used in mode number 5.

According to the response matrix, the BCMs, sensitive to

bunch length changes, do not allow for a clear distinction

between a change in the compression phase ΦS3 and ΦXB .

To solve this ambiguity, the choice of spectral filters could

probably be improved further, or a more direct measure of

the curvature in phase space could be beneficial.This could

possibly be implemented using not only the centroid and the

width at the synchrotron radiation monitor, but also some

information about the measured shape and their asymmetry.

As a further option, instead of measuring the asymmetry

of the longitudinal phase space projected onto the energy

axis, the equivalent information is expected for a direct mea-

sure of the asymmetry in the temporal profile of the electron

bunch.

It is worth noting that there are further effects affecting a

proper and stable bunching process not accounted for in these

measurements presented here. Among others these are laser

arrival time on the cathode, fluctuations in the longitudinal

laser pulse profile or the stability of the magnetic fields.

The presented diagnostic response measurement serves

first and foremost as a response study of the current diag-

nostics installed at SITF. In particular, there were more ac-

tuators than linear independent diagnostics available. If this

approach of SVD would be used for regulation, the differ-

ent weighting factors would probably need to be optimized

experimentally. Furthermore, for slow regulations, it could

be important to account for drifts of the diagnostics which

were neglected throughout this paper.
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FEMTOSECOND-STABILITY DELIVERY OF SYNCHRONIZED RF-
SIGNALS TO THE KLYSTRON GALLERY OVER 1-km OPTICAL FIBERS 

Kwangyun Jung, Jungwon Kim#, Jiseok Lim, Junho Shin, Heewon Yang, 
KAIST, Daejeon, South Korea 

Heung-Sik Kang, Chang-Ki Min, PAL, Pohang, South Korea 

Abstract 
We present our recent progress in optical frequency 

comb-based remote optical and RF distribution system at 
PAL-XFEL. A 238 MHz mode-locked Er-laser is used as 
an optical master oscillator (OMO), which is stabilized to 
a 2.856 GHz RF master oscillator (RMO) using a fiber-
loop optical-microwave phase detector (FLOM-PD). We 
partly installed a pair of 1.15 km long fiber links through 
a cable duct to connect and OMO room to a klystron 
gallery in the PAL-XFEL Injector Test Facility (ITF). The 
fiber links are stabilized using balanced optical cross-
correlators (BOC). A voltage controlled RF oscillator 
(VCO) is locked to the delivered optical pulse train using 
the second FLOM-PD. Residual timing jitter and drift 
between the two independently distributed optical pulse 
train and RF signal is measured at the klystron gallery. 
The results are 6.6 fs rms and 31 fs rms over 7 hours and 
62 hours, respectively. This is the first comb-based 
optical/RF distribution and phase comparison in the 
klystron gallery environment. 

INTRODUCTION 
Time-resolved X-ray-optical pulse pump-probe 

experiments with femtosecond time resolution and sub-
nm spatial resolution can reveal molecular dynamics and 
accelerate natural and medical science. Therefore, the 
future most advanced X-ray Free Electron Lasers 
(XFELs) require femtosecond-precision synchronization 
of several lasers and RF signals in tens of accelerator 
units over km length scale [1]. In the last decade, optical 
timing and synchronization techniques, based on CW 
lasers or pulsed mode-locked lasers, have been 
intensively investigated. 

Optical pulsed fiber link stabilization technique based 
on a balanced optical cross-correlator (BOC) resulted in 
unprecedented performance. Sub-10 fs in rms long-term 
stability and short-term jitter were achieved for standard 
single mode fiber link stabilization in well-controlled 
laboratory environment [2]. This technique has been 
already installed in operating FEL facilities (such as 
FERMI and FLASH), and currently shows <100 fs in 
peak-to-peak long-term stability over several hours [3,4]. 
This amount of drift is caused by the polarization mode 
dispersion (PMD) of the fiber link. Recently, in order to 
deal with the PMD problem, a polarization maintaining 
(PM) fiber link was used, and sub-femtosecond long-term 
timing link stability [5] and remote optical-to-optical 

synchronization [6] in the laboratory environment was 
reported. 

Synchronization techniques of local RF signals to a 
mode-locked laser have been also developed in the last 
decade. A balanced optical-microwave phase detector 
(BOM-PD) with sub-10 fs long-term stability and short-
term jitter was demonstrated [2]. It detects timing error 
between optical pulse trains and RF signals directly in the 
optical domains based on electro-optic sampling in the 
fiber Sagnac-loop interferometer. The BOM-PD is being 
used in FEL facility (FERMI) for the mode-locked laser 
stabilization to the RF master oscillator in the well-
controlled laser room [3]. In 2012, a fiber-loop optical-
microwave phase detector (FLOM-PD) was developed 
with both sub-femtosecond short-term jitter and long-term 
stability [7]. It showed ultra-low short-term residual phase 
noise floor (-158 dBc/Hz) between two 10 GHz 
microwave oscillators which were locked to a common 
mode-locked laser locally [8]. The basic principle of the 
FLOM-PD is very similar with the BOM-PD, but the 
FLOM-PD is based on balanced photodetection instead of 
synchronous detection, and it is much simpler and easy to 
build. 

The combination of these two modular methods (BOC 
+ BOM-PD or BOC + FLOM-PD) may lead to a great 
performance in remote RF transfer or remote 
synchronization between a mode-locked laser and a RF 
oscillator. However, the full implementation of such 
remote laser-RF synchronization has not been 
demonstrated so far. 

In this paper, we show remote synchronization between 
a 238 MHz mode-locked laser and a 2.856 GHz RF 
source by combining FLOM-PD-based local laser-RF 
synchronization units and BOC-based stabilized fiber 
links in the real accelerator klystron gallery environment 
[9]. We installed a pair of 1.15 km long fiber links in an 
accelerator building and measured the relative phase drift 
between the optical pulse train and the RF signal at the 
link outputs in a klystron gallery, which resulted in 6.6 fs 
and 31 fs rms timing drift maintained over 7 hours and 62 
hours, respectively [9]. To our knowledge, this is the first 
demonstration of maintaining few-fs-level drift over 
hours of operation in the remote synchronization between 
a femtosecond mode-locked laser and a RF source over a 
kilometer in distance. This shows the possibility to 
distribute RF signals, all tightly locked to a master mode-
locked laser, to remote locations with femtosecond 
stability, not only in the well-controlled laboratory but 
also in the accelerator environment.  ___________________________________________  

#Jungwon.kim@kaist.ac.kr  
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TEST OF REMOTE LASER-RF 
SYNCHRONIZATION IN ACCELERATOR 

ENVIRONMENT 
In order to assess the feasibility of applying remote 

laser-RF synchronization in a real large-scale scientific 
facility outside the well-controlled laboratory, we 
installed a pair of 1.15 km dispersion compensated fiber 
links in an accelerator building [Injector Test Facility 
(ITF) in the Pohang Accelerator Laboratory (PAL)]. 
Figure 1 shows the schematic of the experiment at the 
PAL-ITF. 
 

Figure 1: Remote laser-RF synchronization test set-up in 
an accelerator building (PAL-ITF). BOC, balanced 
optical cross-correlator; FLOM-PD, fiber-loop optical-
microwave phase detector; FRM, Faraday rotating mirror; 
PM, partial mirror; VCO, voltage-controlled oscillator 
[9]. 

 
In a laser room, a 238 MHz repetition rate, 120 fs 

pulsewidth, soliton mode-locked Er-laser (OneFive, 
Origami-15) is stabilized to the 2.856 GHz RF master 
oscillator (Agilent, N5181B) with 6 kHz locking 
bandwidth using a fiber-loop optical-microwave phase 
detector (FLOM-PD) for a long-term stable operation. 
The 6 kHz feedback bandwidth is selected, because the 
laser phase noise is higher than the RF master oscillator 
phase noise below the 6 kHz Fourier frequency region. 
The output from the laser is split into two independent 
fiber links. Each link is composed of 1.05 km standard 
SMF-28 fiber and 100 m DCF (OFS LLWB), and part of 
each fiber link is installed in a cable duct between the 
laser room and the klystron gallery. The outputs of the 
fiber links are installed in an instrument rack in the 
klystron gallery (photograph in Fig. 1). Part of the 
delivered optical pulse trains is reflected back, and is 
applied to the balanced optical cross-correlator (BOC) in 
the laser room. The detected fiber link timing fluctuations 
are compensated by a pzt fiber stretcher and a fiber 
coupled motorized stage. In the klystron gallery rack, a 
2.856 GHz voltage-controlled RF oscillator (VCO, 
INWAVE AG, DRO-2856A) is synchronized with the 

output from one link using the FLOM-PD (FLOM-PD #2 
in Fig. 1). Finally, to assess the out-of-loop 
synchronization performance between the locked VCO 
and the delivered pulse train via the other fiber link, 
another FLOM-PD (FLOM-PD #3 in Fig. 1) is used. 
Thus, we can evaluate the relative phase stability between 
the RF signal regenerated from a fiber link output and the 
optical pulse train from another independently timing-
stabilized fiber link output. 

Figure 2 shows the residual phase noise measured in 
the klystron gallery rack. The rms timing jitter between 
the RF source and the optical signal is 7.3 fs integrated 
from 1 Hz to 10 MHz. The VCO is locked to the 
delivered optical signal with 300 kHz bandwidth. Outside 
the locking bandwidth, the VCO phase noise follows the 
free-running VCO absolute phase noise itself. Note that 
the measured VCO absolute phase noise data from the 
vendor was limited by a measurement instrument at the 
high offset frequency (>300 kHz). To figure out the 
residual phase noise floor inside the locking bandwidth, 
we also measured the residual phase noise between the 
two delivered fiber links output optical pulse trains using 
an out-of-loop balanced optical cross-correlator (BOC). 
The result shows that the BOC is more sensitive to the 
gallery environment than the FLOM-PD, because the 
residual phase noise measured by the BOC is even higher. 
Thus, the origin of the -128 dBc/Hz noise floor below 1 
kHz offset frequency measured by the FLOM-PD was not 
revealed yet. However, it might be caused by the link 
stabilization performance. In fact, the noise floor from 30 
kHz to 100 kHz is the balanced photodetector voltage 
noise floor of the in-loop BOC for the fiber link 
stabilization. 
 

Figure 2: Residual phase noise measurement at the 
klystron gallery rack after transferring over 1.15 km long 
fiber link. 

 
Figure 3 shows the relative phase drift measured in a 

klystron gallery rack. The best 7 hours result (indicated as 
the red box in Fig. 3) shows 6.6 fs rms timing drift 
integrated over 7 hours. To our knowledge, this is the first 
time to show that maintaining sub-10 fs long-term RF 
phase stability in operating klystron gallery environment 
is possible by remote laser-RF synchronization via 
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kilometer-scale fiber links. Over the full measurement 
span of 62 hours, the integrated rms timing drift is 31 fs. 
There are several possible reasons for this drift. First 
reason is that the gallery temperature change by ~3 K 
with a period of ~1 day, which can influence the excess 
phase drift in FLOM-PDs themselves (note that the 
instrument rack used in the gallery did not have an active 
temperature controller in this experiment). The previously 
measured temperature coefficient of the FLOM-PD with 
an active temperature change of several Kelvin was ~20 
fs/K [7]. Secondly, PMDs in the two independent 1.15 km 
long fiber links may have caused the relative phase drift 
between them that cannot be compensated by the timing 
stabilization method. Similar amount of PMD-limited 
timing drift (~100 fs) has been observed in other fiber 
links with hundreds meters to few kilometers scale 
[4,10,11]. In addition, harsh environments in the klystron 
gallery with high voltage, high current pulsed signals, and 
high vibration might lead to additional timing noise to the 
local laser-RF synchronization system. However, as this 
is a very early stage demonstration in the gallery 
environment, more careful investigation on the exact 
origins and noise-coupling mechanisms is required. 
 

Figure 3: Residual phase drift measurement at the 
klystron gallery rack after transferring over 1.15 km long 
fiber link. The best 7 hours result (indicated by red box) 
shows 7.7 fs rms drift integrated over 7 hours. For the 
entire 62 hours measurement, 31 fs rms drift was 
measured [9]. 

CONCLUSION 
We demonstrate remote fiber link-based synchro-

nization between a mode-locked laser and a 2.856 GHz 
RF source with sub-10 fs rms timing drift over >7 hours, 
in the accelerator environment. The longer-term 
synchronization performance is limited to 31 fs rms drift 
during 2-3 days, by combined effects of the fiber link 
PMD, gallery rack temperature change, and harsh 
vibration environment. As this is a very early stage 
demonstration in the gallery environment, more careful 

investigation on the exact origins and noise-coupling 
mechanisms is required. 
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ELECTRON BEAM DIAGNOSTICS AND FEEDBACK FOR THE LCLS-II* 
Josef Frisch, Paul Emma, Alan Fisher, Patrick Krejcik, Henrik Loos, Timothy Maxwell,  

Abstract 
The LCLS-II is a CW superconducting accelerator 

driven, hard and soft X-ray Free Electron Laser which is 
planned to be constructed at SLAC. It will operate with a 
variety of beam modes from single shot to approximately 
1 MHz CW at bunch charges from 10 to 300 pC with 
average beam powers up to 1.2 MW. A variety of types of 
beam instrumentation will be used, including stripline and 
cavity BPMs, fluorescent and OTR based beam profile 
monitors, fast wire scanners and transverse deflection 
cavities. The beam diagnostics system is designed to 
allow tuning and continuous measurement of beam 
parameters, and to provide signals for fast beam 
feedbacks.  

LCLS-II 
The LCLS-II uses a 4 GeV, CW superconducting 

LINAC to drive two variable gap undulators to generate 
soft and hard X-rays (see Fig. 1). The hard X-ray 
undulator and some of the electron beam line are shared 
with the LCLS-I room temperature LINAC in order to 
allow operation with either accelerator. The SC LINAC 
will operate at bunch rates up to approximately 1MHz, 
and uses fast kickers (“beam spreader”) to direct selected 
bunches to each undulator, or to the beam dump. 

The LCLS-II includes a low rate (120Hz) diagnostic 
line at an energy of 100 MeV. A kicker can select single 
bunches for diagnostics without interfering with the rest 
of the bunch train.  

The LCLS-II can operate in a variety of modes with 
varying bunch charge and pulse structure, a representative 
operating mode is shown in Table 1.  

 
Table 1: LCLS--II Electron Beam Parameters (Nominal) 
Beam energy 4 GeV 
Bunch Charge 10 – 300 pC 
Bunch rate < 0.93 MHz 
Average beam power <1.2 MW 
Peak current 500-1500 A 
Bunch length (RMS) 0.6 – 52 μm 
Energy spread 125-1500 keV 
Energy stability RMS <0.01% 
Emittance (at 100pC, normalized) ~0.3 μm 
 

 
 

 
Figure 1: LCLS-II Layout. 

DIFFERENCES FROM LCLS-I 
Beam Rate / Average Power 

The single bunch properties for LCLS-II are similar to 
those for the existing LCLS-I; however the high average 
bunch rate and beam power result in new requirements for *Work Supported by DOE contract DE-AC-02-76-

SF00515 

Tor Raubenheimer, Stephen Smith, SLAC, Menlo Park CA 94305, USA 
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the diagnostics systems. The high average power prevents 
the use of continuously intercepting beam diagnostics in 
the main beam lines. However, OTR and YAG profile 
monitors can be used in the lower rate diagnostic line. 
High speed wire scanners can be used in the full 1MHz 
rate beam provided they operate above a minimum scan 
velocity.  

The high beam rate results in high data rates and 
necessitates the use of processing in FPGAs. Feedbacks 
which operate at or near full beam rate will also require 
FPGA processors. In addition some devices with slow 
response times (for example cavity BPMs) will require 
additional signal processing to isolate individual bunch 
signals. 

Low Charge / Short Bunch Operation 
The LCLS-II will operate with bunch charges as low as 

10pC with pulse lengths as short as 600nm RMS.   The 
requirement for high position resolution for low bunch 
charges will require the use of cavity BPMs in locations 
where single bunch resolution below 20 microns is 
required. 

At the shortest bunch lengths (600nm) the temporal 
structure of the bunch will have significant frequency 
components in the visible spectrum. This will result in 
substantial optical coherent emission that is strongly 
dependent on details of the bunch temporal profile, and 
prevent the use of optical imaging diagnostics for the 
compressed beam. 

DIAGNOSTICS CONTROLS 
Common Platform 

The beam diagnostics system will largely be built from 
a common controls hardware / firmware / software 
platform.  The same platform is expected to also be used 
for the LLRF system (see Fig. 2).  

 
 Analog Front End: This converts raw sensor signals 

into a bandwidth and amplitude that can be directly 
digitized. An example would be the variable gain 
amplifiers and RF downmixers for a cavity BPM. 

 A-D: The specifications have not been finalized but 
this is expected to be a commercial high performance 
A-D, roughly 150Ms/s, 16 bit.  

 FPGA: This converts raw data from the A-D into 
“physics” parameters such as X, and Y position at the 
1 MHz beam rate.   

 Timing Network: This provides  beam time clock and 
pulse ID with <1ns stability 

 EPICS Network: Conventional TCP/IP network for 
communication and configuration 

 MPS Network: Machine protection network to 
provide low latency (<100usec), high reliability beam 
trip signals if pre-defined beam limits are violated 

 Fast Feedback Network: A low latency (~5 μsec + 
cable speed) network to transmit data from sensors to 
feedback actuators. 

 DAC: The specifications have not been finalized but 
this is expected to be a commercial high performance 
D-A, roughly 100Ms/s at 16 bits.  Note that the D-A 
is not required for many diagnostics devices but may 
be included on the FPGA board for commonality of 
parts. 

 Analog Driver: This converts the D-A output to the 
signal levels / types required to drive the beam 
actuator (kicker, deflection cavity etc.). 

 

 
Figure 2: Common controls platform. 

Other Devices 
Some devices, including profile monitors and wire 

scanners, which cannot operate at the 1MHz beam rate 
will be controlled directly through EPICS rather than the 
“common platform”. These will be triggered to operate on 
specific beam pulses by the timing system.  

BEAM POSITION 
The LCLS-II contains approximately 360 BPMs of a 
variety of types: 

Stripline BPMs 
Standard strips: Most of the LCLS-II uses 12cm strips 

in a 2.5 cm diameter pipe 
Bypass Line: The LCLS-II uses the existing PEP-II 2-

kilometer bypass line. This line has stripline BPM 
pickups with 61cm long strips in a 7.3cm diameter pipe. 

The stripline BPM electronics will be similar to that 
used for LCLS-I: the strip signals will be bandpass 
filtered, then digitized. A strip-to-strip calibration system 
will correct for variations in channel gains (see Fig. 3). 
LCLS-II will use a 300MHz BPM processing frequency 
compatible with both strip lengths. The high beam rate 
will require processing in an FPGA to extract single 
bunch data. Note that for installations with long cables, 
reflections from previous bunches may interfere with 
measurements and so will need calibration and correction. 
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Figure 3: Stripline BPM front end electronics. 

Cavity BPMs 
Cavity BPMs are used in locations where high 

resolution is required. Three different types of cavity 
BPMs will be used: 

 
 Undulator BPMs: These are required to provide a 

resolution of <1μm at a 10pC charge. They will 
operate at X-band (11.424 GHz). 

 LINAC Feedback BPMs: These are used in locations 
where single bunch resolution that is better than that 
which can be obtained with striplines is required.  
The design has not been finalized but will likely be 
S-band in order to provide sufficient aperture. 

 Dispersion Region BPMs: The bunch compressors 
and dispersive regions in the beam transport system 
require large aperture (~100 mm) with high 
resolution (20μm) at 10pC.  This will require low 
frequency (L-band) cavity BPMs. 
 

The cavity BPM front end electronics will use a 
conventional filter and downmix to an IF frequency that 
can be digitized. The IF frequency has not been selected 
yet, but is probably near 50MHz.  

All of the cavity BPMs will be high “Q” and single 
bunch measurements will be performed by subtracting the 
vector amplitude of the fields that are present in the cavity 
from the previous bunch time. In the simulation in figures 
4, and 5, the fields for measurement time “B” from bunch 
“A” in the absence of a bunch in “B” are subtracted from 
the measured “B” signal. The subtraction is done on the 
vector amplitudes of the RF signals. Note that the 
simulation was done at 10X the real bunch rate in order to 
exaggerate the effect that needs correction.  

 
Figure 4: Simulation: The signal for bunch “B” is 
corrected for the ringing signal for bunch “A”.  
 

 
Figure 5: Simulation: Corrected BPM position (red 
circles) plotted with the correct beam position (blue line). 

Cold Button BPMs  
The cryo-modules will use button BPMs: the single 

bunch resolution requirements are 100 μm RMS at 10pC, 
with multi-bunch averaging to obtain better resolution. 
The buttons will be similar to the XFEL design with 
20mm diameter buttons in a 70mm beampipe (see Fig. 6). 
Processing electronics will operate below beampipe cutoff 
and will downmix ~1GHz button signals to an IF that is 
digitized by the standard controls digitizer.  
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Figure 6: Cryo button BPM based on European XFEL 
design. 

Note that LCLS-II has chosen a somewhat simpler but 
lower performance processing scheme than that used by 
XFEL [1].  

HOM BPMs 
The signals from the SC cavity HOM ports are brought 
out to room temperature. The first cavity in the injector 
and possibly others will be instrumented with HOM based 
position readouts similar to those described in [2]. 

TRANSVERSE PROFILE 
Profile Monitors 

The short bunch operating modes (0.6um RMS) of 
LCLS-II will result in substantial enhancement of optical 
emission from the longitudinal bunch form factor in 
addition to the coherent emission from CSR induced 
current modulation. This is expected to make imaging 
based on optical radiation impractical in the fully 
compressed beams. 

OTR type profile monitors will be used in the injector 
at reduced beam rates, and in the low rate diagnostic line 
(120Hz, 100MeV).  We are investigating the use of a 
profile monitor design developed at PSI using YAG:Ce 
crystals that is less susceptible to coherent emission than 
standard designs [3].  

OTR profile monitors will also be used in the dump 
lines.  The OTR foils will be located away from the main 
beam axis and the beam will be kicked onto the foil at 
low rate for energy spread measurements.  

Wire Scanners 
The LCLS-II will rely on wire scanners for most beam 

profile measurements. Wire scanners can be used on the 
full rate beam as long as the scan rate is high enough to 
prevent overheating of the wires.  Calculations were done 
to estimate the wire temperature rise under varying beam 
conditions and scan rates [4]. For uncooled carbon wires, 
34um in diameter (same as for LCLS-I wire scanners), 
and 100pC and a 600kHz beam with a 40μm spot size, a 
scan speed > 250mm/s is required to avoid thermal 
damage.  A prototype fast wire scanner based on a linear 

motor has been tested at SLAC and operates at and above 
that speed (see Fig. 7). 

 
Figure 7: Fast wire scanner tested at SLAC. 

Thermal radiation does not provide significant cooling; 
however heat diffusion along the length of the wire can 
substantially reduce the wire temperature. Figure 8 shows 
the reduction in temperature rise as a function of thermal 
diffusivity in the range of values expected for different 
carbon wire types. 

 
Figure 8: Wire temperature rise (normalized) as a function 
of wire thermal diffusion in mm2/sec.  

The signals from the wire scanners will be detected by 
measuring the degraded energy particles lost from the 
beam.  The wire scanner data will be correlated with 
beam position data from one or more nearby cavity BPMs 
to correct the scans for beam position jitter.  
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Halo Monitors 
The high average beam power in LCLS-II requires 

measurements of the beam halo to prevent beam loss. The 
wire scanners will include thick wires that can be moved 
close to, but not in the main beam to allow sensitive halo 
measurements.  

LONGITUDINAL MEASUREMENTS 
Beam Energy / Energy Spread 

BPMs in locations with known dispersion are used to 
measure the beam energy. BPMs in nearby non-dispersive 
regions are used in combination with the optics model to 
correct for incoming beam orbit variations. 

Due to the requirement for high energy resolution 
(<0.01% single bunch), and the large aperture 
requirements (several cm), cavity BPMs are used for the 
energy measurements.  

Wire scanners are used in the dispersive regions to 
measure the beam energy spread. As with other wire 
scanners, the average beam position is measured and 
corrected with BPMs to remove beam jitter.  

Bunch Length – Relative 
The electron bunch length is measured with coherent 

radiation monitors in the bunch compressors. This 
measurement is not calibrated but is used for bunch length 
control feedback. The concept is similar to LCLS-I 
however there are additional technical challenges: 

 
 The wide range of operating charge and bunch length 

requires a large dynamic range from the detectors. 
 The high beam rate can result in high average powers 

on the detectors. 
 The high beam rate requires firmware to correct for 

multi-bunch effects in the detectors. 
 

For BC2, pyroelectric detectors similar to the LCLS-I 
design will be used.  As the maximum average coherent 
radiation power could exceed 10 Watts, and the detector 
average power limit is estimated at 25mW, the beam will 
be attenuated. The maximum allowed single bunch energy 
on the detector at a 1MHz beam rate is 25nJ. However the 
estimated detector noise is 6nJ which only provides a very 
limited single bunch signal to noise. In addition the 
charge amplifiers used for the LCLS-I bunch length 
monitors do not have sufficient bandwidth to measure a 1 
MHz beam. This is an area of active development and 
several approaches are being considered: 

 
 Cooled pyroelectric detectors that can be used at 

higher average power 
 Improved charge amplifiers designed for lower noise 

and higher bandwidth 
 Use of alternate detector technology 

 
For BC1 at low charges and long bunch lengths the 

signals can be as low as 1.5nJ. Here the bunch lengths are 

longer so the coherent emission peak frequency is in the 
100s of GHz. High sensitivity millimeter wave diodes are 
available commercially in this frequency range [5]. High 
frequency diodes measuring signals from a ceramic gap 
have been tested successfully as bunch length monitors in 
the first bunch compressor in LCLS-I.  

Bunch Length Monitor – Transverse Cavity 
Calibrated bunch length and longitudinal profile 

measurements will be performed with transverse 
deflection cavities similar to those used on LCLS-I.   
Transverse deflection cavities will be installed in the 
following locations:  

 
 Injector 100MeV diagnostics line, combined with a 

spectrometer bend: S-band 
 After BC1: S-band 
 After BC2: X-band 
 After each undulator, combined with a spectrometer 

bend:  X-band 
 
The transverse cavities will use room temperature 

structures operated at a maximum of 120Hz. The fill time 
of the structures is substantially shorter than the 1 
microsecond bunch spacing so the deflectors can be used 
to measure single bunches without disturbing the 
remainder of the 1MHz bunch train. 

Downstream of the undulators the combination of a 
TCAV and spectrometer bend allows a measurement of 
the E vs. T profile of the electron bunch after the lasing 
interaction (see Figs. 9 and 10). 

 

 
  

Figure 9: Transverse deflection cavity and spectrometer.  

 
Figure 10: TCAV measurements at LCLS-I showing 
energy spread / change from FEL interaction. 

The X-band transverse deflection structure at LCLS-I 
has used time-dependent energy loss to measure X-ray 
pulses with a temporal resolution of 3 femtoseconds 
FWHM [6]. 

Arrival Time Monitor 
The X-ray experiments performed at LCLS-II will 

require measurement and control of the bunch arrival 
time. A RF cavity based bunch length monitor similar to 
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that used at LCLS-I will provide pulse by pulse bunch 
timing information.  

Electron bunches excite a longitudinal cavity whose 
output is down-mixed and digitized. The measured RF 
phase is then corrected for cavity frequency drifts 
(primarily due to temperature changes) by using the 
cavity frequency measured on each pulse. 

The existing LCLS-I monitor operates at <10fs RMS 
jitter and 40fs drift [7]. Based on initial tests, 
improvements to the processing algorithm are expected to 
improve the measurement jitter to <7fs RMS.  

FEEDBACK 
Slow Feedback 

The measurements from all diagnostic devices are 
available through EPICS channel access. The diagnostics 
electronics firmware will provide data averaged by beam 
destination as well as single pulse data selected by pulse-
ID. The beam control devices (magnets, kickers and RF 
stations) are controllable through EPICS, with control of 
pulsed / fast devices available on a pulse-ID or beam 
destination aware fashion. 

Feedbacks will be programmed in Matlab [8] operating 
through channel access in a similar fashion to that used in 
LCLS-I.  Based on LCLS-I experience, loop speeds of up 
to approximately 5 Hz are expected, sufficient for beam 
drift correction.  

Transverse beam feedbacks will control the trajectory 
throughout the accelerator / FEL systems.  Most of the 
controls will be slow correctors, but fast (1MHz) 
correctors are available upstream of the undulators and 
feedbacks can control the kickers used for the diagnostic 
line and beam spreader.  A total of 15 transverse 
feedbacks are planned. 

Longitudinal feedbacks use the measured beam energy  
and bunch length at various locations to control the RF 
fields in the SC cavities in a manner similar to that used 
for LCLS-I. A total of 11 longitudinal feedbacks are 
planned. 

The LCLS-II uses a single SC linac to drive two 
variable gap undulators.  Undulator gap tuning is used for 
wavelength changes; however there is a need for fine 
independent control of the operating wavelength of the 
two undulators.  

A single SC structure at the end of the LINAC will be 
operated off frequency so that the electron bunches 
directed to the two undulators see opposite phase 
accelerating fields. The amplitude of this structure 
controls the difference in the X-ray energies while the 
remainder of the RF controls the sum allowing for 
independent X-ray energy feedback in both undulators. 

Fast Feedback 
The LLRF systems for the SC structures are expected 

to control the fields to maintain short term variations 
below 0.01% amplitude and 0.01 degrees phase. Slow 
variations will be corrected by the slow beam feedbacks 

described above.  This is expected to meet the LCLS-II 
beam stability requirements. 

There may be high frequency beam disturbances that 
are not controlled by the RF system, including: 

 
 Interference in cavity probe signals from beam fields 
 Mechanical vibration of the SC structures 
 The microbunching instability can cause variations in 

the longitudinal profile which will result in variations 
in CSR energy losses 

 Variations in drive laser pointing 
 

The LCLS-II will include a fast feedback system that 
allows selected devices to be attached to a low latency 
feedback network. Initial design studies suggest that a 
latency of 5 μs in addition to the cable delays is practical.  

The final design and implantation of the fast feedback 
system will be finished after early beam commissioning 
when the requirements are understood. 

The “common platform” FPGA interface described 
earlier will include a SFP (small form pluggable 
transceiver) port that can be connected to the low latency 
feedback network. 
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BEAM ENERGY MANAGEMENT AND RF FAILURE COMPENSATION

SCENARIOS FOR THE EUROPEAN XFEL

Bolko Beutner, DESY, Hamburg, Germany

Abstract

Total beam delivery time to user stations is a key parame-

ter for FEL user facilities. Therefore downtime due to RF

issues, among other things, should be minimized. Specifi-

cally in case of a RF failure machine operation and beam

delivery should be maintained as long as the next scheduled

maintainance day. This is achieved by increasing the power

in all remaining klystrons to recover the lost beam energy.

These modification of the beam energy profile along the

machine induces an optics perturbation which is typically

compensated by a rescaling of the quadrupole magnet gradi-

ents to maintain a constant focusing strength. However, we

would like to resume operation at the next macro-pulse after

a RF event. While, in general, the RF systems can handle

such changes the magnets can not. In this paper we will ex-

plore optics perturbations for the case that we do not change

the magnets at all, to estimate the feasibility of fast beam

recovery after klystron failure. In addition corrections to the

RF setup are calculated with the goal of avoiding changes

in the bunch compression dynamics of the machine.

BEAM ENERGY MANAGEMENT FOR

THE EUROPEAN XFEL

Superconducting technology used at the European XFEL

allows for RF pulses as long as 600 µs supporting bunch

trains with an internal repetition rate of up to 4.5 MHz.

These pulses are, which are refereed to as macro-pulses

are triggered with 10 Hz. The European XFEL is driven in

total by 26 1.3 GHz multi-beam klystrons [1] [2]. These RF

stations are distributed along European XFEL as shown in

Fig. 1.

The energy gain ∆E, number of RF stations N , and indi-

vidual voltages per klystron ∆E/N and cavity V are sum-

marized in Table 1. Each klystron in the Linac 1-3 sections

drives four accelerator cryo-modules consisting of eight cavi-

ties with a total energy gain up to 755 MeV. Design gradient

of the niobium cavities is 23.6 MV/m. Since the assembly

of the cryo-modules is work in progress we do not have final

numbers on the actual available gradient. After final testing

and should the situation arise re-treatment of all modules we

assume an available gradient of 23.6 MV/m with an average

overhead of 10% [3]. Linac 3 is configured to achieve nomi-

nal final beam energy of 17.5 GeV at the nominal gradient

of 23.6 MV/m using 20 instead of 21 RF stations as beam

energy reserve.

In the following the name klystron refers to the full RF

station including modulator, pulse cables, pulse transformers,

klystrons, waveguides, down to the cavities, and failures in

each of these components are refereed to as klystron failure.

From the point-of-view of electron beam energy manage-

ment the machine is conveniently separated into three parts.

First the Injector and Linac 1 section. In this region of the

machine each section is essentially driven by one klystron.

Klystron failures in this part are fatal and can not be com-

pensated, immediate repair is required to resume operation.

The second part is Linac 2. A reduction of acceleration

voltage can be recovered by reserves in Linac 3. This Linac

2 however is upstream of the last bunch compressor chicane.

Voltage changes effectively modify the energy chirp at BC2

and therefore the final longitudinal beam profile. In addition

to energy profile reorganization the off-crest phases needs

modification to maintain the final current profile. Linac 3,

the main linac, is the last part. Here the majority of the beam

energy is generated and here beam energy variations are

corrected. The nominal energy gain of Linac 3 is 15.1 GeV.

Since we only rely on 20 instead of 21 klystron stations and

assume an 10% energy overhead the total voltage capacity of

Linac 3 is 17.4 GeV . This additional energy reserve of about

2.3 GeV can be used to compensate the outage of about three

klystron stations.

Table 1: XFEL Energy Gain Configuration

Linac ∆E N ∆E/N V
Section [GeV] [MeV] [MV/m]

Injector 0.13 1 130 16.5

Linac 1 0.57 1 570 17.8

Linac 2 1.7 3 567 17.7

Linac 3 15.1 21/20 719/755 22.5/23.6

MAIN LINAC ENERGY MANAGEMENT

To redistribute the energy gain along we propose an itera-

tive procedure. We start with an index set I which includes

all klystrons used for energy correction. Typically I contains

all stations except the failed one. The voltages of modules

not in I ∆Vj /∈I are not necessarily set to zero, to allow

modeling of reduced gradients in individual stations, e.g.

detuned cavities within a module or reduced voltage opera-

tions as quench prevention. The voltage of each module in

operation is modified according to:

∆V ′

i =
Enominal −

∑

j /∈I ∆Vj

|I|

wi

〈wi〉
, i ∈ I. (1)

The positive weight factors wi are chosen to set priorities ac-

cording to the performance and reliability of the individual

RF stations. After voltage scaling according to Eq. 1 each

∆Vi is compared with the individual maximum. If the max-

imum is exceeded it is set to this maximum and the station
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GUN ACC1 ACC39
Linac 1 Linac 2 Linac 3BC0 BC1 BC2LH

130MeV 700MeV 2.4GeV 17.5GeV1x4x8 3x4x8 21(20)x4x8
1x1x8 1x1x8

Figure 1: Overview of the XFEL linac and bunch compressor sections. The beam energy at different positions along the

machine is given together with the number of RF stations per linac section. For instance Linac 2 consists of 3 klystrons

driving 4 modules each containing 8 cavities. Linac 3 is consists of 21 klystron stations.

removed from the set I to have these stations not modified in

further iterations. Such iterations continue until the nominal

energy gain is retained or all available structures are set to

maximum voltage. Examples of such energy profile correc-

tions are shown in Fig. 2, 3, and 4. As mentioned earlier
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Figure 2: Example of energy correction in Linac 3 of XFEL.

In the upper plot the nominal energy profile (black solid),

reduced energy after RF failure in station 10 (blue dashed),

and the corrected energy profile (red solid) are shown. The

relative deviation, the corresponding quadrupole field de-

viation, along the linac indicated by the module number is

shown in the lower plot. In this example no dedicated spare

is used, all cavities nominally are operated at 23.6 MV/m ·
20/21 =22.5 MV/m.

the main linac is driven by 21 RF stations while only 20 are

required for nominal operation. Basically two options can be

considered to use this reserve, either all stations are operated

at 20/21 of the nominal gradient or one RF stations is not

used in nominal operation and activated as needed. In the

latter case this "spare" can be located at different positions

along the linac.

In the following we consider four scenarios, all stations

are in operation, the most downstream station, the middle

station or the klystron in the beginning of the main linac are

deactivated. Comparing this first two options in Fig. 2 and

Fig. 3 we see that in the first case we have an energy deviation

at all positions while in the second case the deviation is

somewhat localized.

The exact shape of the energy deviation depends on the

position of the broken RF station. An overview of the energy
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Figure 3: As in Fig. 2. In this example a reserve klystron

station is located at the end of the main linac.
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Figure 4: As in Fig. 3. In this example RF station 10 is off

and station 16 is set to 60% of nominal gradient.

deviations along the linac for the different scenarios is given

in Fig. 5.

The impact on the beam optics mis-

match amplitude BMAG = ξ +
√

ξ2 − 1 with

ξ = 1/2 · (βγ0 − 2αα0 + γβ0) at the end of the linac with

respect to the deign optics is summarized in Fig. 6.

Overall optics mismatch amplitude is optimized in the

case with all klystrons in operation and the "spare in the

middle" case. In all these situations the maximum deviation

from the design optics occurs if the first RF station is out of

operation. In general this behavior is expected. As shown
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Figure 5: A summary of the energy deviations caused by module failures is shown here. Each plot contains the energy

deviation as in the lower plot of Fig. 2 as a function of the klystron which is assumed to be not operational. Different spare

scenarios are compared. No dedicated spare is used in the upper left plot. In the remaining scenarios the spare position is at

the end, in the middle, or at the beginning of the linac.
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Figure 6: Summary of the optics impact of the different

spare scenarios. The optics mismatch at the end of Linac 3

with respect to the nominal optics is plotted vs. the position

of a non-operating klystron. In all scenarios excluding the

spare at the beginning case the optics deviation caused by

the first RF stations in the linac are as high as BMAG = 2.9.

in Fig. 3 the range in which the quadrupole are "detuned"

depends on the distance between the broken Klystron and

the average position of the reserve. While the impact on

the relative energy deviation is obviously lower at higher

energies. Studies on operation with simultaneous operation

at different bunch charges indicate that a BMAG of about

1.9 (ξ = 1.2) is tolerable [4]. However further studies are

required on the effects from this optics mismatch on the FEL

performance.

I would conclude that all stations should be in operation all

the time with reduced gradient. This optimizes robustness of

the beam optics and is, in routine operation, less demanding

because of the lower gradient.

BUNCH COMPRESSOR LINAC

Above we discussed energy management in Linac 3 of

the European XFEL. In Linac 2 we face a different situa-

tion. The relative impact of a RF station is larger due to the

lower number of independent RF stations, 3 compared to 21.

Therefore the energy of BC2 can not be maintained if a RF

station is not operational, which calls for a rescaling of the

magnets in BC2 inhibiting fast recovery at the next macro-

pulse. Final energy is corrected in Linac 3 as described in

the last section. In addition any change in the acceleration

upstream of BC2 affects the energy chirp and thus the com-

pression. One way to treat this problem would be a complete

redesign of the longitudinal dynamics of XFEL for different

energies at BC2 covering reasonable situations. Such a de-

sign strategy is covered in [5], but beyond the scope of this

paper.

If only Linac 2 is affected we can find a corrected RF

phase which compensates the compression analytically. Two

effects play a role here. First of all the voltage changes so the

generated energy chirp is affected and has to be corrected by

a phase offset. And since the relative energy chirp is relevant

for compression the beam energy at BC2 EBC, which is

affected by the Linac 2 phase, has to be taken into account

as well.

The energy at the chicane EBC reads

EBC = E0 + eV cos(ϕ) (2)

with the initial energy E0 at the beginning of Linac 2 section

and the voltage V of Linac 2.

For the energy along the bunch at position s holds

E(s) = eV cos

(

ϕ +
2π

λ
s

)

+ E0 (3)

= E0 + eV

(

cos(ϕ) −
2π

λ
sin(ϕ)s + · · ·

)

(4)

≈ EBC + As, (5)

with an linear energy chirp A = −2πeV sin(ϕ)/λ. If we

assume that the initial acceleration upstream to E0 is not

on-crest an additional initial chirp term A0s has to be added

to Eq. 5.

The normalized relative energy deviation

δ = E(s)−E(0)
E(0) = A0s+As

EBC
at the bunch compressor

is required to be constant to maintain the compression.

Therefore

A0s + As

EBC

=
A0s + A′s

E′

BC

(6)

A0 + A

EBC

=
A0 + A′

E′

BC

(7)

A0 − 2πeV
λ sin(ϕ)

E
=

A0 − 2πeV ′

λ sin(ϕ′)

E′
(8)

A0 − 2πeV
λ sin(ϕ)

E0 + eV cos(ϕ)
=

A0 − 2πeV ′

λ sin(ϕ′)

E0 + eV ′ cos(ϕ′)
(9)

a =
A0 − 2πeV ′

λ sin(ϕ′)

E0 + eV ′ cos(ϕ′)
(10)

a (E0 + eV ′ cos(ϕ′)) = A0 −
2πeV ′

λ
sin(ϕ′) (11)

with the initial chirp A0, additional chirp generated in a

downstream linac section A, and a convenient constant a
defines the corrected phase ϕ′ for a given modified voltage

V ′. For convenience V ′ is scaled with a linear energy factor

from V . An energy factor of 1 would be nominal operation

while 2/3 corresponds to operation with one klystron out of

operation in Linac 2 of XFEL.

In the following example we apply Eq. 11 on the 250 pC

case of European XFEL with a peak current of 5 kA. It is

convenient to solve Eq. 11 numerically which is illustrated

in Fig. 7.

The corrected phase ϕ′ and the resulting energy at BC2

EBC are plotted in Fig. 8 and Fig. 9 respectively. Due to

this phase changes the energy at BC2 does not scale linearly

with the voltage in Linac 2. Especially in the case of reduced

Linac 2 voltage we actually lose less energy than expected.
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Figure 7: An example of a numerical solution of Eq. 11. The

l.h.s (solid lines) and the r.h.s of Eq. 11 (dashed lines) are

shown over a range of possible phases ϕ′. The intersections

(circles) indicating the solutions for ϕ′ for different energy

factors indicated by a color code. The nominal phase ϕ
(energy factor 1) is indicated by the dashed black vertical

line. The case 0.6 has no solution.
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Figure 8: Solution for ϕ′ of Eq. 11. The nominal phase ϕ
(energy factor 1) is indicated by the dashed red line.

Please note that below an energy factor of about 0.61 no

solution can be found. Outside of the presented analysis this

can be avoided by either a modified R56 of the chicane or

an upstream modification of the energy chirp A0.

These solutions are used in numerical simulations of the

longitudinal dynamics done with RF Tweak 5 [6]. The results

of these calculations Fig. 10 confirm the validity of Eq. 11.

Minor differences in the current profiles can be attributed to

self-field effects which depend on the beam energy and are

not covered by Eq. 11. Slow beam-based feedback systems

which are anyhow foreseen to stabilize the peak current will

correct for these effects.
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Figure 9: Energy at BC2 E′

BC after phase correction is ap-

plied. Energy scaled with the energy factor is indicated by

the black dashed line. The nominal energy EBC (energy

factor 1) is indicated by the dashed red line.
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Figure 10: Longitudinal current profiles for different opera-

tion points using V ′ and ϕ′ in Linac 2. The nominal current

profile (BC2 at 2.4 GeV) is compared to operation with one

klystron less (BC2 at 1.9 GeV) and 10% more energy (BC2

at 2.5 GeV).

CONCLUSION AND OUTLOOK

The presented analysis outlines the strategy of the energy

management of the European XFEL, which covers 24 of

the 26 1.3 GHz RF stations. It seems feasible to aim for

"next shot" compensation of RF issues in Linac 3 even with-

out magnet rescaling. Since the required quadrupole field

changes are typically on the order of a few percent we could

think of advanced corrections were the RF compensation is

done immediately and the magnets following ignoring hys-

teresis effects. Such an approach would in general result in a

lower optics mismatch than presented in Fig. 6. If hysteresis

effects are critical the conclusion would be to use a reserve

RF station at the end of Linac 3. In such a situation all field

changes go in the same direction (compare Fig. 3) which by
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using the correct branch of the hysteresis curve avoids field

ambiguities. This investigation needs to be completed by

an detailed look on how beam mismatch impacts the FEL

performance.

An simple technique to stabilize compression was pre-

sented. Although magnet rescaling is required in case of

Linac 2 RF problems. We will investigate more detailed

compression fall-back scenarios including phase corrections

in RF stations upstream of Linac 2.

A reliable automatized implementation of these proce-

dures can even be used for temporary RF trips which are

typically recovered on the order of minutes. Even thou this

studies were conducted with the European XFEL in mind

the basic principles are applicable for other facilities as well.
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TWO CHARGES IN THE SAME BUNCH TRAIN AT THE EUROPEAN 
XFEL  

Y. Kot, T. Limberg, I. Zagorodnov, DESY, Hamburg, Germany 

Abstract 
The European XFEL has been initially designed for the 

operation with bunch charge of 1 nC [1] which was later 
extended down to 20 pC [2]. An important upgrade of this 
extension might be the ability to operate different bunch 
charges in the same RF pulse. In this paper we assume the 
nominal design of the XFEL injector which means in 
particular that both charges in the same RF pulse 
experience the same solenoid field and are generated by 
the laser of the same rms size. We discuss the 
requirements which the combined working points of the 
injector have to fulfil and show the results of the complete 
start to end (S2E) and SASE simulations for the 
simultaneous operation of 250 pC and 500 pC bunch 
charges.  

INTRODUCTION 
We report about the simulations on the operation of two 

different bunch charges at the European XFEL. From the 
beam dynamics point of view the most essential issue 
there is to achieve the similarity of the beam optical 
functions keeping emittance growth of the bunches 
reasonably low. In the next section we give an overview 
about the XFEL injector with respect to the beam optical 
functions which is followed by the presentation of the 
combined working points for the solenoid field and laser 
beam profile if the injector is operated with two charges 
in the same RF pulse. Finally we discuss the results of the 
S2E and SASE simulations for the bunch pair of 
250/500 pC.  

BEAM OPTICS ISSUES OF THE XFEL 
INJECTOR  

The injector of the European XFEL may be divided into 
three sections from the beam optical functions point of 
view. The first section begins at the cathode and is 14.48 
m long. Since it doesn’t contain quadrupole magnets 
manipulation of the beam optical functions is achieved 
here indirectly by the choice of the solenoid field strength 
as well as gun gradient, RF focussing effects in ACC1 or 
laser beam size at the cathode.  

The next (matching) section begins right after the first 
accelerating module which is followed by the first 
quadrupole. It contains six quadrupoles which are used 
for the matching of the beam optical functions.  

The third part of the injector begins after the matching 
point at 29.51 m where the beam optics is expected to be 
the same for any bunch charge and any initial settings of 
the gun. 

Since both bunches in the train experience the same 
magnetic field in the quadrupoles one has to guarantee 
that they arrive the matching section with similar twiss 

functions in order to avoid effects of the beam optics 
distortion like beta beat downstream the matching point. 

The ability of the XFEL injector to obtain two different 
charges in the same RF train with similar beam optical 
functions has been discussed in [3]. It was shown that it is 
possible on cost of emittance growth of lower charge if 
the difference between charges is not too large. Once the 
suitable value of the peak solenoid field has been found 
the choice of the laser beam size should be then on the 
ascending branch for higher charge and on the descending 
branch for lower charge (see Fig. 1). 
 

Figure 1: Dependence of the -function at the beginning 
of the matching section on laser beam rms size for 
different bunch charges. Simulations are done for the 
peak solenoid field of 0.2220 T. 

COMBINED WORKING POINTS FOR 
TWO CHARGES IN THE SAME TRAIN 
Under combined working points we define the choice 

of the settings of the solenoid peak field and rms laser 
beam size at the cathode. These settings are valid for each 
particular RF pulse so that they can’t be adjusted 
separately for any bunch in the same RF pulse.  

The determination of the combined working points has 
been also performed under the assumption of the same 
parameters of the gun and longitudinal gun laser profile 
for both bunches. These parameters are summarized in the 
Table 1. The energy of the beam has been fixed to 
150 MeV at the exit of the first accelerating module 
ACC1 and to 130 MeV after the third harmonic module 

Table 1: Gun Parameters 

Peak Gun 
Gradient, 
[MV/m] 

Gun Phase Laser Pulse and 
Form 

60 -1.9 Flat Top 20 ps, rise 
and fall time 2 ps 
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ACC39. In order to make use of the computed working 
points for the later start to end simulations a compression 
scenario with the phase of 17.8 degrees of the ACC1 was 
assumed. 

In order to find the combined working points we have 
analysed the intersections of the operation windows for 
bunch charges of 20, 100, 250, 500 and 1000 pC. Except 
of the bunch charge pair of 250/500 pC a combined 
operation appeared possible also for pairs 100/250 pC and 
500/1000 pC. It is also possible to find settings which 
provide similar beam optical functions for some other 
bunch pairs though, but the match of the twiss functions 
by means of the quadrupoles which are foreseen in the 
matching section is no longer feasible. 

As mentioned in the previous section the condition of 
similarity of the beam optical functions can be fulfilled on 
cost of the emittance growth of the lower bunch charge. 
For example, the comparison of the scans for 250 pC and 
500 pC bunch charges has shown a perfect agreement of 
beam optical functions for peak solenoid field of 
MaxB=0.2235 T and rms laser beam size at the cathode of 
XY=0.325 mm but the emittance growth of the 250 pC 
bunch compared to the possible minimum has achieved 
already 160% which reduces significantly the SASE 
generation with this bunch. 

On the other hand recent tests at FLASH [4] related to 
the operation of the two bunch charges in the same RF 
train have shown that the distortion of the beam optical 
functions which has been introduced by the change of the 
energy gain by 5% and keeping at the same time the 
currents in the quadrupole magnets unchanged leads 
though to a SASE drop of 10-20% but operation and 
generation of SASE remain acceptable. 

In order to find a suitable combined working point we 
introduce the penalty function which takes into account 
not only the mismatch between beam optical functions 

 but also the relative emittance growth of both 
charges: 
 

 

 
Detailed description of the two dimensional scans over 

the combined working points can be found in [3]. The 
combined working points which minimize the penalty 
function and resulting relative emittance growth of the 
corresponding bunches are summarized in the Table 2. 
 
Table 2: Combined Working Points for Different Bunch 
Charge Pairs 

Bunch 
Charges 
Q1/Q2, 
[pC] 

Combined WP Emittance Growth 

Pen MaxB, 
[T] 

XY, 
[mm] 

, % , % 

100/250 0.2220 0.205 74.8 1.7 1.487 

250/500 0.2224 0.285 50.1 0.0 0.887 

500/1000 0.2226 0.400 51.7 4.1 0.957 

 

OPERATION WITH 250/500 pC BUNCH 
CHARGES WITHIN THE SAME TRAIN 

RF Rough Adjustment 
We consider an operation of 250 pC and 500 pC 

bunches within the same RF pulse for the nominal design 
of the XFEL injector. 

The first rough definition of the RF settings has been 
accomplished by means of RF tweak tool [5]. The tool 
simulates the dynamics of the particle distribution mainly 
in the longitudinal phase space, takes into account some 
collective effects like the longitudinal space charge and 
CSR and gives also a simple approximation of transverse 
dynamics. It is based on the semi analytical approach 
which has been described in [6]. This way it becomes 
possible to find the first guess of the proper RF settings 
which would provide the chosen compression scheme. 

The input parameters which make possible to achieve 
this way a Gaussian-like profiles with the peak current of 
several kA for each charge are shown in the Table 3.  
 

Table 3: Input Parameters for the Compression Scheme 
R56 at Bunch Compressors, 

[m] 
Energy at Bunch 

Compressors, [GeV] 

R56_0 R56_1 R56_2 E0 E1 E2 

0.065 0.043 0.020 0.13 0.65 2.3 

 

RF Fine Adjustment 
Once the “first guess” for the RF settings was found the 

expected reference distributions after each bunch 
compression stage have been saved and a start to end run 
has been performed for each bunch charge from the first 
quadrupole at s=14.48 m up to the end of the linac 3 at 
s=1629 m. Since the longitudinal particle distributions 
after the start to end run normally differ from the 
reference distributions due to more accurate calculation of 
the collective effects and taking into account of the wake 
fields an additional RF adjustment was performed to 
provide the required longitudinal distributions. In the 
Table 4 the results for the final RF settings are shown 
which lead to reasonable 6D distributions with a peak 
current of 7.75 kA for 250 pC and 5.34 kA for 500 pC 
bunch charges. 

Table 4: RF Settings for the Simultaneous 
Compression of 250 pC and 500 pC Bunch Charges 

 ACC1 ACC39 L1 L2 L3 

Emax, 
[GeV] 

0.157 0.026 0.657 1.667 11.76 

Phase, 
[deg] 

17.79 186.1 37.69 6.57 0.00 
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Bunch Parameters after S2E Simulations 
The results for the main bunch parameters at the 

beginning and at the end of the S2E simulations are 
summarized in the Tables 5a and 5b. 

Table 5a: Projected Emittance of the 250 pC and 500 
pC Bunches Operated at the Combined WP at the 
Beginning and at the End of S2E Section 

 250 pC 500 pC 
 x,pr  

[ m] 
y,pr 

[ m] 
x,pr 

[ m] 
y,pr 

[ m] 

Start 0.336 0.325 0.424 0.422 

End 0.391 0.509 0.486 1.367 

Table 5b: Rms Energy Spread, Peak Current, FWHM 
Bunch Length and Total Compression at the Beginning 
and at the End of S2E Section for 250 pC and 500 pC 
Bunches Operated at the Combined WP 

 250 pC 
 E,rms 

[MeV] Ip, [A] ,[fs] C 

Start 2.74e-4 16.12 11225 
196 

End 0.765 7.75e+3 19 

 500 pC 

Start 7.58e-4 26.14 13890 
136 

End 0.553 5.34e+3 78 

SASE SIMULATIONS FOR THE BUNCH 
CHARGE PAIR 250/500 pC 

Lasing simulations for the SASE 1 section of the 
European XFEL has been performed by means of the 
Genesis tracking code [7]. The beam input files have been 
generated from the output files of the S2E simulations 
while the evolution of the beam optical functions between 
Linac 3 and undulator section has been approximated by 
formulas of the linear optics using the XFEL lattice file. 

The results of the simulations indicate the resulting 
SASE pulse energy of 618 J for 250 pC and 708 J for 
500 pC bunch charge. Though both bunch charges 
demonstrate comparably equal pulse energy they differ at 
the same time in pulse length and average laser power. 
The part of the bunch which contributes to the SASE 
process is three times longer for 500 pC bunch than that 
for 250 pC bunch (approximately 30 m compared to 
10 m). On the other side the 500 pC bunch has smaller 
peak current and also significantly smaller maximum 
averaged power (12.5 GW compared to 31 GW for 250 
pC bunch). Moreover it is to mention that the 250 pC 
bunch demonstrates not only high peak current but also a 
double horn longitudinal structure while 500 pC bunch 

retains a stable “flat top” pulse with moderate laser power 
over the entire length of 30 m (see Fig. 2 and 3). 

 
Figure 2: SASE Simulations for 250 pC Bunch. 

 
Figure 3: SASE Simulations for 500 pC Bunch. 

SUMMARY AND DISCUSSION 
Crucial point for the simultaneous operation of the 

European XFEL with two different bunch charges is the 
ability to achieve similar beam optical functions of both 
bunches after the first accelerating module. Simulations 
have shown that it is possible for nominal design of the 
XFEL injector on cost of the emittance growth of the 
bunch with smaller charge. In order to get suitable bunch 
parameters it is reasonable however to look for a 
compromise between emittance growth and mismatch of 
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the beam optical functions between bunches. Combined 
working points have been derived by means of the 
simulations with ASTRA code as ones which minimize 
the penalty function proposed in this paper. 

A complete S2E simulations consisting of the particle 
tracking from the cathode to the undulator section has 
been performed for 250/500 pC bunch pair. It was shown 
that it is possible to find combined working points for the 
operation of the solenoid, injector laser and RF settings of 
the accelerating modules which lead to suitable for lasing 
6D particle distributions of both charges. 

Subsequent SASE simulations with Genesis code 
revealed that both charges deliver laser pulses of similar 
energy but different longitudinal structure, length and 
average power. 

A very tempting upgrade of the nominal design of the 
XFEL injector with respect to the simultaneous operation 
of two different bunch charges can be an installation of an 
additional laser system at the cathode. The benefit of it 
would be more flexibility by the choice of the combined 
working points since the rms laser beam size becomes 
adjustable for each bunch separately and only solenoid 
field remains the same for both bunches. Detailed analysis 
of this case can be found in [3]. Another promising 
improvement could be the ability to change the RF 
settings during the RF pulse which has been already 
successful tested at FLASH [4].  
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START-TO-END ERROR STUDIES FOR FLUTE

M. Weber∗, A.-S. Müller, S. Naknaimueang, M. Schuh, M. Schwarz, P. Wesolowski

KIT, Karlsruhe, Germany

Abstract

FLUTE, a new linac based test facility and THz source,

is currently under construction at the Karlsruhe Institute of

Technology (KIT) in collaboration with DESY and PSI. With

a repetition rate of 10 Hz, electron bunches with charges

from 1 pC to 3 nC will be accelerated up to 40-50 MeV and

then compressed longitudinally in a magnetic chicane to

generate intense coherent THz radiation. Since the stability

and repeatability of longitudinal bunch profiles are essen-

tial for optimum compression and THz radiation properties,

simulation-based start-to-end error studies using the track-

ing code ASTRA have been performed to determine the

influence of the machine elements on the bunches. Thus,

critical parameters are identified and their respective toler-

ance ranges defined. In this contribution a summary of the

error studies will be given.

INTRODUCTION

The "Ferninfrarot Linac- Und Test-Experiment" (FLUTE)

[1], [2] is a new compact linear accelerator facility, aimed

at the generation of coherent THz radiation with fs electron

bunches. Additionally, it will serve as a test stand for the

study of different generation mechanisms of THz radiation

(CSR, CTR and CER) as well as for the development of

diagnostics for the ultra-short bunches.

Figure 1 shows the baseline design of FLUTE. In a 3 GHz

RF photo gun the initial bunches with charges from 1 pC to

3 nC are generated and accelerated to about 7 MeV. In order

to compensate the strong space charge forces acting within

the bunches at low energy, a solenoid is used for transverse

focusing right after the gun. A travelling wave linac accel-

erates the bunches to their final energy of 40-50 MeV. In

addition, a negative correlated energy spread is induced to

longitudinally compress the bunches in the D-shaped bunch

compressor (chicane). To control and optimize the trans-

verse bunch size, a focusing quadrupole doublet is used

before the chicane.

BEAM DYNAMICS SIMULATIONS

For the design of FLUTE and the optimization of the ma-

chine parameters, different simulation tools including the

tracking code ASTRA [3] have been used [4] in order to get

a minimum RMS bunch length after compression. For the

error studies the tracking has been done with ASTRA for the

entire machine. Table 1 shows the current design values for

the machine parameters applied in the simulations. Depend-

ing on the bunch charge, RMS bunch lengths between 220 fs

(3 nC) and 5 fs (1 pC) after compression can be achieved.

CSR effects inside the chicane are neglected in this case.

∗ manuel.weber@partner.kit.edu

Simulations including CSR effects result in bunch lengths

of about 270 fs for the 3 nC bunches, while for 1 pC CSR

leads to about 5% longer bunches. Especially in this highly

sensitive low charge regime further optimization is ongoing.

Parameter Unit Value

Bunch charge nC 0.001 - 3

Laser spot size (RMS) mm 0.5 - 2.25

Laser pulse length (RMS) ps 0.5 - 4

Gun peak field MV/m 120

Solenoid peak field T 0.14 - 0.18

Linac peak field MV/m 10

Quadrupole strength m−2 11.88 - 12

Dipole bending radius m 1.12 - 1.006

ERROR STUDIES

A solid understanding of the influence of the machine

parameters on the 3D bunch shape is a prerequisite for a

stable operation with ultra-short bunches. These parameters

include the ones shown in Table 1, as well as the alignment

of the different machine components. Two simulation proce-

dures have been applied. On the one hand, systematic scans

of individual machine parameters have been performed. On

the other hand, randomly generated deviations have been

added on the design values of these parameters. This has

been done for each machine component separately, as well as

for the whole machine at once. The errors follow a Gaussian

distribution and each entry in the distribution corresponds

to one simulation run. For that purpose an internal routine

included in ASTRA has been used. Observing the distribu-

tion of the output bunch parameters (such as RMS bunch

length and transverse bunch size) after multiple simulation

runs then gives information about the average influence of

the errors on the bunch. Table 2 shows the RMS values for

the error distributions on the considered machine parameter

values. A cut-off after three sigma has been made, meaning

that deviations of the input values do not exceed this range.

So values that are too far off from the design value of the re-

spective machine parameter (with probabilities below 0.3%)

are avoided within the random distributions.

Regarding the laser, errors have been added on the laser

pulse length, timing offset (jitter), spot size and position at

the cathode, as well as on the bunch charge (laser amplitude).

Out of these, the timing offset has the strongest influence on

the bunch profiles. Figure 2 shows a systematic scan of the

laser timing between ±500 fs and the impact on the bunch

Table 1: Design Values for the FLUTE Machine Parameters
used in the ASTRA Simulations
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Figure 1: Baseline layout of FLUTE as used for the error studies. The initial bunches are generated in an RF photo gun,

accelerated to 40-50 MeV in the linac and then longitudinally compressed in a four dipole chicane. Gun and linac are

powered both by the same klystron.

Parameter Unit Value

Bunch charge % 0.25

Laser spot size % 1

Laser pulse length % 0.1

Laser timing ps 0.5

Phase (laser, gun, linac) degree 0.1

Peak field (gun, solenoid, linac,

chicane)

% 0.1

Position of machine component mm 0.25

Rotation of machine component mrad 0.5

length after compression for a 1 pC bunch. A 500 fs timing

offset equals a phase error of

φ(t) = ωt = 2π × 3 GHz × 500 fs ≈ 0.5◦ (1)

in gun and linac. So the electrons gain a different amount of

energy compared to the case without jitter. This leads to a

deviation of mean energy and energy spread of the bunch

and disturbs the optimum bunch compression in the chicane.

In Fig. 3, Gaussian distributed errors have been added on

all machine parameters simultaneously in 150 simulation

runs (this number has been chosen concerning reasonable

computation times since one simulation run takes more than

two hours). Although the overall fluctuations increase, the

effect of the laser timing offset on lengthening the bunch

can still be observed. Also, the horizontal RMS bunch size

after compression is strongly affected (see Fig. 4). Particles

travelling off axis through the linac are influenced by trans-

verse components of the accelerating RF wave. This has a

focusing or defocusing effect on the bunch, depending on

the linac phase. So the bunch size increases or decreases,

while in both cases the RMS bunch length grows.

Further start-to-end simulations concerning the deviations

on the values of gun, solenoid, linac, quadrupole doublet and

bunch compressor parameters as listed in Table 2 have been
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Figure 2: Systematic scan of the laser timing offset for a

1 pC bunch. Timing deviations lead to longer bunches after

compression. A stability of ±200 fs is required to keep the

fluctuations in bunch length in the range of 0.5 fs.
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Figure 3: Influence of the laser timing on the RMS bunch

length after compression. Gaussian distributed errors are

added on all machine parameters simultaneously (1 pC, 150

simulations). Compared to Fig. 2 there is still a correlation

between laser timing and compressed bunch length.

performed. The histograms in Fig. 5 and Fig. 6 show the

effect of all errors on bunch length and horizontal bunch size

for a 1 pC bunch along the machine axis (after 150 simula-

tion runs). The overall relative fluctuations in bunch length

around the mean rise from about 5% before compression

to about 20% after compression. Looking at the impact of

Table 2: RMS Values for the Gaussian Distributed Errors
(added on the design value of the respective machine param-
eter)
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Figure 4: Impact of the laser timing on the horizontal RMS

bunch size after compression. Similar to Fig. 3, Gaussian

distributed errors are added on all machine parameters si-

multaneously (1 pC bunch). Transverse components of the

accelerating RF wave inside the linac are focusing or de-

focusing the bunch, depending on the phase. Due to the

timing-related phase errors, this has the effect of increasing

or decreasing transverse bunch sizes.

the deviations on the horizontal bunch size, the maximum

fluctuations around the mean are in the order of 10%. For

higher bunch charges up to 3 nC, the relative fluctuations

in bunch length before compression are in the same order

of magnitude as for 1 pC. After compression the fluctua-

tions are decreasing with higher charges. Because of the

very short RMS lengths of the 1 pC bunches, small varia-

tions in absolute numbers lead to large deviations in relative

numbers. Concerning this sensitive case, also numerical

influences on the bunch parameter fluctuations are currently

under investigation.
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Figure 5: Histogram of the RMS value of the bunch length

along the machine axis (1 pC, 150 simulations). Gaussian

distributed errors have been added on all machine param-

eters simultaneously. Fluctuations around the mean value

rise from about 5% before compression to about 20% after

compression.

SUMMARY

FLUTE, a new accelerator test facility, is currently under

construction at KIT. Simulation-based error studies using
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Figure 6: Histogram of horizontal RMS bunch size along the

machine axis after 150 simulations with Gaussian distributed

errors (1 pC). After compression fluctuations around the

mean rise to about 10%.

the tracking code ASTRA have been performed. The laser

timing jitter is identified as the most crucial machine pa-

rameter in terms of influencing bunch length and bunch

size after compression. Its deviations should be kept below

±200 fs. In this case the RMS compressed bunch length

(5 fs, 1 pC bunch charge) fluctuates about 0.5 fs. The aver-

age fluctuations increase to about 1 fs when adding Gaussian

distributed errors on all machine parameters simultaneously.

These parameters include the alignment of the FLUTE ma-

chine components, as well as electric and magnetic peak

fields and the phases in gun and linac. In general, alignment

errors should not exceed 0.25 mm in position and 0.5 mrad

in rotation, which is possible with present machining pre-

cision. The same applies for deviations up to 0.1% of the

electric and magnetic peak fields. The jitter of gun and linac

phases should not be larger than 0.1◦. The overall relative

fluctuations of bunch size and bunch length after compres-

sion then amount to about 10-20% for the 1 pC bunches

(which is the most sensitive case). The relative fluctuations

for higher charges are decreasing due to the larger absolute

values of their bunch parameters.

In the next steps the influence of CSR effects inside the

chicane will be included in the error studies, especially for

the higher charges. Also the impact of the errors on the

generated THz radiation will be investigated.
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OPTIMIZATION OF THE PITZ PHOTO INJECTOR TOWARDS THE 
BEST ACHIEVABLE BEAM QUALITY* 

M. Khojoyan , M. Krasilnikov, F. Stephan, G. Vash# chenko, DESY Zeuthen, Zeuthen, Germany 
 

Abstract 
Uniform 3D ellipsoids are proven to be the best 

distributions for high brightness charged particle beam 
applications due to the linear dependence of the space 
charge fields on the position within the distribution [1]. 
Such electron bunches have lower emittance and are less 
sensitive to the machine settings and, therefore, should 
allow more reliable operation, which is one of the key 
requirements for single-pass free-electron lasers (FELs). 
The Photo Injector test facility at DESY, Zeuthen site 
(PITZ) is optimizing high brightness electron sources for 
linac based FELs such as the European XFEL. Recent 
measurements at PITZ using a photocathode laser with a 
flat-top temporal profile have revealed record low 
transverse emittance values at different bunch charges [2]. 
As a next step towards the further improvement of the 
high quality beams, a cathode laser system, capable of 
producing quasi-3D ellipsoidal bunches is intended to be 
used at PITZ. In this work the beam dynamics 
optimization results for various bunch charges and for 
flat-top and 3D ellipsoidal cathode laser shapes are 
presented. For each working point the relative emittance 
growth is estimated due to possible deviations of the 
machine parameters. 

INTRODUCTION 
The Photo Injector test facility at DESY, Zeuthen site 

(PITZ) is one of the leading laboratories on generation 
and optimization of high brightness electron bunches of 
different charges for free-electron laser (FEL) machines 
such as FLASH [3] and the European XFEL [4]. At PITZ 
electron beams of excellent quality are created utilizing 
the photo effect and are accelerated in an L-band RF gun 
up to several MeV energies. A pair of solenoid coils 
surrounding the gun is used for beam transverse focusing 
meanwhile providing zero remnant magnetic fields at the 
cathode. The final as high as 25 MeV beam energy is 
reached after passing through a second accelerating 
structure. The electron beam transverse properties are 
usually measured with the help of the emittance 
measurement systems (EMSY), where a single slit scan 
technique [5] is used to measure the electron beam 
emittance. Additionally, there are many diagnostics 
available for full characterization of high brightness 
electron beams. A more detailed description of the PITZ 
setup can be found elsewhere [6].  

Optimization of the photocathode laser shape is one of 
the key issues on generating high quality bunches. Recent 
measurements performed at PITZ by applying a nominal 
flat-top longitudinal laser shape have revealed 
unprecedented transverse emittance values for different 
bunch charges [2]. To further improve the achievable 
beam quality a laser system capable of producing quasi-
3D ellipsoidal laser pulses is under development at the 
Institute of Applied Physics (IAP, Nizhny Novgorod). 
The project is being realized in the frame of a joint 
German-Russian research activity including the Joint 
Institute of Nuclear Research (JINR, Dubna) and PITZ 
(DESY).     

In this contribution, an optimization of the transverse 
beam emittance is performed for different bunch charges 
comparing a cylindrical (flat-top temporal profile) and 3D 
ellipsoidal cathode laser distributions. A new linac setup 
with shifted (optimized) positions of the second 
accelerating cavity and the first emittance measurement 
system (EMSY1) is used in the simulations. The tolerance 
studies are performed for each optimized machine setup 
to predict the transverse emittance dilution due to possible 
mismatch of the machine parameters during the 
experiments. Finally, the influence of possible 
imperfections coming from the 3D laser shape on the 
electron beam emittance is estimated for different bunch 
charges.  

SIMULATION SETUP FOR EMITTTANCE 
OPTIMIZATION 

The ASTRA [7] simulation code has been used to 
optimize the electron beam quality at various bunch 
charges assuming flat-top and 3D ellipsoidal cathode laser 
pulse shapes. Previously performed studies have revealed 
a much better injector performance of a 1 nC electron 
beam for the 3D ellipsoidal laser profile with a shifted 
position (40 cm closer to the gun) of the second 
accelerating cavity as compared to the current setup [8]. 
In this work the position of the first emittance 
measurement system (EMSY1) is shifted accordingly by 
~ 45 cm upstream towards the cathode.  The simulation 
setup is shown in Fig. 1. The following values of machine 
parameters were used during the optimization. A flat-top 
temporal laser shape with fixed FWHM length of 21.5 ps 
and 2 ps rise and fall times was considered in simulations 
for different charges. The transverse laser profile was 
assumed to be homogeneous. For each bunch charge the 
longitudinal size of the 3D ellipsoidal laser was tuned 
accordingly to get the same electron bunch rms length at 
EMSY1 (Z=5.28 m) as it is for the flat-top case. The gun 

 ____________________________________________  

*Work supported by the German Federal Ministry of education and
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laser system for producing quasi 3D ellipsoidal laser pulses” and RFBR
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Figure 1: Part of the PITZ setup used in simulations for the emittance optimization. Starting position of the CDS 
booster is at Z=2.675 m and the first emittance measurement screen is located at 5.28 m downstream the cathode. 

 
peak electric field at the cathode was kept constant to a 
value that corresponds to ~ 6.7 MeV/c beam momentum 
at the phase of maximum acceleration. The accelerating 
field gradient in the booster was 18 MV/m yielding to ~ 
22.5 MeV/c final beam momentum. For different bunch 
charges (from 20 pC to 1 nC) the transverse normalized 
rms emittance was optimized at the position of EMSY1 
by simultaneously tuning the laser rms spot size, gun 
phase and the main solenoid current. The obtained results 
are shown in Fig. 2, where the normalized rms projected 
emittance as a function of bunch charge is shown for flat-
top (blue dots) and 3D ellipsoidal (red dots) cathode laser 
profiles. As seen from the plot, there is ~ 30-35 % 
improvement in transverse emittance for the case of 3D 
ellipsoidal laser profile in a wide range of bunch charges. 
It should be mentioned that this dependence was obtained 
for fixed laser pulse length and fixed beam energy and 
can be modified after retuning of the above mentioned 
parameters.   
  

 
 
Figure 2: Electron beam transverse emittance as a 
function of bunch charge for flat-top and 3D ellipsoidal 
laser profiles.  
 
 

EMITTANCE DILUTION DUE TO 
VARIOUS IMPERFECTIONS  

Different sources of emittance dilution during the 
experimental measurements are described in the 
following sections. 

Jitter of Optimized Machine Parameters 
During the experiments one of the possible sources of 

emittance growth is a deviation / jitter of optimized 
machine parameters from their optimal values.  In this 
section, the influence of the jitter of various machine 
parameters on the transverse emittance is estimated for 
different charges. At each working point the maximum 
possible deviations of three parameters, namely main 
solenoid current (± 0.5 A), laser rms spot size on the 
cathode (± 10 μm) and the gun phase (± 1 deg) were 
considered as a possible source of emittance 
overestimation during the experiments. The first 
parameter justifies the step of the solenoid scan during the 
emittance measurements. The second parameter is chosen 
taking into account the measurement precision of the laser 
spot size on the virtual cathode. The third parameter is 
taken with safety margins combining the impacts of gun 
phase jitter and limited accuracy of momentum 
measurements. For each bunch charge and cathode laser 
profile the above mentioned parameters were 
simultaneously scanned in the specified ranges. The 
difference between the highest emittance value obtained 
from the scan and the initial emittance value without any 
jitter considerations was assumed to be the possible 
influence of the jitter of machine parameters on the 
emittance. The result is summarized in Tab. 1, where the 
relative emittance growth caused by the jitter of 
optimized machine parameters is shown for various bunch 
charges and two laser profiles. One can notice a rather 
strong jitter influence on the emittance for the flat-top 
laser profile at low charges. A possible explanation can be 
that the absolute optimum emittance predicted from the 
simulations at such low charges is not obtained at high 
beam energies (22.5 MeV/c beam momentum as fixed in 
our simulations) but at fairly low energies [9]. More 
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detailed studies are still needed for a better understanding 
of beam physics at such low charges. For other bunch 
charges the estimated error on the emittance is less than 
10 % for both laser shapes. In addition, less sensitivity on 
machine parameters was observed for 3D ellipsoidal laser 
profile as compared to the flat-top case. 

 
Table 1: Summary of Beam Tolerance Studies for Two 
Laser Profiles. The values in the table represent the 
emittance overestimation due to the possible jitter of 
optimized machine parameters: main solenoid current (± 
0.5 A), laser rms spot size (± 10 μm) and gun phase (± 1 
deg).   

Charge / laser profile 
Estimated error on 
the emittance, % 

20pC / flat-top 21 

20 pC / 3D ellipse 9 

100 pC / flat-top 17 

100 pC / 3D ellipse 5.5 

250 pC / flat-top 5 

250 pC / 3D ellipse 4.5 

500 pC / flat-top 6 

500 pC / 3D ellipse 4 

1 nC / flat-top 5.5 

1 nC / 3D ellipse 5 

 
Non-perfectness of the 3D Laser Shape  

Another possible source of emittance dilution is the 
imperfections of the quasi-3D ellipsoidal laser shape, 
which was observed lately during the tests at IAP [10]. In 
order to study how a non-perfect ellipsoidal cathode laser 
shape (spatial and temporal imperfections in 3D laser 
shape) impacts on the electron beam transverse emittance, 
a modelling of the non-perfect 3D laser shape has been 
implemented into the beam dynamics simulations. For 
that purpose, temporal (δt) and radial (δr) border sharpness 
parameters have been introduced into the laser intensity 
distribution, describing the fraction of spatial and 
temporal distortions with respect to the perfect 3D shape 
[11]. Figure 3 depicts the intensity distribution of a 
perfect 3D laser pulse (a), likewise the distribution which 
is modified due to bounded sharpness of ellipsoid edges 
(b). The transverse emittance growth was estimated at the 
position of EMSY1 for different values of border 
sharpness parameters and for different bunch charges. In 
Fig. 4, the transverse emittance is given as a function of 
border sharpness parameter. In this example, the case of 
the 1 nC bunch charge is shown. It can be concluded, that 
overall 30 % spatial and temporal distortions in the 3D 

ellipsoidal shape yield to a transverse emittance growth, 
where the resulting emittance value is comparable to the 
optimized emittance value for the flat-top laser profile. 
Similar results were obtained for other charges as well. 

 

 
 
Figure 3: An example from border sharpness modelling in 
ASTRA. a) Intensity distribution of a perfect 3D shape, b) 
20 % distortion in temporal and radial directions. The 
range of the intensity values (0 --> the lowest, 1 --> the 
highest) is shown by colour bars on the right part of each 
figure.    
 

  
 

Figure 4: Transverse emittance at EMSY1 as a function of 
border sharpness parameter (δt=δr=δ) for 1 nC bunch 
charge (blue dots). The red line on the graph emphasizes 
the optimized transverse emittance value for the case of 
the flat-top temporal laser profile at the same charge. 

CONCLUSION 
A transverse emittance optimization has been performed 
for different bunch charges with a modified PITZ setup, 
including shifted (optimized) positions of the second 
accelerating cavity and the first emittance measurement 
station. 30-35 % improvement in transverse emittance 
was obtained for almost all charges when using quasi 3D 
ellipsoidal laser pulses with respect to flat-top laser 
pulses.  The alteration of the electron beam quality, 
namely the dilution of the beam transverse emittance was 
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estimated taking into account two possible sources of 
systematic errors: the impact of possible deviation of the 
optimized machine parameters from their optimal values 
during the experiments and the non-perfectness of the 3D 
ellipsoidal cathode laser shape. The studies for the first 
case have revealed < 10 % emittance overestimation for 
different laser profiles and for charges higher than 100 
pC. Much less sensitivity of the transverse emittance 
depending on the 3D ellipsoidal cathode laser shape 
imperfections has been obtained with the new linac setup. 
More extended investigations are necessary to study the 
precision of the emittance measurements while operating 
at low bunch charges.    
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Abstract
High brightness electron sources for linac based free-

electron lasers operating at short wavelength such as FLASH

and the European XFEL are characterized and optimized

at the Photo Injector Test Facility at DESY, Zeuthen site

(PITZ). In the last few years PITZ mainly was used to con-

dition RF guns for their later operation at FLASH and the

European XFEL. Only limited time could be spent for beam

characterization. However, recently we have performed emit-

tance measurements and optimization for a reduced gun ac-

celerating gradient which is similar to the usual operation

conditions at FLASH. The results of these measurements

are presented in this paper.

INTRODUCTION
The Photo Injector Test facility at DESY, Zeuthen site

(PITZ) is developing, characterizing and optimizing high

brightness electron sources for free-electron lasers like

FLASH [1] and the European XFEL [2]. One of the most im-

portant parameters, influencing the FEL process, is the nor-

malized transverse projected emittance, hereinafter called

emittance, of the electron beam. A normal conducting 1.6-

cell L-band RF gun cavity with a Cs2Te photocathode, which

is illuminated by cylindrically shaped UV laser pulses, is

used to produce high quality electron beams of different

charges. The produced electron beam is focused with a

pair of solenoids installed around the gun and accelerated

further by the cut disc structure booster, hereinafter called

CDS booster, after which numerous diagnostic devices are

installed. The emittance of the electron beam is measured us-

ing the conventional slit scan method based on a direct mea-

surement of the electron beam size and angular spread [3].

As the energy of the electron beam after the final accel-

eration is not sufficient to prevent a space-charge induced

emittance growth, several emittance measurement stations

are installed along the beamline to monitor the emittance

evolution. More details about the PITZ setup can be found

elsewhere [3–5]. All the data presented in this work were

obtained using the first emittance measurement station in-

stalled just downstream the CDS booster.

In the last few years PITZ was mainly focused on condition-

ing of electron guns required by FLASH and the European

XFEL without the possibility to perform comprehensive

electron beam characterization and optimization due to the

∗ Grygorii.Vashchenko@desy.de
† BAS INRNE,1784 Sofia, Bulgaria.

tight time schedule. However, recently we got the possibility

to partially perform electron beam characterization with an

RF gun which was conditioned at PITZ and will be delivered

for further usage at the European XFEL. Due to lack of time,

the measurements were performed only for 1 nC and 100 pC

electron beam charges. Only emittance dependencies on the

most sensitive machine parameters were measured. In the

following section, measured data compared to the results

of numerical simulations using the ASTRA code [6] are

presented.

EMITTANCE SIMULATIONS AND
MEASUREMENT RESULTS

Emittance dependencies on the main solenoid current,

gun launching phase and rms laser spot size on the cathode

were measured for electron beams with 100 pC and 1 nC

charges. A flat-top temporal UV laser profile with a FWHM

of about 21 ps was used and is presented together with the

transverse laser profile in Fig. 1. The gun on-axis peak field

on the cathode was reduced to about 53MV/m, as com-
pared to the nominal 60MV/m which is planned for the

European XFEL, in order to combine the electron beam

characterization with gun stability tests at long RF pulses.

This yields an accordingly reduced electron beam momen-

tum after the gun of about pz ∼ 5.9MeV/c as compared to
about pz ∼ 6.8MeV/c at 60MV/m. Further acceleration by
the CDS booster operated at the maximum allowed acceler-

ating gradient and tuned to the maximum mean momentum

gain phase, hereinafter called MMMG phase, resulted in a

final electron beam momentum of about pz ∼ 21.2MeV/c.
The emittance of the electron beam was measured using the

first emittance measurement station installed 5.74m from

the cathode [3]. For both probed electron bunch charges

emittance dependencies on the main solenoid current were

measured for various rms laser spot sizes on the cathode and

an MMMG gun launching phase (an optimum gun phase ac-

cording to the simulations, see e.g. [3, 4]). Additionally, for

the electron beam with 1 nC bunch charge, the emittance de-

pendence on the gun launching phase was measured for the

rms laser spot size on the cathode delivering the minimum

emittance at the MMMG phase.

Emittance Data for 1 nC Electron Bunch Charge
As it was mentioned, emittance dependencies on the rms

laser spot size on the cathode and gun launching phase were

measured for electron beams with a bunch charge of 1 nC.
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Figure 1: Examples of UV laser profiles used for emittance measurements. The temporal profile was tried to be kept

constant for measurements with different electron bunch charges while the transverse spot size was varied.

For each laser spot size, a solenoid scan was performed in

order to find the minimum emittance value. For the main

solenoid current value delivering the minimum emittance,

several statistical emittance measurements were done. The

result of these measurements is presented in Fig. 2 and yield

a minimum emittance value of 1.01 ± 0.01 μm for an rms

laser spot size at the cathode of 0.38mm. Corresponding
simulations were performed and yield a minimum emittance

value of 0.77 μm for an rms laser spot size on the cathode

of 0.45mm. The measurement and simulation curves do
not include data points for the rms laser spot sizes of less

than 0.38 and 0.43mm, respectively, since the 1 nC bunch

charge could not be extracted anymore due to space-charge

limitations at the cathode. As compared to the nominal

gun on-axis peak field of 60MV/m the obtained emittance

values are higher by 26% and 42% in the simulations and

measurements, respectively [3, 4]. The difference between
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Figure 2: Emittance dependence on the rms laser spot size

on the cathode for an electron beam with 1 nC bunch charge.

this measurement and earlier experimental results is larger

than the difference between the corresponding simulations.

The reason for this might be, that due to the tight sched-

ule, not all machine parameters have been fully optimized.

The strong discrepancy between the machine parameters

delivering the minimum emittance in the simulations and

measurements can be caused by Schottky-like effects which

were not taken into account in the simulations [3]. An addi-

tional cause of the discrepancy is the deviation of the laser

profiles which were used for the measurements from the

ideal profiles used in simulations. As one can see in Fig. 1,

there is a significant deviation of the transverse laser pro-

file from the ideal uniform profile used in the simulations,

caused by interference effects. The temporal laser shape is

also not perfectly flat.

The emittance dependence on the gun launching phase

was measured for a fixed laser spot size on the cathode. The

rms laser spot size of 0.38mm, which gives the smallest
emittance (see Fig. 2) for the MMMG phase, was chosen.

Like in the previous case, emittance solenoid scans were

performed for each gun launching phase. For the solenoid

current providing the minimum emittance value, several

statistical emittance measurements were performed addition-

ally. The result of these measurements is presented in Fig. 3.

Emittance decrease for the gun launching phases of 6 and

9 deg during the measurements is not yet fully understood.

It might be connected to the higher electric fields on the

cathode during emission which yield accordingly enhanced

Schottky-like effects which are not included in the simula-

tions, as well as to the general limitations of the photoemis-

sion model used in the simulations at the conditions close

to the space-charge limit [4]. Besides the above discussed

parameters like the laser spot size, main solenoid current and

the gun launching phase, the emittance is also influenced

by the electron beam transport through the beamline. As

shown in [3], there is a significant influence of the electron

beam transport through the CDS booster on the emittance.

Optimization of the transport through the CDS booster can

be done based on direct emittance measurements. Magnetic

fields of several steerer magnets upstream the CDS booster

were varied in order to change the inclination and offset of

the electron beam. The measured emittance as a function of

steerers settings is presented in Fig. 4. As one can see, an

improper electron beam transport has a significant influence
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Figure 3: Emittance dependence on the gun launching phase,

with respect to the MMMG phase, for an electron beam with

1 nC bunch charge.
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Figure 4: Emittance as a function of the steerer settings

upstream the CDS booster.

on its quality due to consequent inhomogeneous acceleration

of the electron beam in the CDS booster.

Emittance Data for 100 pC Electron Beam Charge
Due to lack of time, only the emittance dependence on the

rms laser spot size was measured for electron beams with

100 pC charge. During these measurements the gun launch-

ing phase was fixed to the MMMG phase. As for previous

measurements with 1 nC electron bunch charge, the main

solenoid current scan was performed for each rms laser spot

size on the cathode. For the main solenoid current delivering

the minimum emittance, several statistical emittance mea-

surements were performed. The result is presented in Fig. 5.

A minimum emittance value of 0.26 ± 0.01 μm was found

for an rms laser spot size on the cathode of 0.16mm during

the measurements. In the simulations a minimum emittance

value of 0.18 μm was found for an rms laser spot size on

the cathode of 0.17mm. Similar to the measurements with
1 nC electron beams, there is a significant discrepancy be-

tween the emittance values obtained in measurements and

simulations. As in 1 nC case it might be partially explained

by Schottky-like effects, imperfections of the real laser pro-

files and by possible systematic errors during the emittance

measurements which are not taken into account. For a pre-
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Figure 5: Emittance dependence on the rms laser spot size on

the cathode for an electron beam with 100 pC bunch charge.

vious similar measurement but at a peak field of 60MV/m
at the cathode, the systematic emittance overestimation was

estimated to be at the level of about 10% [3]. For a reduced

field of 53MV/m one can expect a larger emittance over-

estimation due to a stronger sensitivity of the emittance on

machine parameters.

SUMMARY
After a long period devoted mainly to the conditioning of

photo electron guns for their future usage at FLASH and the

European XFEL, PITZ finally got the possibility to character-

ize the quality of the electron beam in terms of its emittance.

The measurements with bunch charges of 1 nC and 100 pC

were performed for the gun on-axis peak field at the cathode

of 53MV/m. Although this fun peak field is smaller than
60MV/m foreseen for the European XFEL and the experi-

mental beam optimization has been incomplete due to lack

of time, the obtained emittance value of 1.01 ± 0.01 μm for

an electron beam of 1 nC bunch charge is only 10% higher

than the required 0.9 μm for the European XFEL. Therefore

one can expect that by bringing the gun to the nominal Eu-

ropean XFEL operating gradient the emittance is expected

to improve accordingly below the design value of 0.9 μm.
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EVOLUTION OF A WARM BUNCHED BEAM IN A FREE DRIFT REGION 

B. Maly, A. Friedman, Ariel University - Schlesinger Family Center for Compact Accelerators, 
Radiation Sources, and Applications, Ariel, Israel 

Abstract 
The state of the art of FELs development at present is 

"Table-Top X Ray Free Electron Lasers". Many such 
schemes involves a pre-bunched electron beam [1]. In this 
paper we will analyze the evolution and "survivability" of 
bunching introduced into the beam in the free drift region 
prior to the wiggler [2-6]. We examined analytically the 
first order degradation in beam bunching due to space 
charge effect. It will be shown that there is a limited 
interaction region, characterized by an exponential decay 
of the bunching factor, having a length inversely 
proportional to the square of the electron beam 
normalized temperature, followed by a stable bunch 
region. We will present examples of the effect for several 
schemes of X Ray and Tera Hertz FELs considered or 
being constructed presently. 

INTRODUCTION 
First, we present a solution for the evolution of a cold 

bunched continuous electron beam in a free drift region, 
based on a one-dimensional first order Vlasov equations 
including space charge effects [3-5]. Based on the first 
order cold beam solution, we expand the analysis for the 
evolution of a warm bunched electron beam in a free drift 
region, by assuming normal distributions for both 
transversal and longitudinal components of the 
momentum, independently [2,6]. Analytical solution is 
achieved by using a second order two-dimensional Taylor 
expansion of the exponent argument in the previously 
derived cold beam solution. 

EVOLUTION OF A COLD BUNCHED 
ELECTRON BEAM IN A FREE DRIFT 

REGION 
The analysis for cold electron beam is based on 

relativistic Vlasov equation for plasma: 

 
ࢌࣔ

࢚ࣔ
࢜ሬሬԦ∙ સࢌ 

ሬሬԦࢊ

࢚ࢊ
∙ ࢌࢺ ൌ  (1) 

where ࢌሺ࢘ሬԦ, ,ሬሬԦ  ,ሻ is the distribution function of the plasma࢚
 ,ሬሬԦ are the momentum and velocity vectors࢜ ሬሬԦ and
respectively.   
The time derivative of the momentum can be replaced by 
Lorentz force in the absence of an external magnetic field: 

 
ሬሬԦࢊ

࢚ࢊ
ൌ െࡱࢋሬሬԦ (2) 

where e is the absolute value of the electron charge, and ࡱሬሬԦ 
is the electric field vector. In the current model there is no 
external electric field and no radiation field (since there is 
no external acceleration/deceleration, this is a good 
assumption). Therefore only the self-induced Coulomb 

field is considered (space charge). Thus the electric field 
can be derived out of the electric scalar potential: 

ሬሬԦࡱ  ൌ െસ(3) ࣒ 

where ψ is the electric scalar potential. 
Substituting (2) and (3) into (1) results in: 

 
ࢌࣔ

࢚ࣔ
࢜ሬሬԦ∙ સࢌ  ࣒સࢋ ∙ ࢌࢺ ൌ  (4) 

where 

ࢺ  ≜ ෝ࢞
ࣔ

࢞ࣔ
 ෝ࢟

ࣔ

࢟ࣔ
 ොࢠ

ࣔ

ࢠࣔ
 (5) 

In this formulation we restrict ourselves to a single 
(longitudinal) dimension. Hence, equation (4) becomes: 

 
ࢌࣔ

࢚ࣔ
 ࢠ࢜

ࢌࣔ

ࢠࣔ
 ࢋ

࣒ࣔ

ࢠࣔ

ࢌࣔ

ࢠࣔ
ൌ  (6) 

 are the longitudinal components of the ࢠ࢜ and ࢠ
momentum and velocity, respectively.    
Space charge effects are derived from the Poisson 
equation: 

 સ࣒ ൌ െ
࣋

ࢿ
 (7) 

ρ is the charge density (per unit volume), and ࢿ is the 
permittivity of free space. 
The charge density can be integrated out of the 
distribution function: 

,ࢠሺ࣋  ሻ࢚ ൌ െࢋ ,ࢠሺࢌ ,ࢠ ሻ࢚ ࢠࢊ
ஶ
ିஶ  (8) 

Substituting (8) into (7) results in: 

 
࣒ࣔ

ࢠࣔ
ൌ

ࢋ

ࢿ
 ,ࢠሺࢌ ,ࢠ ሻ࢚ ࢠࢊ
ஶ
ିஶ  (9) 

The charge density of the electron beam is modulated at 
the origin (ݖ ൌ 0), hence the distribution function at the 
origin can be expressed as: 

ࢠሺࢌ  ൌ ሻ ൌ ሺ  ࢠሺࢾሻ࢚࣓ࢋࢻ െ   (10)	ሻࢠഥ

where  is the electrons density per unit volume, ∝ is 
the modulation factor, ω is the angular frequency of the 
modulation, ࢾ is the Dirac delta function, and ഥࢠ is the 
average longitudinal momentum; since the electron beam 
is cold, the spread in longitudinal momentum is described 
by a Dirac delta function. 

Using perturbation theory, we assume that both the 
distribution function and the electrical scalar potential can 
be expressed as an infinite series of terms, each 
proportional to a higher power of the modulation factor, 
∝: 

ࢌ ൌ ∝ࢌ ࢌ ∝ ࢌ  ⋯				,	 

࣒  ൌ∝ ࣒ ∝ ࣒ ⋯	 (11) 
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࣒ ൌ , since in a free drift region there is no external 
electrical scalar potential applied to the electron beam. 

In this section we are interested only in terms that are 
proportional to the modulation factor itself, i.e. linear to 
∝. 
Assuming that the perturbation is propagating along the 
electron beam in the positive longitudinal direction with 
an angular frequency equals to that of the modulation, ω, 
and a propagation coefficient k, then the form of the first 
order terms in (11) can be expressed as: 

ࢌ  ൌ ࣒				,				ሻࢠି࢚ሺ࣓ࢋ࣓ࢌ ൌ  ሻ (12)ࢠି࢚ሺ࣓ࢋ࣓࣒

where ࢌ࣓ and ࣒࣓ are the frequency dependent 
amplitudes of the first order distribution function and the 
electrical scalar potential, respectively. 
Substituting (12) in (6) and neglecting any terms that are 
not first order in ∝ results in: 

࣓ࢌ  ൌ
∙ࢋ⋅
∙ࢠ࢜ି࣓

࣓࣒
ࣔ

ࢠࣔ
ሾࢾሺࢠ െ  ሻሿ (13)ࢠഥ

Substituting (12), (13) in (9) and neglecting non-linear ∝-
dependent terms results:  

  
∙ࢋ
ࢿ∙




∙ࢠ࢜ି࣓

ஶ
ିஶ ∙

ࣔ

ࢠࣔ
ሾࢾሺࢠ െ ࢠࢊሻሿࢠഥ ൌ  (14) 

In order to proceed from (14) we calculate the derivatives 
of the following expressions: 

ࢠ࢜ ൌ
ࢠ
ࢽ∙

⟹
ࢠ࢜ࢊ
ࢠࢊ

ൌ


ࢽ∙
						,					  

ࢽ  ൌ ቀ 
	ࢠ 

ࢉ
ቁ
ି


⟹

ࢽࢊ

ࢠࢊ
ൌ

ࢠ
ࢽࢉ

 (15) 

The integral in (14) is carried by parts and the result is:  




∙ࢠ࢜ି࣓

ஶ
ିஶ ∙

ࣔ

ࢠࣔ
ሾࢾሺࢠ െ ࢠࢊሻሿࢠഥ ൌ  

 ൌ െ


ࢽ
∙



ሺ࣓ି࢜∙ࢠሻ
  (16) 

where ࢽ ≜ ࢠሺࢽ ൌ ࢠ࢜ ሻ andࢠഥ ≜ ࢠሺࢠ࢜ ൌ  .ሻࢠഥ
Substitute (16) in (14) leads to the dispersion relation: 

  ൌ
࣓േ࣓
ࢠ࢜

 (17) 

where ࣓ ≜ ቀ
ࢋ
ࢽࢿ

ቁ


 is the plasma frequency and       

࣓  ≜ ࢠሺ࣓ ൌ  .ሻࢠഥ
Therefore the first order distribution function for the cold 
electron beam is:  

ࢌ ൌ  ൜ 
ࢻ


ࢋ

ି࢚ቀ࣓
࣓శ࣓
ࢠ࢜

ቁࢠ  ࢋ
ି࢚ቀ࣓

࣓ష࣓
ࢠ࢜

ቁ൨ൠࢠ ⋅ 

 ⋅ ࢠሺࢾ െ   ሻ (18)ࢠഥ

The physical interpretation of (18) is that the 
modulation in the charge density of the electron beam 
propagates in two waves, having phase velocities higher 
and lower than the longitudinal velocity of the electron 
beam, with no degradation in amplitude along the 
longitudinal direction. Superimposed these two waves 
results in a standing wave, having a wave number of  

࣓
ࢠ࢜

 

and acting as an "envelope" (amplitude modulation) of a 
propagating wave (carrier), having an angular frequency 
ω, and a propagation coefficient  

࣓

ࢠ࢜
 :  

ቈࢋ
ି࢚൬࣓

࣓ା࣓
ࢠ࢜

൰ࢠ
 ࢋ

ି࢚ቀ࣓
࣓ି࣓
ࢠ࢜

ቁࢠ
 ൎ 

 ൎ ࢋ
ି࢚ቀ࣓

࣓
ࢠ࢜
ቁࢠ ∙ ࢙ࢉ ቀ

࣓
ࢠ࢜
ቁ (19) 

EVOLUTION OF A WARM PRE-
BUNCHED BEAM 

Calculation of Terms 
Based on the first order cold beam solution for the 

distribution function, we expand the analysis for the 
evolution of a warm bunched electron beam in a free drift 
region, by replacing the one-dimensional Dirac delta 
function in (18) with normal distributions for both 
transversal and longitudinal components of the 
momentum, independently: 

ࢌ ൌ


 ∙ ቈࢋ

ି࢚൬࣓
࣓ା࣓
ࢠ࢜

൰ࢠ
 ࢋ

ି࢚ቀ࣓
࣓ି࣓
ࢠ࢜

ቁࢠ
 ⋅ 

∙ 


√∆∙఼࣊
ࢋ
ି

ሺ఼ሻ


∙ሺ∆఼ሻ൩ ⋅ ቈ


√ࢠ∆∙࣊
ࢋ
ି
ሺࢠషഥࢠሻ

∙ሺ∆ࢠሻ  (20) 

where ୄ is the transversal component of the momentum, 
 are the standard deviations of the ࢠ∆  and ୄ∆
transversal and longitudinal normal distributions, 
respectively; the average transversal momentum 
component is zero:        ഥୄ ൌ . 
In expression (20) only terms that are proportional to the 
modulation factor itself, i.e. linear to ∝, are considered. 
     The influence on the charge density along the electron 
beam, caused by the perturbation, is given by the two-
dimensional integration over the transversal and 
longitudinal components of the momentum: 

࣋  ൌ െࢋ ୄࢊ  ࢠࢊࢌ
ஶ
ିஶ

ஶ
ିஶ  (21) 

 : is the first order approximation of the charge density࣋
࣋ ൌ ∝࣋ ࣋ ∝ ࣋ ⋯ 

In order perform the integration in (21), we use a second 
order two dimensional Taylor expansion for the core of 
the cold beam solution, centered at the average values of 
the transversal and longitudinal components of the 
momentum; we define: 

,ୄേሺࢍ  ሻࢠ ≜
࣓േ࣓
ࢠ࢜

 (22) 

The second order approximation of the function ࢍേ is 
given by: 

,ୄേሺࢍ ሻࢠ ൎ ,േሺࢍ ሻࢠഥ    

ቈ
േࢍࢊ

఼ࢊ
│

		
	

ሺ, ሻࢠഥ
 ∙ ୄ  ቈ

േࢍࢊ

ࢠࢊ
│

		
	

ሺ, ሻࢠഥ
 ∙ ሺࢠ െ ሻࢠഥ   

	



 ቈ
േࢍࢊ

఼ࢊ
│

		
	

ሺ, ሻࢠഥ
 ∙ ୄ        
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ቈ
േࢍࢊ

	ࢠࢊ఼ࢊ
│

		
	

ሺ, ሻࢠഥ
 ∙ ୄ ∙ ሺࢠ െ ሻࢠഥ   

 



ቈ
േࢍࢊ

ࢠࢊ
│

		
	

ሺ, ሻࢠഥ
 ∙ ሺࢠ െ  ሻ (23)ࢠഥ

Basic relations: 

ࢠ࢜ ൌ
ࢠ
ࢽ∙

				; ࢽ				 ൌ ቀ 
ࢠ఼ା

ࢉ
ቁ


				 ;			   

࣓  ൌ ቀ
ࢋ

ࢠࢽࢽࢿ
ቁ


 (24)	

ࢽ				 ൌ ሺ െ ሻିࢼ

		;		 ࢠࢽ	 ൌ ൫ െ ࢠࢼ

൯
ି

		;	  

ࢠࢽ		  ൌ ࢽ ∙ ቀ 
఼

ࢉ
ቁ
ି


 (25) 

First order derivatives: 
ࢽࢊ

఼ࢊ
ൌ

఼
ࢽࢉ

			 ; 			
ࢽࢊ

ࢠࢊ
ൌ

ࢠ
ࢽࢉ

			 ;	  

 
ࢠࢽࢊ
఼ࢊ

ൌ െ
ࢠࢽࢠ఼

ࢽࢉ
			 ; 			

ࢠࢽࢊ
ࢠࢊ

ൌ
	ࢠࢽ	ࢠ

ࢽࢉ
 (26) 

  
ࢠ࢜ࢊ
఼ࢊ

ൌ െ
	ࢠ఼

ࢽࢉ
			 ; 			

ࢠ࢜ࢊ
ࢠࢊ

ൌ


ࢠࢽࢽ	
			 ;			 

 
࣓ࢊ
఼ࢊ

ൌ
		఼࣓

ࢽࢉ
ቀࢠࢽ െ




ቁ		; 			

࣓ࢊ
ࢠࢊ

ൌ െ




		ࢠ࣓

ࢽࢉ
 (27) 

േࢍࢊ

఼ࢊ
ൌ

		఼

	ࢠࢽࢉ	
ቂ࣓ േ ࣓ ቀࢠࢽ െ




ቁቃ			 ;			  

 
േࢍࢊ

ࢠࢊ
ൌ െሺേሻ





		࣓

	ࢽࢉ	
െ

ࢽ

ࢠࢽࢠ
൫࣓ േ࣓൯ (28) 

Second order derivatives: 
േࢍࢊ

఼ࢊ
ൌ

		

	ࢠࢉ	
⋅

఼

ࢽࢉ
⋅ ቂേ࣓ ቀ




െ ࢠࢽ െ ቁࢠࢽ െ ࣓ቃ   

 
		

	ࢠࢉ	
⋅ ቂ࣓ േ ࣓ ቀࢠࢽ െ




ቁቃ (29) 

േࢍࢊ

	ࢠࢊ఼ࢊ
ൌ

	఼

ࢽࢉ
ቂേ࣓ ቀ

ૠ


െ




ቁࢠࢽ െ ࣓ቃ  

 െ
	఼

ࢠࢠࢽࢽࢉ	
ቂ࣓ േ ࣓ ቀࢠࢽ െ




ቁቃ (30) 

േࢍࢊ

ࢠࢊ
ൌ േ





		ࢠ࣓

ࢽࢉ
 

ࢽ

ࢠࢽࢠ
൫࣓ േ࣓൯   

 
࣓േ



࣓

	ࢠࢠࢽࢽࢉ	
 (31) 

Substituting the average values of the transversal and 
longitudinal components of the momentum in expressions 
(24)-(31) leads to the following definitions of constants: 

ࢽ ≜ ୄሺࢽ ൌ , ࢠ ൌ ሻࢠഥ ൌ ቀ 
ࢠഥ



ࢉ
ቁ



			 ;		  

ࢠࢽ  ≜ ୄሺࢠࢽ ൌ , ࢠ ൌ ሻࢠഥ ൌ   (32)ࢽ

࣓  ≜ ୄሺ࣓ ൌ , ࢠ ൌ ሻࢠഥ ൌ ቀ
ࢋ
ࢽࢿ

ቁ


			 ;				  

ࢠ࢜  ≜ ୄሺࢠ࢜ ൌ , ࢠ ൌ ሻࢠഥ ൌ
ࢠഥ
ࢽ∙

 (33) 

േ  ≜ ,േሺࢍ ሻࢠഥ ൌ
࣓േ࣓
ࢠ࢜

  (34) 

ቈ
േࢍࢊ

఼ࢊ
│

		
	

ሺ, ሻࢠഥ
 ൌ 			;				േ ≜ ቈ

േࢍࢊ

ࢠࢊ
│

		
	

ሺ, ሻࢠഥ
 ൌ  

 ൌ െሺേሻ




࣓
	ࢽࢉ	

–


ࢠഥ
ࢽ
ቀ࣓ േ ࣓	ቁ  (35) 


േ ≜ ቈ

േࢍࢊ

఼ࢊ
│

		
	

ሺ, ሻࢠഥ
 ൌ

		

ࢠഥࢉ	
ቂ࣓ േ ࣓ ቀࢽ	

 െ



ቁቃ  ; 

 ቈ
േࢍࢊ

	ࢠࢊ఼ࢊ
│

		
	

ሺ, ሻࢠഥ
 ൌ  (36) 


േ ≜ ቈ

േࢍࢊ

ࢠࢊ
│

		
	

ሺ, ሻࢠഥ
 ൌ  

 ൌ േ




࣓ഥࢠ		

ࢽࢉ
 



ࢠഥ
ࢽ	

	 ቀ࣓ േ ࣓	ቁ 
࣓േ



࣓	

ࢠഥࢽࢉ	
	 (37) 

Using the above definitions of the constants, the second 
order approximation of ࢍേ as given in (23) becomes: 

,ୄേሺࢍ ሻࢠ ൎ േ  േ ∙ ሺࢠ െ ሻࢠഥ  

 



ൣ

േ ∙ ୄ  
േ ∙ ሺࢠ െ  ሻ൧ (38)ࢠഥ

With the definition: 

,ୄሺࢎ ,ࢠ ሻࢠ ≜
఼

∙∆఼
 

ሺିࢠഥࢠሻ

∙∆ࢠ
   

 ࢠ ∙ ,ୄേሺࢍ  ሻ  (39)ࢠ

The integration in (21) can be written as: 
േ࣋ ൌ െ

ࢋ
∆∙఼࣊∙∆ࢠ

࢚࣓ࢋ ⋅  

 ⋅  ୄࢊ  ࢠࢊሻࢠ,ࢠ,఼ሺࢎିࢋ
ஶ
ିஶ

ஶ
ିஶ   (40) 

Substituting (38) in (39) results in: 

,ୄሺࢎ ,ࢠ ሻࢠ ൎ
఼

∙∆఼
 

ሺିࢠഥࢠሻ

∙∆ࢠ
   

ࢠേ  േࢠ ∙ ሺࢠ െ ሻࢠഥ   

 



ࢠൣ

േ ∙ ୄ  ࢠ
േ ∙ ሺࢠ െ  ሻ൧  (41)ࢠഥ

We examine the coefficients of the terms ୄ, ࢠ and 
 :we suggest the following definitions ;ࢠ

ሻࢠሺୄ࣌ ≜
఼∆

ටାࢠ
േ	∙∆఼


				 ;   

ሻࢠሺࢠ࣌ ≜
ࢠ∆

ටାࢠ
േ	∙∆ࢠ


					;		   

ሻࢠഥሺ  ≜ ࢠഥ െ േࢠ ∙ ሾࢠ࣌ሺࢠሻሿ (42) 

Substitute (42) in (41) results in: 

,ୄሺࢎ ,ࢠ ሻࢠ ൎ
఼

∙ሾ఼࣌ሺࢠሻሿ


ሾିࢠഥሺࢠሻ	ሿ

∙ሾࢠ࣌ሺࢠሻሿ
  

 ࢠേ 



 ሻሿ (43)ࢠሺࢠ࣌േሻሾሺࢠ

The first order charge density can now be calculated in 
(40) by using the approximation for ࢎሺୄ, ,ࢠ  :ሻ in (43)ࢠ

േ࣋ ൌ െ
ሻࢠሺࢠ࣌∙ሻࢠ఼ሺ࣌∙ࢋ

∙∆఼∙∆ࢠ
ࢠቄିࢋ࢚࣓ࢋ

േା


േ൯൫ࢠ


ሾࢠ࣌ሺࢠሻሿቅ ൌ  
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=െ
ࢋ

ටቀାࢠ
േ	∙∆఼

ቁቀାࢠ
േ	∙∆ࢠ

ቁ
⋅



⋅ ࢋ

ି࢚൬࣓
࣓േ࣓
ࢠ࢜

൰ࢠ
  

 ∙ ࢋ
ି
ቀേቁ


ࢠ∆




∙

ࢠ

శࢠ
േ	∙∆ࢠ


 (44) 

Physical Interpretation and Significance for 
Low Energy X-Ray FEL 

The factor  



ࢋ
ି࢚൬࣓

࣓േ࣓
ࢠ࢜

൰ࢠ
 is proportional to the cold 

beam solution. 
In order to evaluate the degradation in amplitude of the 

first order charge density along the longitudinal direction, 
we separate the other exponential expression in (44) into 
real and imaginary parts:  

ࢋ
ି
ቀേቁ


ࢠ∆




∙

ࢠ

శࢠ
േ	∙∆ࢠ

 ൌ  

 ൌ ࢋ


∙ࢠ

േ	∙ቀേቁ

ࢠ∆∙



ቈశࢠ∙ቀ
േ	ቁ


ࢠ∆∙


∙ ࢋ

ି
ቀേቁ


ࢠ∆∙




∙

ࢠ

శࢠ∙ቀ
േ	ቁ


ࢠ∆∙


 (45) 

The physical interpretation of the result in (45) is that 
there is a limited length region, at the vicinity of the 
modulation starting point, characterized by an exponential 
decay in the charge density modulation, described by the 

expression ିࢋ
ቀേቁ


ࢠ∆∙




           ,with typical length ofࢠ

ࢠ∆ ൎ


ห
േ	ห∙∆ࢠ

 , followed by a stable modulation region. 

If the frequency of the modulation divided by the factor 
     .ଶ is significantly higher than the plasma frequency, i.eߛ
࣓

ࢽ
≫ ࣓, the terms ሺേሻ and 

േ		are simplified: 

 ሺേሻ ൎ
࣓

ࢽࢉ
						 ; േ								 ൎ

࣓

ࢽࢉ
 (46) 

Note that  
࣓

ࢉ
ൌ

࣊

ࣅ
  and for ࢽ   the average 

longitudinal momentum is approximately:                  
ࢠഥ ൌ ࢠ࢜ࢽ ൎ  it is convenient to define the ;ࢉࢽ
normalized temperature of the electron beam: 

ࢀ  ≜
ࢠ∆
ࢠഥ

 (47) 

The expression describing the exponential decay in (45) 
becomes: 

࢞ࢋ ቈെ
൫േ൯


ࢠ∆∙




∙

ࢠ

ାࢠ∙൫
േ	൯


ࢠ∆∙


 ൎ   

 ൎ ࢞ࢋ െ
࣊

ࢽ
⋅ ࢀ

 ⋅
ࢠ

ࣅ
⋅



ା
࣊

ࢽ
ࢀ⋅

⋅
ࢠ

ࣅ

൩ (48) 

Therefore, the typical length of region characterized by 
the exponential decay, normalized with respect to the 
wavelength, is inversely proportional to the square of the 
normalized temperature:  

 
ࢠ∆

ࣅ
ൎ

ࢽ

࣊
∙



ࢀ
 (49) 

The attenuation in the amplitude of the first order charge 
density in the stable region, with respect to the initial 
modulation factor is: 

 ቚ
ሻࢠ∆≪ࢠേሺ࣋

ୀሻࢠേሺ࣋
ቚ ൎ ࢋ

ି


ૡ⋅ࢀ
 (50) 

Typical normalized length for the attenuation in the 
amplitude of the first order charge density (the point 

where the attenuation decreases down to about  


ࢋ
  of its 

initial value) is no less than: 

 ቚ
ሻࢠ∆ୀࢠേሺ࣋

ୀሻࢠേሺ࣋
ቚ ൎ



ࢋ
	⟹		

ࢠ∆

ࣅ


ࢽ

√∙࣊
∙


ࢀ
 (51) 

The actual normalized length in (51) may increase for 
high values of the normalized temperature, due to the 
term in the denominator of (48), which becomes: 
  ૡࢀ

 at that point. 
     The table below depicts the estimate typical 
normalized lengths of the attenuation in the amplitude of 
the first order charge density, as calculated in (51). This 
was calculated for two different operating ranges, (Tera 
Hertz and X Ray) in various cases: 
 

λ ࢽ ࢠ∆ ࢀ 
100μ݉ 10 0.1 22.5݉݉ 
10݊݉ 80 0.001 14.4݉݉ 
10݊݉ 400 0.01 36݉݉ 

CONCLUSIONS 
For a cold electron beam in a free drift region, a first 

order perturbation in charge density was calculated. The 
result is shown to be a propagation wave in the 
longitudinal direction at the excitation frequency. The 
phase velocity of the density wave equals to that of the 
beam velocity plus an amplitude modulation caused by a 
standing wave acting as a slow-varying "envelope". The 
standing wave has a wave number equals to the plasma 
frequency divided by the beam velocity, but with no 
attenuation in charge density modulation along the 
longitudinal direction. 
     Introducing two dimensional velocity spreads causes 
the first order charge density modulation of a warm 
electron beam in a free drift region to decrease rapidly 
(exponential decay) in the longitudinal direction. The 
decrease has a typical normalized length proportional to 
 , and inversely proportional to the normalizedࢽ
temperature. 

In the Tera Hertz range, a typical normalized length (the 
effective length without losing the bunching) of the order 
of tens of millimeters can be achieved with ࢽ ൎ 	and a 
normalized temperature of 0.1; the same order of 
magnitude of typical normalized length in the X Ray 
range can be achieved with ࢽ ൎ ૡ and a normalized 
temperature of 0.001, or ࢽ ൎ  and a normalized 
temperature of 0.01. 
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ANALYSIS OF BEAM STABILITY IN THE KAERI ULTRASHORT PULSE 
ACCELERATOR

H. W. Kim#, S. Bae, B. Gudkov, K. H. Jang, Y. U. Jeong, Y. Kim. K. Lee, J. Mun, S. H. Park, S. J. Park, 
KAERI, Daejon, Republic of Korea, UST Acceleartor and Beam Nano Engineering, Daejon, Republic of Korea

N. Vinokurov, S. V. Miginsky, Budker INP SB RAS, Novosibirsk, Russia and KAERI, Daejon, Republic of Korea, and 
UST Acceleartor and Beam Nano Engineering, Daejon, Republic of Korea

Abstract
An RF-photogun-based linear accelerator for the Korea 

Atomic Energy Research Institute (KAERI) ultra-short 
pulse facility is under construction [1]. It has a symmetry 
structure with four different beamlines. The UED 
beamlines will generate ultra-short electron pulses with
over 106 electrons per pulse for the single-shot 
measurements on femtosecond dynamics of atomic or 
molecular structures. Electron bunches with an energy of 
~3 MeV from the RF photogun can be compressed up to
less than 50 fs by achromatic and isochronous bends. The 
intrinsic r.m.s. timing jitter of the pulses through the 
bends is estimated to be less than 30 fs with the r.m.s. 
energy fluctuation of 0.1%. In the THz pump and X-ray 
probe beamline, two successive laser pulses with a time 
interval of ~10 ns are used to generate two electron 
bunches having more than 100 pC bunch charges. Two 
electron bunches are accelerated by a linac up to ~25 
MeV and separated into individual beamlines by a fast 
kicker. 

INTRODUCTION
The KAERI ultra-short pulse accelerator consists of a 

1.5-cell S-band (2856 MHz) RF photogun and a 3-m-long 
travelling-wave-type linac. The scheme of the facility is 
shown in Fig. 1. 

Figure 1: Scheme of the facility.

This facility can be operated in high repetition rate 
(maximum 500 Hz) and it will provide the ultrafast 
electron diffraction (UED) and pump-probe experiments 

to various users. The beam dynamics in the KAERI ultra-
short pulse accelerator have been calculated with code 
ASTRA [2] and ELEGANT [3]. 

UED BEAMLINE
A third harmonic of a Ti:sapphire femtosecond laser, 

with a 200-fs-pulse full width at half maximum (FWHM) 
and the RF photogun are used to generate femtosecond 
electron bunches. The simulated beam parameters are 
listed in Table 1.

Table 1: Simulated UED Beam Parameters

Bunch charge 1 pC
Beam energy 2.6 MeV
Bunch length (FWHM) < 50 fs
Norm. Emittance 0.3 mm mrad
Energy spread (r.m.s.) 0.3%

The power supply usually have overall stability about
10~100 ppm. It is causative of magnet errors. Two 
bending magnets and six quadrupole magnets comprise 
the UED beamline. The effects of the magnet errors 
estimated with an accuracy of the power supply of 0.1%
(r.m.s.), are shown in Fig. 2 and Fig 3.

The time resolution of UED depends on the bunch 
length and timing jitter. The timing jitter depends mostly 
on the time of flight of the electron bunches from the RF
photogun to the sample. MeV UEDs [4-7] are built in all 
over the world. All they have straight beamline. By 
comparison, KAERI facility is longer than the other 
facility but it is expected to have low timing jitter because 
of the 90-degree achromatic and isochronous bend. We 
estimate the timing jitter, which is caused by the energy 
fluctuation at the sample when the electron beam has 
0.1% of the energy fluctuation, are shown in Fig. 4. The 
calculated r.m.s. timing jitter with the isochronous bend 
(red) is 16 fs, and that with the straight beamline (green) 
is 54 fs.

BEAM SEPARATION
Two bunches of electron generated at about 10 ns 

intervals by the RF photogun are accelerated to 25 MeV 
in the same linac. After that, two bunches are separated 
into individual beamlines by a fast kicker. 

Two bunches are vertically deflected by the steering 
coil. The first bunch is deflected downward about 10 mm 
after traveling 0.92 m of drift space. It goes straight for 
generating intense terahertz pulse.

___________________________________________

*This work was supported by the World Class Institute (WCI) Program 
of the National Research Foundation of Korea (NRF) funded by the 
Ministry of Science, ICT and Future Planning. (NRF Grant Number: 
WCI 2011-001) #khw8412@kaeri.re.kr
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Figure 2: Longitudinal phase space (left) and beam size 
(right) change due to magnet errors.

Figure 3: Variation of quadrupole strengths by power 
supplies with a fluctuation of 0.1%.

After 10 ns the second bunch is kicked upward by the
fast kicker. The length of kicker is 0.5 m and the bending 
angle is 1.7°. The two bunches have a 20 mm vertical 
distance in front of a septum and the second bunch is 
deflected to horizontal direction by the septum magnet. 
The septum has a 0.2 m length and 15° bending angle. 
The achromatic bend of the two-bunch beamline consists
of the septum, a rectangular dipole, and a triplet. The 
second bunch is focused to the metal target for generating 
an x-ray pulse by a triplet after the achromatic bend.
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Figure 4: Calculated timiing jitter (red – in a 90-degree achromatic and isochronous bend, green – straigth beamline) at 
the target when the beam has 0.1% of an energy fluctuation. (without space charge effect).
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BEAMMEASUREMENT OF PHOTOCATHODE RF-GUN FOR PAL-XFEL
J. Hong∗, J.-H. Han, C.-K. Min, M.S. Chae, Y.-J. Park, S.-J. Park, H.-S. Kang, PAL, Pohang, Korea

I. S. Ko, POSTECH, Pohang, Korea

Abstract
The Injector Test Facility (ITF) at Pohang Accelerator

Laboratory (PAL) was constructed to develop an injector

for the PAL X-ray free-electron laser (PAL-XFEL) project.

The PAL-XFEL design requires the injector to produce an

electron beam with a slice emittance of 0.4 mm-mrad at the

charge of 200 pC. A 4-hole type RF-gun has been success-

fully fabricated and tested at ITF. In this paper we report the

recent beam-measurement results using the RF-gun at ITF.

Emittancemeasurements have been carried out by changing

laser and RF parameters.

INTRODUCTION
Pohang Accelerator Laboratory X-ray Free Electron

Laser (PAL XFEL) is now under construction [1].This con-

struction will be finished at the end of 2015. There will be

a hard X-ray (0.1nm) beamline with self-seeding scheme

with 10 GeV electron beam. There is a 3 GeV branch also

to make 1 nm soft X-ray radiation. As part of the PAL-

XFEL project, the Pohang Accelerator Laboratory (PAL)

constructed the Injector Test Facility (ITF) [2].

The schematic diagram of the ITF beam-line is shown

in Fig. 1. The ITF beam-line consists of the RF-devices,

magnets and several diagnostic devices. In the 4-hole type

RF-gun (‘GUN’) an electron beam is generated [3]. Down-

stream of the ‘GUN’, the emittance compensation solenoid

(‘S1’) which enables the correction of space charge emit-

tance growth is mounted. Downstream of the solenoid, the

Turbo Integrating Current Transformer (‘ICT1’) is installed

to measure electron bunch charge. YAG screen #1 (‘Y1’) is

located at the downstream of ‘ICT1’ to measure the trans-

verse beam profile. Then the electron beam is accelerated

by two 3-meter J-type S-band linacs (‘ACC1’ and ‘ACC2’)

for which enough to accelerate the beam up to 140 MeV.

After acceleration the emittance will be measured using the

quadrupole #3 (‘Q3’) and screen #5 (‘Y5’). Finally the elec-

tron beam will be dumped at the end of the beam-line or

after screen #6 (‘Y6’). All diagnostic devices are synchro-

nized to the electron beam. The important divice for each

measurements is described in Table 1. The control system

of ITF is based on the Experimental Physics and Industrial

Control System (EPICS).

EXPERIMENTAL RESULT
Image

The beam size, position and profile are measured using

YAG crystals imaged with CCD cameras for image pro-

cessing. The screen system is manufactured form RADIA

∗ npwinner@postech.ac.kr

Table 1: Electron Beam Diagnostics

Measurement Main Divice Additional Divice
Size Y1 to Y5 -

Position B1 to B5 Y1 to Y5

Charge ICT1 B1

Energy D2 + Y6 D1 + Y7

Bunch Length T-CAV + Y5 -

Arrival Time BA -

Emittance Q3 + Y5 -

BEAM. The imageswere acquiredwith an 14-bit CCD cam-

era synched to the electron beam. The lens was set to give

a calibration of 8 μm per pixel to allow a compromise be-

tween capturing the full variation of the beam size andmax-

imizing the resolution of smallest spot size. Typically five

images of the beam are taken at each processing. Typical

image of the each screens as shown in Fig. 2.

Charge
Bunch charge ismeasured using the Tubo IntegratingCur-

rent Transformer (‘ICT1’) which is made by BERGOZ. The

quantum efficiency (QE) of the photocathode is defined by

the ratio of photons hitting the cathode surface and gener-

ated electrons. This ratio is expressed as

QE = 4.47 × 10−6
Qe−beam (pC)

Ulaser(μJ)
, (1)

where Qe−beam is the photoelectron charge, and Ulaser is the

laser pulse energy. In this case the wavelength of laser is

256 nm. Measurement of bunch charge versus laser energy

is shown in Fig. 3. The slope of fitting line gives the quan-

tum efficiency of the copper cathode, which is 1.26 × 10−4.
We also measure bunch charge as a function of laser injec-

tion phase as shown in Fig. 4.

Energy
Beam energy and energy spread are measured using the

dipole spectrometer. In ITF, there are two types of spec-

trometers. One is the 90◦ dipole spectrometer (‘D1’+‘Y7’)

for low-energy measurement. The other is the 30◦ dipole

spectrometer (‘D2’+‘Y6’) for high-energy measurement.

The electron energy, U and the energy spread, ΔUU at the

exit of the RF-gun can be written as [4, 5]

U = mec2
[
1 +
α

2

(
kL sin(φ f ) + sin(kL) sin(φ f + kL)

) ]
,

(2)
ΔU
U
=

1

U
dU
dφ0
Δφ0, (3)
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Figure 1: Schematic diagram of the ITF beam-line.

Figure 2: Typical image of the each screens (Left to right:

‘S1’ to ‘S5’).
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Figure 3: Measured bunch charge versus laser pulse energy.

The solid line represents a linear fit.
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Figure 4: Measured bunch charge versus laser injection

phase.

where me is the electron mass, and c is the speed of light, k
is the wavenumber. L = 0.105 m is the length of the rf gun

cavity, Δφ0 is the laser pulse length. In these equations, α
and φ f are seen the reference [4]. Measured energies and

their spreads as a function of injection phase at the high-

energy spectrometer (‘D2’+‘Y6’) are shown Fig. 5. In these

figures, dashed lines are just guides to the eye and solid lines

represent the calculated values from Eqs. (3). These solid

lines show a good agreement with the experiment results.
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Figure 5: Measured electron energy and energy spread ver-

sus laser injection phase at the high-energy spectrometer.

Emittance
Downstreamof the ‘ACC2’ the projected emittance of the

electron beam is measured using the single quad-scan tech-

nique whereby the rms beam size, σ is measured on ‘Y5’

and the quadrupole strangth , k of ‘Q3’. To calculate the

emittance, we use formula;

ε =
1

dL2

√
ac − b2

4
, (4)

where d = 0.147 m is the effective length of ‘Q3’, L = 2.64
m is the distance between ‘Q3’ and ‘Y5’, and a, b, c are

determined by following equation;

σ2 = ak2 + bk + c. (5)
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Emittance measurements were made with 200 pC of charge

using a longitudinal Gaussian pulse with a FWHM of 3 ps,

at a laser phase of 40◦, a gun energy of 5.75 MeV, and -

10◦ off crest in ‘ACC1’ with a accelerating field gradient of

21 MV/m and ‘ACC2’ is not used. The square of σ versus

k for one of the scans is shown in Fig. 6 as an example. The

3 3.2 3.4 3.6 3.8

2

2.5

3

3.5

4
x 10−9

K [m−1]

σ2  [m
2 ]

x
y

Figure 6: The square of σ versus k for one of the scans.

emittance as a function of ‘S1’ current when the laser shape

are shape #1, #2, and #3 are shown in Fig. 7.
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Figure 7: The emittance as a function of the solenoid cur-

rent.

Figure 8: The laser images of the ‘Shape#1’, ‘Shape#2’, and

‘Shape#3’.

Figure 8 shows the laser images of ‘Shape#1’, ‘Shape#2’,

and ‘Shape#3’. The emittance as a function of ‘S1’ current

when laser shape are shape #1, #2, and #3 are shown in

Fig. 9. The emittance as a function of ‘S1’ current when

RF-gun energies of 5.25 MeV, 5.5 MeV, and 5.75 MeV are

shown in Fig. 10. The emittance as a function of ‘S1’ cur-

rent when laser pulse length of 2 ps, 3 ps, and 4 ps are shown

in Fig. 11. Slice emittance for the horizontal direction was

124 125 126 127 128 129
0.6

0.8

1

1.2

I
Sol

 [A]

ε 
[m

m
−m

ra
d]

φ
laser

=30°

φ
laser

=40°

φ
laser

=50°

Figure 9: The emittance as a function of the solenoid cur-

rent.
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Figure 10: The emittance as a function of the solenoid cur-

rent.
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Figure 11: The emittance as a function of the solenoid cur-

rent.

measured by streaking a bunch vertically using ‘T-CAV’ [6]

SUMMARY
This paper summarizes the current status of ITF gun oper-

ation. The detailed system parameters and typical electron

beam parameters are described in Table 2. In these mea-

surement, the quantum efficiency of the copper cathode is

1.26 × 10−4. The relative beam energy spread for a laser

injection phase around 40◦ is about 0.1% rms. The lowest

transverse emittances are ε x = 0.481 ± 0.010 mm-mrad

and εy = 0.597 ± 0.020 mm-mrad. For the lowest trans-
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Table 2: ITF System and Electron Beam Parameters

Parameter Value Unit
RF-gun
Operating Frequency 2856 MHz

Mode Separation 17 MHz

Quality Factor 13200

RF-pulse Width 2 μs
Repetition Rate 10 Hz

Laser
Laser spot size σ = 0.14 mm (rms)

Laser Pulse Length 2.9 ps (FWHM)

Laser pulse energy 7 μJ
Laser injection phase 38 ◦

Electron Beam
Energy 70 MeV

Energy Spread 0.1 % (rms)

Charge 200 pC

Length 3 ps

verse emittance, we need more optimization of various pa-

rameters. Studies to improve the laser profile and more op-

timization of various parameters will be conducted in the

future. Measured results also will be compared with simu-

lation results.
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ERROR ANALYSIS FOR LINAC LATTICE 
OF HARD X-RAY FEL LINE IN PAL-XFEL* 

H. Yang#, J. H. Han, H. -S. Kang, and I. S. Ko 
Pohang Accelerator Laboratory, Pohang 790-784, Korea 

Abstract 
PAL-XFEL consists of the hard x-ray line for 0.06 – 1-

nm FEL and the soft x-ray line for 1 – 10-nm FEL. The 
linac of hard x-ray line is designed to generate 10-GeV, 
200-pC, and 3-kA electron beam. It consists of S-band 
accelerating columns, an X-band linearizer, three bunch 
compressors (BC). We conduct error simulation in order 
to evaluate the tolerances of machine parameters and 
alignments. First, the machine tolerances and beam jitter 
levels are calculated in the simulations with dynamic 
errors and we find out the optimized lattice to satisfy the 
target tolerance of machine. Second, we conduct 
simulations with misalignment. We quantify the 
emittance dilution by misalignments, especially those of 
BCs. In order to compensate the misalignments, the 
methods of beam correction like Beam Based Alignment 
(BBA) are presented and the effects of emittance 
improvements are calculated. 

INTRODUCTION 
PAL-XFEL is designed to provide the hard x-ray (HX) 

FEL and the soft x-ray (SX) FEL with the branch line on 
the middle of the linac lattice, as shown in Fig. 1 [1]. The 
linac for HX generates 10-GeV, 200-pC, and 3-kA 
electron beam for 0.06 – 1-nm FEL, as shown in Table 1. 
The HX linac lattice consists of four sections of 
accelerating columns, three bunch compressors (BC), an 
X-band linearizer, and dog-leg line, as shown in Fig. 1. 
The linac lattice is optimized by the Multi-Objective 
Genetic Algorithm (MOGA) optimizer whose objectives 
are the FEL saturation power and length [2]. The 
parameters of optimized linac lattice are presented in Fig. 
2 and the optimized beam parameters are summarized in 
Table 2. The performance of FEL deteriorates by the 
dynamic and static errors of the system. The instability of 
FEL operation is arisen by the dynamic errors of machine 
like the jitter of the RF phase and voltage. Also, the 
emittance dilution by static errors should be compensated 
to achieve the target of FEL performance. 

We conducted error simulations for dynamic and static 
errors with ELEGANT. Two methods were used in the 
dynamic error simulations, which are the linear 
interpolation method and the random error simulation 
with machine parameters. In the first method, not only the 
machine tolerances were calculated, but also the 
significant parameters for the stable operation were 
identified. In the random error simulations, machine 
tolerances obtained by the previous method were 
confirmed and beam jittering levels were calculated. The 

misalignments were applied in the linac lattice for the 
static error simulations. First, the emittance dilution by 
the misalignments of bending magnets in BCs was 
obtained and alignment tolerances of these magnets were 
calculated. Second, we obtained the emittance dilution by 
misalignments of all elements in the linac lattice. It was 
identified that the emittance with best alignment by the 
developed technology is not enough for FEL operation. In 
order to suppress the emittance dilution, we conducted 
two types of the beam correction which are the one-to-one 
beam correction and the local Beam Based Alignment 
(BBA) in simulations. In this paper, we present the details 
of the setting and results in error simulations. Also, we 
discuss the improvement of the emittance with various 
beam correction methods. 

 

 

Figure 1: Schematic diagram of PAL-XFEL. The SX 
branch line is on the middle of the linac lattice. 

 

Table 1: Parameters for HX FEL 

Parameters (unit) Values 

Beam energy (GeV) 10

Beam charge (nC) 0.2

Slice emittance (mm-mrad) 0.4

Injector gun Photocathode RF-gun

Peak current at undulator (kA) 3.0

Repetition rate (Hz) 60

Linac structure S-band

Hard x-ray wavelength (nm) 0.06 ~ 1

 

 

Figure 2: The optimized parameters of the linac lattice for 
HX line. 

_____________________________________________________ 
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Table 2: The Optimized Beam Parameters of HX Line 

Parameters (unit) Values 

Beam energy (GeV) 10.04 

Beam charge (pC) 200 

Peak beam current (kA) 2.91 

Bunch length (fs) 65 

Normalized projected emittance_H (μm) 0.337 

Normalized projected emittance_V (μm) 0.257 

Saturation power (GW) 12.0 

Saturation length (m) 52.8 

 

DYNAMIC ERROR SIMULATION 
We conducted the linear interpolation method to 

calculate the machine tolerance and find out significant 
machine parameters for the beam stability. Then, 
simulations of random machine errors were conducted in 
order to verify previous results. 

Linear Interpolation Method 
The target beam tolerances (T) were determined under 

±10% of the current variation, ±0.02% of the energy 
variation, ±20 fs of the arrival time variation, and 10% of 
the horizontal normalized projected emittance variation 
[2]. The machine tolerances (M) were calculated with the 
beam tolerances and the equation which is represented by 
[3] 
 

ට∑ ቄ
ሺ∆୶ ୶బ⁄ ሻ

౩
ቅ
ଶ


୧ୀଵ ൏ 1 ,   (1) 

 
where, Pୱୣ୬ ൌ ܶ ሾ∂ሺf f⁄ ሻ ∂ሺ∆x୧ x୧⁄ ሻ⁄ ሿ⁄ , x is machine 
parameter, f is beam parameter. The machine parameters 
used in simulations are summarized in Table 3. 
∂ሺf f⁄ ሻ ∂ሺ∆x୧ x୧⁄ ሻ⁄ were obtained by the linear 
interpolation of simulation results. 

The machine tolerances were determined by the 
criterion of ∑ሾܯ ୱܲୣ୬⁄ ሿଶ ൏ 0.56, as shown in  Table 3. 
0.44 remained for other variables in the injector and 
σሺx୧ሻ ൌ √Nσሺxሻ (N: number of klystrons) was applied for 
multi-klystron in this calculation [3]. It was verified that 
the RF phase and voltage of the L1 and L2, and the RF 
phase of the linearizer are significant parameters for the 
beam stability. 

Random Error Simulation 
We conducted the simulations with random machine 

errors about 2 cases. The machine tolerances obtained by 
the previous method were applied in Case 1 and the 
relatively loosened tolerances than the previous results 
were applied in Case 2, as shown in Table 4. As a result, 
both of cases were verified to satisfy target beam 
tolerances, as shown in Table 5. 

Table 3: Machine Tolerances of HX Linac Lattice 

 
 

Table 4: Error Setting of Random Error Simulations 

 
 

Table 5: Beam Jitters by Random Machine Errors 

Beam jitter 
(standard 
deviatioin) 

ΔI/I0 ΔE/E0 Δtf Δεnx/εnx0 

Target 10% 0.02% 20 fs 10% 

Case 1 8.7% 0.009% 14.0 fs 6.5% 

Case 2 10.1% 0.015% 19.1 fs 8.1% 
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SIMULATION WITH MISALIGNMENTS 

Alignment Tolerance of BC 
The dispersive emittance dilution is arisen by the 

misalignments of magnets and beam position monitors 
(BPM) [4]. Since the main source of the dispersion is the 
errors in BCs, we calculated the alignment tolerances of 
bending magnets in BCs. In this calculation, we applied 
multipole components to the sixth order in the magnetic 
field, as shown in Table 6 [5]. The tolerances for 
horizontal (x), vertical (y), longitudinal (z) distance, and 
azimuthal (φ) tilt were obtained. 

The transverse emittance dilution by magnets of BC1 is 
presented in Fig. 3. These components are dominant for 
the whole of the emittance dilution. The alignment 
tolerances of bending magnets in BCs were determined 
by the limitation of 2% emittance growth, as shown in 
Table 7. The values are achievable except the longitudinal 
alignment tolerances (Δz) of BC1, but it is able to be 
compensated by the trim coil in each bending magnet 
whose maximum magnetic field is 10% of the main field. 

Emittance Dilution by Misalignments and 
Compensation with Beam Correction 

In order to quantify the emittance dilution by the 
misalignment, it was applied to all elements of magnets, 
RF structures, and diagnostics in the linac lattice. It 
distributes Gaussian distribution which σ is 0 – 400 μm 
for offsets and 0 – 2.5-mradian for tilt, as shown in Table 
8. Figure 4 is the result of 50 random seeds. Since the 
target alignment tolerance of the linac lattice is σ = 70 – 
80 μm, the horizontal normalized projected emittance is 
about 2.1 μm and the vertical one is about 1.5 μm, as 
shown in Fig. 4. These are about 500% of emittance 
dilutions from the ideal values in Table 2. 

In order to compensate it, the beam corrections with 98 
sets of correctors and BPMs in the HX linac lattice were 
applied. It was applied that σ = 80-μm misalignments of 
quadrupoles and RF structures, the BPM resolution of 5 
μm, and the BPM misalignment of σ = 50 μm relative to 
the quadrupole because the quadrupole and BPM are in 
the same structure. 

 

Table 6: Multipole Strengths of Bending Magnets in BC 

HOM BC1 BC2 BC3 

b1/b0 - -1.60 x 10-16 -1.60 x 10-16 

b2/b0 -0.93 x 10-4 -0.80 x 10-4 -0.80 x 10-4 

b3/b0 - - - 

b4/b0 3.68 x 10-4 -0.57 x 10-4 -0.57 x 10-4 

b5/b0 - - - 

b6/b0 2.57 x 10-4 0.58 x 10-4 0.58 x 10-4 

 

Figure 3: The emittance dilution by misalignments of 
bending magnets of BC1. 

 

Table 7: Alignment Tolerances of BC Magnets 
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The one-to-one correction and local BBA were 
conducted in simulations. The one-to-one correction is to 
correct the beam passing though the BPM center. The 
misalignments of BPMs are not considered in this 
correction. The local BBA is conducted by scanning of a 
quadrupole magnet and a corrector before a BPM. It takes 
much time, but the BPM position which beams pass 
through the quadrupole center is found out by this 
sequence. The emittance improvement by beam 
corrections is presented in Fig. 5, which each plot is 
average of 200 random seeds. The normalized projected 
emittances are 0.55 of x-axis and 0.34 of y-axis by the 
one-to-one correction and 0.51 of x-axis and 0.30 of y-
axis by the local BBA at the end of the linac. In the other 
word, the emittance dilution is suppressed to 60% for x-
axis and 30% for y-axis by the one-to-one correction, and 
50% for x-axis and 15% for y-axis by the local BBA. For 
more emittance improvement and less time of the beam 
correction, it is required to apply other correction methods 
like dispersion-free steering (DFS) and wakefield-free 
steering (WFS) [6, 7]. 

 

Table 8: The Misalignment Setting of All Elements 

 
 

 

Figure 4: The emittance dilution by misalignments of all 
elements in the linac lattice. 

 

Figure 5: Emittance improvements by beam corrections. 

SUMMARY 
We conducted the error analysis of HX linac lattice in 

PAL-XFEL. Machine tolerances and beam jittering level 
were obtained by dynamic error simulations, which are 
achieved the beam tolerances under ±10% of the current 
variation, ±0.02% of the energy variation, ±20 fs of the 
arrival time variation, and 10% of the projected emittance 
variation. It was found out that the significant machine 
parameters for the beam stability are the RF phase and 
voltage of the L1 and L2, and the RF phase of the 
linearizer. Alignment tolerances of bending magnets of 
BCs were calculated and verified to be achievable. The 
emittance dilution was 500% from the ideal emittance in 
σ = 80-μm misalignments of all elements in the linac 
lattice. It was suppressed to 60% for x-axis and 30% for 
y-axis by the one-to-one correction, and 50% for x-axis 
and 15% for y-axis by the local BBA. 
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SLICE EMITTANCE MEASUREMENT USING RF DEFLECTING CAVITY 
AT PAL-XFEL ITF 

Jae Hyun Lee, Jang-Hui Han, Juho Hong, Sung-Ju Park, In Soo Ko, 
Pohang Accelerator Laboratory, Pohang, 790-834, Korea 

Abstract 
One of key characteristic for operating PAL-XFEL is 

the time-dependent transverse properties of a bunch, slice 
emittance. To achieve the design FEL performance of 
PAL-XFEL a slice emittance of 0.4 mm mrad at 0.2 nC is 
required. An Injector Test Facility (ITF) was constructed 
to study beam properties. In addition to projected 
emittance measurement, slice emittance measurement is 
being done using a transverse RF deflecting cavity. We 
presents results of slice emittance measurement at ITF 
and future plan for the optimization of operating 
condition. 

INTRODUCTION 
The aim of ITF is to study beam dynamics and to 

produce low emittance electron beams for required future 
operating condition of PAL-XFEL. The required slice 
emittance for PAL-XFEL at the exit of injector is 0.4 
mm-mrad at 0.2 nC and the acceptable emittance is 0.6 
mm-mrad [1]. ITF has been operated to measure 
emittance and to optimize the elements of injector 
required for designed condition of PAL-XFEL. 
Maintaining a low emittance is necessary and one of the 
principal challenges. The ITF accelerator consists of an S-
band 1.6-cell photocathode RF gun, two S-band 
accelerating columns, solenoids and diagnostic 
components including quadrupoles and transverse RF 
deflector [2]. The laser heater is planned to be installed in 
September 2014. A schematic layout of current ITF 
elements map is shown in Fig. 2. The Quadrupole for 
quad scan and YAG screen are located at 13.22 m and 
15.86 m from the cathode, respectively. Using the 
transverse RF deflecting cavity, we can observe an image 
of the streaked beam at the YAG screen and then measure 
the slice emittance by the technique of quad scan. The 
details of the transverse RF deflecting cacity is introduced 
in the next section. Recently slice emittance has been 
measured at ITF. In this paper, the results of the slice 
emittance measurement are described. 

EXPERIMENTAL SETUP 
The measurements of slice emittance have been 

performed at the end of ITF with 81.7 MeV of the beam 
energy at 0.2 nC. The phase of RF photocathode gun is 
set to 34 ± 0.05 degree. The acceleration phase of two S-
band accelerating columns located at 2.14, 5.72 m from 
cathode is set to on crest. Using the transverse RF 
deflecting cavity the beam can be streaked at YAG 
screen. The measurement is carried out by quad scan. The 

calculation of the slice emittance is fulfilled by using 
MATLAB code.  

Transverse RF Deflecting Cavity 
The RF deflecting cavities have been widely studied 

and used in the accelerator field for the high energy 
physics research and beam diagnostics of Free Electron 
Laser and many others.  In RF deflecting cavity, as the 
transverse kick varies sinusoidally in time, each part of 
the bunch receives a different kick due to finite bunch 
width. Generally the phase of transverse RF deflecting 
cavity is chosen to have a zero crossing of RF phase at the 
middle of the bunch. According to this principle, the 
bunch gets no net deflection but is streaked vertically at a 
zero crossing phase of RF field [3]. Therefore we can 
observe a longitudinal image of the beam. The S-band 
transverse RF deflecting cavity is described in Fig. 1 and 
the specifications of it is in Table 1. 

 

 
Figure 1: Schematic diagram of Transverse RF 
Deflecting Cavity. 
 
Table 1: Specifications of Transverse RF Deflecting 
Cavity 

RF parameter Value Unit 

Frequency f 2.856 GHz 

Transverse shunt impedance 28.7 MΩ/m 

Unloaded Q 13,400  

Number of cells N 28 (L~1m)  

Attenuation constant α 0.158 (m-1)  

Group velocity 𝑣  0.014 c  

Kick/√power 2.7 MV/√MW 
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Figure 2: Schematic layout of Injector Test Facility at Pohang Accelerator Laboratory. 

      
Quadrupole Scan 

The emittance of beam can be obtain from both the 
beam size and beam divergence which are not able to be 
directly measured. While the beam size can be measured 
by using quadrupoles [4]. The method of emittance 
measurement is based on the quadrupole scan technique 
using a matrix [5]. It is destructive way to measure beam 
emittance and can be affected by the nonlinear field of the 
quadrupole thus they have to be properly arranged [2]. 
The Quadrupole for quad scan is the third quadrupole 
shown in Fig. 2. The transformation matrix can be 
described as follows: 

 















2221

1211

RR

RR
 R . (1) 

Using the matrix form, the propagation matrix from the 
quadrupole to the screen can be written as: 

 TqRR s . (2) 

where σ is the beam matrix describing drifts, quadrupole, 
etc. q, s stand for entrance of the quadrupole and screen 
respectively. The beam size at screen is √    , then the 
equation can be written in accordance with    

 ,    
 
    

  
and    

 : 

 qqq RRRR 22
2
1212121111

2
11

s
11 2   . (3) 

The transformation matrix R is altered by the quadrupole 
strength k, subsequently the normalized beam emittance is 
easily obtained by using relation,      √   (  ) , 
where   and   are the energy and the velocity of beam 
respectively. The beam size can be obtained from image 
on the YAG screen. We have performed to measure slice 
emittance by a single quadrupole scan technique. The 
specification of quadrupole is shown in table 2. 

Table 2: Specifications of the Quadrupole for Quad Scan 
Quadruploe parameter Value Unit  

Effective length 14.7 cm  

Max. quadrupole strength 27.97 /m2  

Measurement 
Before performing measurements, the phase of the RF 

photocathode gun set up to experiment phase first. The 
phase of two accelerating columns is adjusted step by 
step. The orbit of beam can be aligned using several of 
corrector magnets which also are used to control the 
bunch to centre on the YAG screen located at 15.86 m. 
The bunch is properly focused to have round shape on 
YAG screen by RF gun solenoid current. For quad scan, a 
sufficient current range should be found by varying the 
quadrupole current. The total charge of the bunch is 
checked at all times through a turbo ICT and should be 
kept as 0.2 nC during measurements. The bunch passes 
through the RF deflecting cavity with close to a zero 
crossing phase of RF field. The streaked beam image is 
presented on YAG screen. In order to examine how to be 
affected the slice emittance by gun solenoid current, the 
slice emittance is measured by changing RF gun solenoid 
with four or five step. Moreover the beam energy can be 
altered by adjusting the modulator power of first 
accelerating column. The five beam images take at each 
quadrupole current step and are averaged without noise 
background by MATLAB code. The noise background is 
eliminated before taking a beam image. The bunch is 
divided by twenty slices. We can obtain the beam size 
calculated from each slice image and gain a value of the 
slice eimttance. 

EXPERIMENTAL RESULTS 
The slice emittance has been measured at 0.2 nC with 

81.7 MeV of the beam energy. Figure 3 shows the beam 
images vertically streaked by transverse RF deflecting 
cavity on the YAG screen. The top of the bunch is head. 
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The electron bunch at the YAG screen is divided by 
twenty slice. 
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Figure 3: Streaked beam image on YAG screen located 
15.86 m with different quadrupole strength k. The upper 
side is the head of electron bunch. 

 
Figure 4: An example of measured slice emittance (95%). 
 

The slice emittance is shown in Fig. 4 and its value is 
about 0.65 mm mrad (95%) for 0.2 nC at core of the 
electron bunch. However it is not enough for the designed 
slice emittance of PAL-XFEL performance. It needs to be 
analysed and adjusted the elements of injector. The 
optimization of machine parameters as the gun solenoid 
current, the phase of each elements and the position of 
elements in injector should be carried out more precisely 
for meeting the design emittance of PAL-XFEL. 

CONCLUSION 
The understanding of slice eimttance plays a significant 

role in the optimization of high brightness electron 
sources. The measurements of the slice emittance at ITF 
of PAL have been successfully done. While we have 
problem to optimize the elements of injector for the 
requirements of PAL-XFEL. We will accelerate the 
electron beam later up to 135 MeV after passing two 
accelerating columns and the laser heater system will be 
installed in September this year. These are possible to 
lower projected and slice eimttance. Furthermore we 
expect that the emittance is close to the design emittance 
of PAL-XFEL.   
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CYCLOTRON-UNDULATOR COOLING 
OF A FREE-ELECTRON-LASER BEAM* 

I.V. Bandurkin, S.V. Kuzikov, A.V. Savilov#, Institute of Applied Physics, Nizhny Novgorod, 
Russian Federation 

Abstract 
We propose methods of fast cooling of an electron 

beam, which are based on wiggling of particles in an 
undulator in the presence of an axial magnetic field. We 
use a strong dependence of the axial electron velocity on 
the oscillatory velocity, when the electron cyclotron 
frequency is close to the frequency of electron wiggling in 
the undulator field. The abnormal character of this 
dependence (when the oscillatory velocity increases with 
the increase of the input axial velocity) can be a basis of 
various methods for fast cooling of moderately-relativistic 
(several MeV) electron beams. Such cooling may open a 
way for creating a compact X-ray free-electron laser 
based on the stimulated scattering of a powerful laser 
pulse on a moderately-relativistic (several MeV) electron 
beam. 

INTRODUCTION 
Fast development of the technique of photo-cathode 

electron photoinjectors has resulted in creation of 
compact and accessible sources of moderately-relativistic 
(several MeV) dense (~1 nC in a ps pulse) bunches [1-3]. 
Methods for decrease of the energy spread (cooling) are 
actual from the point of view of various applications of 
such beams, including free-electron lasers (FELs). 
However, cooling methods are developed now basically 
for electron beams of significantly higher energies [4,5]. 
As for a moderately-relativistic high-dense short e-
bunches, the strong Coulomb interaction of the particles 
results in a requirement for a short (~ 1 m and even less) 
length of a cooling system. In this situation, the cooling 
system should possess resonant properties, namely, a 
strong dependence of parameters of the particles inside 
the cooling system on their input energies. 

We propose to provide cooling by the use of electron 
wiggling in a circular polarized “cooling” undulator in the 
presence of an axial magnetostatic field 0zB  (Fig. 1). If 
the bounce-frequency of electron oscillations in the 
undulator, u||u hV  is comparable with the electron 

cyclotron frequency, mceB /0c  (here ||V  is the 

electron axial velocity, uh  is the undulator wavenumber, 
and  is the relativistic electron mass factor). In this 
situation, the velocity of undulator oscillations uV  
depends strongly on the initial axial velocity. 

 
Figure 1: (a) and (b): Schematics of non-radiative 
cyclotron-undulator cooling systems with the operating 
FEL undulator placed inside and outside of the cooling 
system. (c): Electron motion in the circular polarized 
undulator with the uniform axial field. (d): Characteristic 
dependence of the undulator velocity on the axial electron 
velocity (the optimal range is  shown schematically). 

NON-RADIATIVE “AXIAL” COOLING 
Non-radiative “axial” cooling is based on the fact that 

the axial velocity spread is the only factor important for 
the FEL operation. This spread can be decreased due to its 
“transformation” into the spread in the velocity of 
electron rotation in the cooling system. Electrons move 
along axial magnetic field and enter the cooling undulator 
with the adiabatically growing field in the input section, 
where each electron gets its own rotatory velocity (Fig. 
1a). If at the input of the system every particle possesses 
only the axial velocity VVV0 , then the axial 
velocity in the regular region of the undulator is 
determined by the energy conservation law: 

2
u

2
0

2
|| VVV . Thus, 

VVVVVVV )(2 2
u

22
||  ,   ||

2
u / VV . 

If V2 , then the spread in ||V  disappears. This 
condition is independent of the initial spread, V . 
Evidently, we should use the range of parameters, where 

0/ ||u VV  (Fig. 1d), so that the initial axial velocity 
excess, V , is compensated by the greater rotatory 
velocity, uV .  

If such a cooling system is used in a FEL, then the 
operating FEL undulator designed to produce optical 
radiation can be placed inside the regular section of the 
cooling undulator (Fig. 1a). Another way is to “switch 
off” the field of the cooling “undulator” sharply (Fig. 1 

 ___________________________________________  
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b). Then, forced undulator oscillations of the particles are 
just transformed into free cyclotron oscillations 
possessing the same rotatory velocities, uVV  (and, 
therefore, the same axial velocities). 

In the case of the adiabatically smooth entrance of 
electrons into the cooling undulator, the normalized 
velocity of the forced oscillations of the particles,  

cV /uu , is determined as follows: 
/u K .                           (1) 

Here, 2
uu / mcheBK   is the undulator factor (the 

normalized transverse electron momentum,  cVK /u  
in the case, when the axial magnetic field is absent), and 

uc /1  is the mismatch between the electron 
cyclotron frequency and the bounce-frequency of electron 
oscillations in the undulator.  

In the simplest situations, when electrons enter into an 
ideal cooling undulator along ideally rectilinear 
trajectories (so that they have no input transverse 
velocity), then the condition of  axial velocity cooling has 
the following form [6]:  

32K
In order to describe this spread, it is convenient to 

introduce the axial gamma-factor, 2
|||| 1/1 , and 

use the spread )()( ||
2

|| DD , where D  denotes the 
relative dispersion. The uncompensated axial spread is 
determined by three factors. First, there is the initial 
spread in transverse velocity, 000 . This leads 
to the following uncompensated axial spread: 

/)( 0u
2
0||D

Second, there is the spread in the transverse electron 
position, e0 rr . As the undulator field is not uniform, 

2
uu )2/(1)( rhrB , this spread induces the 

corresponding spread in the undulator velocity 
2

uuu / 2) . This leads to estimation similar (20 h r
to the previous one: 

2) //()( 2
ue

2
u

2
0||r rD .                     (4) 

The third source of the uncompensated spread is the 
non-ideal transformation of the axial spread [6]:   

)(1)()( 12 
||0|||| DD .                    (5) 

Let us notice that an increase in the undulator 
parameter leads to the reduction in the Doppler frequency 
up-conversion factor 2

||~  due to the increase in the 

transverse electron velocity. However, according to Eqs. 
(1) and (2), u  depends on K weakly in the optimal 

cooling regime, /3/1
u K . At the same time, the 

undulator factor is related by Eq. (2) to the mismatch 
between the cyclotron undulator frequencies, 3/2K . 

Evidently, K should be great enough to avoid the close-to-
resonance situation, when it is difficult to provide the 
adiabatically smooth entrance into the undulator [7,8].  In 
addition, in the case of  1  the system is very 
critical to the initial spread [see Eq. (5)]. 

Let us consider a 5 MeV electron bunch with the 
parameters typical for modern photo-injectors: energy 
spread %1~)()( ||00 DD , normalized emittance 

mrad mm , and the bunch radius mm 1~er . In the 
case of a cooling undulator with cm  5u  and 

2.0K , the condition (2) leads to 3.0  and 
06.0u . In this case, the estimations (3)-(5) result in 

the similar uncompensated spreads in axial velocity 
4

|| 103)(D , 4
||r 101)(D , 4

|||| 104)(D . 
According to simulations of motion of a 5 MeV electron 
bunch in a cooling undulator with the period  cm 5u  
and with the adiabatically tapered entrance, the undulator 
length should amount tens cm. In this case, the non-
relativistic cyclotron wavelength 

mm 5/)/(2 ucc c  corresponds to the axial 
magnetic field T 20B . 

CYCLOTRON RADIATION COOLING 
A disadvantage of the non-radiative “axial” cooling is 

that the operating undulator of the FEL should be placed 
inside the cooling system. Moreover, the uncompensated 
axial velocity spread is limited by the transverse velocity 
spread. Since the cooling system does not remove the 
transverse spread, it is impossible to improve axial 
cooling by the use of the additional second stage of the 
cooling system. An alternative method of cooling, 
namely, cyclotron radiation cooling, might be more 
attractive. In this case, the cooling system consists of two 
sections (Fig. 2), namely, the undulator section with the 
adiabatically tapered entrance, and the cyclotron radiation 
section (the region of the uniform magnetic field). The 
non-adiabatic exit of electrons from the undulator section 
is   accompanied   with   transformation   of    the   forced 

 

e

cyclotron 
radiation

cooling 
undulator

B0

kck V

e

 
Figure 2: Schematic of the two-stage cooling system with 
cyclotron radiation sections, and electron-wave dispersion 
characteristics in the radiation sections. 

  .                                (2) 

2.                          (3) 
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oscillations into the free cyclotron oscillations with the 
same oscillatory velocity. Then, in the radiation section, 
electrons lose their transverse momentums due to the 
cyclotron radiation. Optimally, at the output of the 
cooling system, electrons possess only the axial velocity. 

Let us consider radiation of a particle, which performs 
free cyclotron rotations in the radiation section. We 
suppose that this section represents a waveguide, and the 
cyclotron resonance condition, ||||c Vk , is fulfilled 
for the lowest transverse mode in the so-called grazing 
regime, when the wave group velocity, /||

2
gr kcV , 

coincides approximately with the axial electron velocity 
(Fig. 2). The elementary act of radiation of this wave is 
emission of a photon with the energy  and the axial 
momentum ||k . Thus, a radiation loss in the electron 
energy is related to the change in axial momentum as 
follows [9]: gr|| / ddp , where cV /grgr . 
Therefore, the cyclotron radiation does not perturb the 
axial velocity, 0/ ||gr|| dd . Thus, the 
radiation cooling operates similar to the non-radiative 
axial cooling, namely, the spread in ||  is minimized due 
to its transformation into the spread in velocity of electron 
rotation in the undulator section, u . Then, in the 
radiation section, the rotatory velocity disappears. 

As the cyclotron radiation does not perturb the axial 
electron velocity, the condition of cooling (2) and 
estimations (3)-(5) stay true for this scheme. Thus, from 
the viewpoint of the uncompensated spread, the single-
stage radiation scheme has no advantages as compared to 
the non-radiative scheme. However, the important 
advantage of the radiation scheme is that the rotatory 
velocity is absent at the output. Therefore, a further 
decrease in the spread can be provided by organizing the 
downstream second cooling section (Fig. 2). Let us 
consider a situation, when at the entrance of the first 
cooling section the electron bunch possesses the axial 
spread )( ||0D =1% and a relatively large transverse 

velocity spread 4
0 105  (points 0 in Fig. 2). 

According to estimations (3)-(5) and simulations, in this 
case at the output of the first section (point 1) the axial 
spread is 3

|| 10~)(D . Therefore, at the input of the 
second section (points 2), the electrons have the axial 
spread )( ||0D =0.1% and a small transverse velocity 
spread. According to simulations, when the electrons have 
passed the second section (point 3 in Fig. 2), the 
uncompensated spread in axial velocity can be decreased 
down to the level of 5

|| 10~)(D . 
The length of the radiation section can be estimated on 

the basis of the theory of the cyclotron autoresonance 
maser [9]. If the radiated electromagnetic pulse and the 
electron bunch propagate together, then one can use the 
amplifier equations, when the wave amplitude grows with 

the bunch coordinate. If the phase velocity of the wave is 
close to the speed of light, 1/1 grph , then the 
phase of electrons with respect to the synchronous wave, 

0|| dtzkt , varies slowly due to the 

autoresonance effect, so that 0)(z . At the input of 
the radiation section, initial phases of different electrons 
are determined by their initial cyclotron phases and time 
of the entrance into the section. 000 t . 
Cyclotron oscillations have sin-phase character [10], as 
they have arisen due to the transformation of the forced 
undulator oscillations. Thus, the phase size of the electron 
bunch, /2 e0 l , is less than 2 , if the length of the 
electron bunch, el , is smaller than the wavelength of the 
synchronous wave. The latter can be estimated by formula 

2
u /  following from u

2
c

2 . As an 
example, in the case of cm5u  and 10 , the 
wavelength is mm5.0 , whereas for a 1 ps electron 
bunch mm3.0el . In this case, cyclotron radiation has 
the spontaneous character, as the electron bunch has a 
ready-to-radiate size. Estimations predict that the 
radiation section can be as short as tens of cms.  

UBITRON RADIATION COOLING 
The abnormal dispersion of the undulator velocity of 

electrons, 0/ ||u VV , can be used to provide also a 
cooling method based on the ubitron radiation of 
electrons inside the regular part of the undulator with 
guiding axial magnetic field (Fig. 3). In this situation, 
electrons with higher initial energies have bigger 
undulator velocities and, therefore, lose more energy due 
to the radiation. 

 

B0
e

cooling undulator

ubitron 
   radiation

 
Figure 3: Ubitron radiation cooling system. 

Let us assume, that at the input of the cooling undulator 
there is a spread in electron energy, so that the initial 
electrons mass-factors can be expressed as follows:  

000 , where 0  describes he averaged value of 
the initial electron energy and 0  describes the spread. 
Evidently, at the output of the cooling system, the 
electron energies become lower due to the ubitron 
radiation inside the undulator:  

rad00 .                    (6) 
Here rad  is the radiation loss. Similar to the 

cyclotron radiation cooling considered above, we assume 
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that the radiated wave propagates together with the bunch 
( ||gr VV ), and the bunch length is shorter that the 

wavelength of the radiated wave ( el ). In this 
situation, the amplitude of the co-propagated wave 
increases in the process of the radiation (similar to the 
SASE FEL regime). The energy radiated during the trip 
of the e-bunch through the cooling undulator is 
proportional to the square of the undulator velocity: 

2
urad V , where 2IL  is a coefficient 

proportional to the electron current and to the square of 
the undulator length. Since the undulator velocity depends 
of the initial electron energy, 000 , Eq. (6) can 
be represented as follows: 

000

2
u

00
2
u00 )( VV . 

Thus, in the case of the abnormal dispersion of the 
undulator velocity, 0/ 0uV , the ubitron radiation 
leads to the decrease of the energy spread. Let us notice, 
that the condition of the cooling, 1/ 0

2
uV , is 

independent on the value of the initial spread, 0 . 
According to estimations, in the case of a 5 MeV e-bunch 
with radius mm 1~er , the optimal cooling condition (2) 
is true for the undulator length amounting tens cm.  

RF UNDULATOR COOLING 
Finally, we discuss the possibilities to use cyclotron-

undulator cooling schemes for electron bunches with 
higher energies. Since in the case of a magnetostatic 
cooling undulator the non-relativistic cyclotron 
wavelength is estimated as /~ uc , an increase in the 
electron gamma-factor results in an increase of the axial 
magnetic field required. However, for high-energy 
electrons, instead of the magnetostatic cooling undulator, 
one can use an rf undulator (a powerful rf pulse), which 
co-propagates together with the bunch (Fig. 4). In this 
case, the condition of closeness of the cyclotron and 
undulator frequencies,  

)1(~ eugr,u||u||uc Vk , 
leads to the following estimation: 

)1(/~ eugr,uc . If the group velocity of the 

undulator wave is close to the speed of light, 1ugr, , 
the optimal conditions for the cooling can be provided at 
a moderate magnetic field. 

Let us consider axial cooling of electrons with 100  
in a rf pulse with cm 3u  (Fig. 4). A super-radiant 
GW-power-level Cherenkov backward-wave oscillator 
[11] can be used  as a source of such pulse. If this pulse is 
formed by the 1,1TE  transverse mode of a waveguide 

with the radius uR , then 95.0gr , and the non-

relativistic cyclotron wavelength cm  6.05/uc   

corresponds to the axial magnetic field T  8.10B . In 
this case, the rf pulse power GW   5.0uP corresponds to 
the undulator parameter 25.0  K , whereas the rf pulse 
duration of 0.5 ns corresponds to the cooling system 
length of about 3 m only. 

 

 
Figure 4: Schematic of the cooling system based on a 
short powerful rf pulse co-propagating with the e-bunch. 
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OPTIMIZATION OF FEL PERFORMANCE BY DISPERSION-BASED
BEAM-TILT CORRECTION

Marc W. Guetg∗, Sven Reiche
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Abstract
In Free Electron Lasers (FEL) the beam quality is of

crucial importance for the radiation power. A transverse
centroid misalignment of longitudinal slices in an electron
bunch reduces the effective overlap between radiation field
and electron bunch. This leads to a reduced bunching and
decreased FEL performance.

The dominant sources of slice misalignments in FELs are
the coherent synchrotron radiation within bunch compres-
sors as well as transverse wake fields in the accelerating cav-
ities. This is of particular importance for over-compression,
which is required for one of the key operation modes for the
SwissFEL under construction at the Paul Scherrer Institute
in Switzerland.

The slice centroid shift can be corrected using multi-pole
magnets in dispersive sections, e.g. the bunch compressors.
First and second order corrections are achieved by pairs of
sextupole and quadrupole magnets in the horizontal plane
while skew quadrupoles correct to first order in the vertical
plane.

INTRODUCTION
An FEL strives to have a relative bandwidth of the photon

energies of the order of 10−4. For specific applications like
powder diffraction, Bragg imaging, or single-shot absorp-
tion spectroscopy much larger bandwidths are desirable to
increase the chance of hitting resonances [1, 2]. A special
configuration of the FEL under construction at PSI Switzer-
land, SwissFEL [3], will yield a bandwidth of up to 3% at
1 Å to fulfill these needs. In the following we refer to it as
the large-bandwidth mode of SwissFEL.
This mode uses a high energy chirp along the bunch to

increase the photon bandwidth. The longitudinal wake-
fields [4] originating in the cavities of the last linac and
an over-compression in the final bunch compressor (BC) to
revert the sign of the incoming energy correlation create
the needed chirp. Because of over-compression coherent
synchrotron radiation (CSR) considerably deteriorates the
transverse profile by introducing beam distortion in the bend-
ing plane.
A beam slice misalignment reduces the overlap between

the electron beam and its radiation field. This leads to a
reduction of SASE performance in the offset regions. CSR,
being a major contributor to the beam tilt, is of concern at
small bunch lengths within the bending magnets. Therefore
correction of the tilt is of special importance for the large-
bandwidth mode of SwissFEL utilizing over-compression.

∗ marc.guetg@psi.ch

This work implements an alternative description of the
beam tilt [5] and quantifies its effect on the lasing through
genesis [6] simulations. In addition we address the induced
orbit and bunch length jitter.

THEORY
This section describes the beam tilt and how to manipulate

it. In this work x stands for both transverse planes and z
the longitudinal direction. The Taylor approximation of the
beam tilt µ is:

x̃(z) = x +
n∑
i=1

µi
(
zi − 〈zi〉

)
, (1)

x̃ ′(z) = x ′ +
n∑
i=1

µ′i
(
zi − 〈zi〉

)
, (2)

where n corresponds to the highest order to be considered.
Misaligned beam parameters are denoted by a tilde. This
description has the benefit of adjustable abstraction without
losing analytical correctness if n reaches infinity.

This work uses the statistical emittance (ε) defined as:

ε2x = 〈x
2〉 〈x ′2〉 − 〈xx ′〉2 . (3)

The parameter x ′ denotes the momentum normalized by the
total momentum. The beam tilt µ alters the emittance as
follows:

ε̃ = ε
√
1 + Mn + M∗n , (4)

where M corresponds to the pure and M∗ to the mixing term.
They are both expressed through

Mn =
1
εx

n∑
i, j=1

(
βx µ

′
i µ
′
j + γx µi µ j − 2αx µi µ

′
j

)
Zi, j , (5)

M∗n =
1
ε2x

n∑
i, j,k,l=1

(
µi µ j µ

′
k µ
′
l − µi µ

′
j µk µ

′
l

)
Zi, j Zk,l , (6)

where α,β,γ are the Twiss parameters and Zi, j is the reduced
mean, defined as:

Zi, j = 〈zi+ j 〉 − 〈zi〉 〈z j 〉 . (7)

For a linear longitudinal phase-space correlation, consid-
ering µ up to only first-order (n = 1), M∗ vanishes and M
simplifies to

M1 =
εz βz
εx

(
µ′21 βx + µ

2
1γx + 2µ1µ

′
1αx

)
, (8)

where εz corresponds to the longitudinal emittance and βz
to the longitudinal beta function.
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The beam tilt leads to a deviation of slice and projected
parameters like emittance and mismatch parameter, there-
fore making it harder to operate the machine in places where
the slice beam parameters cannot be measured. More impor-
tantly the beam tilt reduces the FEL power, specifically at
the tails of the bunch. The slices are offset to the undulator
axes and undergo betatron oscillations, thereby reducing the
overlap between radiation and electrons. In addition does
µ changes the optics making it more difficult to match the
beam (core) due to the mismatch along the bunch. A series
of genesis simulations demonstrate this behaviour (figure 1.
The far-field is used as performance benchmarks, since it

1016
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dP
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Ω
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0 4020 60

z (µm)
0 4 8-4-8

dP
/d
Ω
| θ
=
0
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µx,1 = 10

1016
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1020

1022

Figure 1: Scan of µx,1. The bottom graph shows the radia-
tion growth along the SwissFEL undulator line whereas the
top one represents a snapshot along the FEL pulse at the end
of the undulator line.

possess a clearer start up signal and lower contribution by
higher transverse modes at the power level of spontaneous
radiation.

CORRECTION ALGORITHM
Static fields cannot act differently on electrons in a bunch,

as long as the electrons have the same orbit. This changes in a
dispersive section (η) with a strictly monotonic chirp along
the bunch: here a given longitudinal position is mapped
uniquely to a transverse position. A superposition of multi-
pole fields allows acting independently on these positions.

In the following we distinguish between lattice and beam
dispersion and tilt. The lattice parameters only depend on the
beam line and do not take into account any self interaction.

The beam parameters on the other hand are derived from the
higher-order moments in the beam independent from their
source.

For a linear longitudinal phase space and an energy chirp
with |αz | � 0, µ and η are directly linked by:

µi ≈

(
−αz

βz

) i
ηi , (9)

where µi and ηi correspond to the Taylor approximation
terms of the beam tilt or the dispersion, respectively.
The condition of a strictly monotonic chirp is fulfilled

at the bunch compressors. Therefore by adjusting the lat-
tice dispersion the beam tilt can be controlled by changing
the beam dispersion. The existing energy chirp vanishes in
the subsequent C-band linac due to longitudinal wakefields
thereby unlinking lattice dispersion and beam tilt because
αz ≈ 0. Any applied correction will now be independent of
magnetic multipoles as long as there is no energy correlation
along the bunch. The leaking lattice dispersion is then inde-
pendent from any corrected bunch dispersion. This means
that the orbit of the bunch is still energy dependent but the
phase space coverage in momentum and space is not.
Due to the large lattice dispersion at the correction lo-

cations weak corrector magnet strengths are sufficient to
achieve the desired manipulation of η. This has the benefit
of only marginally disturbing the optics.

CORRECTION IMPLEMENTATION
To measure the beam tilt µ the beam is streaked by a trans-

verse deflecting cavity or by a (skew) quadrupole magnet
within the BC. Since the longitudinal phase space at the BC
is strictly monotonic both methods are equivalent. The tilt in
momentum (µ′) is reconstructed by measuring µ for several
phase advances.
The perturbation matrix is measured using all available

corrector magnets as knobs and measurements of µ, R56
and chromaticity. To suppress low impact contributions
the matrix elements not mentioned in table 1 are forced
to zero. By measuring several phase advances it is then

Table 1: Pairing for Perturbation Response Matrix (not men-
tioned elements are set to zero to increase stability)

Knobs Quad Skew quad Sextupole Dipole
µ1,x µ1,y µ2,x R56

Penalties µ1,x′ µ1,y′ µ2,x′

Chromaticity

possible to reconstruct µ as well as µ′ at any given point.
The implementation of the correction algorithm is discussed
in more detail in [5].

SIMULATIONS
The simulations of this work focus on the large bandwidth

mode of SwissFEL [3] utilizing over-compression. The
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resulting strong CSR kick makes the need for the correction
most critical for this mode.

For correction both BC’s in SwissFEL are equipped with
a pair of (skew) quadrupole and sextupole magnets. These
12 corrector magnets are used to correct for the beam tilt
while keeping chromaticity at bay. The change in R56 is then
adjusted by the bending angle of the bunch compressors.

Elegant [7] simulations up to the undulator entrance were
done followed by genesis simulations to quantify the gain in
FEL power. Figure 2 shows the increase in power through
the applied correction. The correction increases the power
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w
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w
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Figure 2: Genesis simulations for the SwissFEL large band-
width mode at λphotons = 1 Å. The top picture shows the
FEL power for the corrected and the uncorrected case. The
resulting increase in FEL power is about one order of mag-
nitude. Uncorrected configuration exhibits narrower spectra,
counteracting the goal of the large bandwidth mode.

by one order of magnitude at saturation. Furthermore the
correction increases the photon bandwidth, which is a critical
parameter for the large-bandwidth mode. This is mainly
because the tails are now contributing stronger in the overall
SASE process. This leads to a broadening of the spectrum
due to the strong energy chirp which is translated into a
frequency chirp of the FEL pulse.

JITTER
The leakage of lattice dispersion out of the bunch com-

pressors leads to energy induced orbit jitter. An orbit offset
within the undulator leads to subsequent orbit oscillations
reducing FEL power.

Since it is not possible to correct the leakage of this lattice
dispersion without introducing new bunch dispersion, it is
important to investigate the sensitivity to energy jitter.
In addition to the orbit jitter T566 is enlarged, which in

case of an energy jitter ∆δ leads to an altered R̃56 of

R̃56 = R56 + 2T566∆δ , (10)

considering up to second order matrix elements [8].
The SwissFEL tolerance of an acceptable beam orbit jitter

is 10% of its rms beam size in momentum and space. The
bunch length jitter is tolerable up to 10% of its length. The
jitter study shows that the orbit as well as the bunch length
jitter stay well within their respective tolerance levels. Fig-
ure 3 shows their distributions by jittering the RF klystrons at
their respective tolerance values in phase and amplitude [3].
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Figure 3: 10’000 Jitter runs for both corrected and uncor-
rected cases. The additional orbit jitter originating from the
leaking dispersion is minimal and is well within tolerances
of SwissFEL. The points correspond to the actual data points
and the lines correspond to Gaussian fits.
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The gun laser jitter was studied by varying the charge of
the electron bunch and proved to be of no significance.

Other sources of orbit jitter [3] in the machine are stronger
than the contribution from the leaked lattice dispersion. The
same holds true for the bunch length jitter. The increase
in orbit and bunch length jitter stays within the acceptable
limits and does therefore not restrict the applied correction.

DISCUSSION
We have proposed a correction scheme for slice misalign-

ment and validated it in simulation and with measurements.
In simulations we see an tremendous increase of nearly one
order of magnitude in FEL power for a strongly misaligned
beam. The correction is of particular importance for the
large-bandwidth mode because of the strong CSR kick due
to over-compression and the spectral broadening. The ex-
periment delivered a proof-of-principle of feasibility of the
introduced method as presented in [5].
The proposed iterative correction method implementing

a perturbation matrix is applicable in practice because it
respects tolerance values in terms of mismatch and jitter of
the machine.

Concerns about the energy induced orbit and bunch-length
jitter are addressed and are well below the tolerance level
for the expected jitter budget for SwissFEL.

We conclude that the presented method is feasible to cor-
rect µ and make the large-bandwidth mode viable for Swiss-
FEL.
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THE SEED LASER SYSTEM FOR THE PROPOSED VUV FEL FACILITY 
AT NSRRC 

M.C. Chou#, N.Y. Huang, A.P. Lee, W.K. Lau, NSRRC, Hsinchu, Taiwan 

Abstract 
The possibility of establishing a free electron laser 

(FEL) facility in Taiwan has been a continuing effort at 
National Synchrotron Radiation Research Center 
(NSRRC) in the past several years. The Baseline design 
of the envisioned NSRRC FEL is a high gain harmonic 
generation (HGHG) FEL seeded by a 266 nm laser. The 
seed laser is produced by adding an optical parametric 
amplification (OPA) system pumped by upgrading the 
existing IR laser system. To provide broad tunability of 
the FEL radiation, the seed laser will be tunable. The 
spectrum considered for seeding the FEL is between 266 - 
800 nm with peak power of 200 MW. The spatial and 
temporal overlap between the sub-100 fs electron bunch 
and the 100 fs UV seed laser is under study. 

INTRODUCTION 
An FEL facility aimed for VUV and THz radiation is 

being studied at NSRRC in Taiwan [1]. To fulfil the user 
needs, this facility is designed to be operated in two 
modes, one for VUV applications and the other for THz 
applications. Recently, there are growing interests in 
applications like spectroscopy, elementary excitations, 
and NMR spectroscopy, etc., requiring high power THz 
radiation from the accelerator-based devices. The non-
invasive and non-ionizing nature of THz spectroscopy is 
vital for medicine and biology applications from the 
safety point of view. On the other hand, this proposed 
facility will provide intense, fully coherent ultrafast light 
sources up to the extreme VUV region. Direct VUV 
photoionization is a key approach to probe properties of 
valence electrons of molecules and materials, which 
mostly lie at about 6 - 20 eV below the ionization limit. 
The Baseline FEL lies in this exact energy region and is 
therefore most suitable to study the transformation of 
molecules and materials that are important in many 
research fields. This proposed VUV FEL light source will 
provide scientists a promising tool to develop more 
sensitive experimental methods to prove important 
chemical and physical processes in energy, biological and 
environmental sciences. 

Strong consideration has been given to minimize the 
cost by making maximum use of existing hardware at 
NSRRC. One unique consideration is to use an existing 
undulator for the dual functions of the THz radiator and 
the modulator of an HGHG section. Design emphasizes 
versatility of operation and beam quality control and 
compensation of nonlinearities, with an envision that it 
will allow as much as possible future upgrades as well as 
later R&D of FEL physics. The possibility of establishing 
a free electron laser facility in Taiwan has been a 

continuing effort at NSRRC in the past several years. 
With the installation of a new 3-GeV storage ring, the 
Taiwan Photon Source (TPS), it is a good time to renew 
this effort on the feasibility of an FEL facility. We 
consider it to serve two purposes: 
1. To develop a technology platform for FEL researches 

in Taiwan. This FEL platform will provide a 
technology base to pursue a wide range of future 
possibilities beyond TPS, including industrial 
applications such as high brightness electron gun 
technology, and lithography manufacturing. 

2. To initiate an FEL science research, and to provide a 
training ground for FEL researchers in Taiwan. This 
facility will allow the researchers to gain experience 
and accumulate credentials, and prepare to compete 
in the FEL world stage. 

In the beginning of 2013, the first operation of the 2998 
MHz photoinjector at NSRRC has been successfully 
preformed after high power microwave processing of the 
photoinjector cavity up to 60 MV/m. A 266-nm, 300- J 
ultra-violet (UV) laser system has been installed as the 
drive laser for the photocathode RF gun. A stable electron 
beam with energy of 2.6 MeV at 250 pC bunch charge has 
been achieved. Beam transverse emittance of ~3 mm 
mrad is measured at 250 pC with Gaussian laser pulse [2]. 
A new photo-cathode rf gun cavity is in fabrication for 
higher field gradient operation. Laser shaping technique 
can be employed to further reduce the beam emittance.  

THE PROPOSED FEL FACILITY 
The System Layout 

The Baseline design of the envisioned NSRRC FEL is 
an HGHG FEL seeded by a 266 nm laser. With the 
existing linac sections and the high power klystron 
systems, an accelerated beam with beam energy of 
~ 325 MeV at the linac end can be expected. With the 
existing hardware and the possible upgrades in the limited 
space, we consider the Baseline design of the envisioned 
NSRRC FEL as an HGHG FEL seeded by a 266 nm laser 
to generate the VUV radiation at 66.5 nm which is 4th 
harmonic of laser wavelength. The resonant condition is 
satisfied when the radiator strength is tuned as K = 1.98. 
The performance of HGHG FELs has been discussed 
widely in recent 10 years [3]. In addition to being much 
stable and tunable with narrow bandwidth, the HGHG 
source also offers fully temporally coherent radiation 
pulse. A schematic of the overall layout is shown in 
Fig. 1. The length of the accelerator system from the gun 
to L3 exit is 27 m. The length of the diagnostics and FEL 
stations is 6 m. Including a 4 m × 5 m experimental area 
for users, the whole facility tightly fits into the existing 
38 m × 5 m long tunnel in the TPS Linac Test Laboratory.  ___________________________________________  

#chou.mc@nsrrc.org.tw 
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FEL Performance 
In the HGHG operation, the seed laser interacts with 

the electron bunch in the 1-m EPU56 modulator to 
imprint energy modulation on the electron bunch.  The 
seed laser is shared with the RF gun (  = 266nm). The 
peak power of the upgrade laser is 200 MW, the laser 
pulse energy is 300 J and FWHM pulse width is 1.5 ps. 
Through a small chicane (total length 40 cm, R56 = 
30 m), the energy modulation is converted into density 
modulation. This pre-bunched electron beam will readily 
radiate coherently in the radiator undulator leading to an 
exponential growth and reach saturation in its 3-m length 
as shown in Fig. 2. The FEL resonant wavelength in the 
radiator is = 66.5 nm, which is the 4th harmonic of the 
266 nm seed laser. The saturated peak power near the 2-m 
position is 200 MW for the fundamental mode and 2 MW 
and 200 kW respectively for the 3rd and the 5th harmonics. 

To provide broad tunability of the FEL radiation, the 
seed laser will be tunable. Linac energy and undulator 
strength K are then adjusted accordingly to maintain FEL 
resonance. The existing seed laser will be upgraded by 
adding an OPA system, followed by an appropriate 
nonlinear crystal and laser splitting schemes. Radiation 
with wavelength range between 66.5 – 200 nm and the 
brightness of 3.3 - 5.7 1028 photons/ m2/0.1% is 
expected when an appropriate laser system is included. 

The seeding laser with wavelength between 266 – 800 nm 
with peak power of ~ 100 – 200 MW is adopted in this 
estimation. 

As mentioned above, the EPU56 will serve the dual 
functions as an HGHG modulator and a THz coherent 
undulator radiation (CUR) undulator. When the THz 
radiation is desired from the undulator, the accelerated 
beam exiting L0 will traverse through the beam line and 
reach the undulator to generate THz CUR. In such 
operation, L0 will be optimized to generate 100 pC, 100 fs 
electron bunches at 27.3 MeV through velocity bunching. 
The radiation frequency is 4.5 THz when the undulator 
strength K is 3.4. The total radiated energy is 2.74 J, and 
the corresponding peak power is 0.7 MW. This undulator 
can provide variable polarization, allowing adjustable 
polarization in its THz CUR. This unique property can 
support additional novel applications for the users. 
Table 1: Estimated Beam Performance and Radiation of 
the VUV/THz FEL at NSRRC 

Electron beam 
Energy [MeV] 325 

Repetition rate [Hz] 10 
Slice emittance [mm-mrad] 0.8 

Bunch length [fs] 51.3 
Peak current [A] 500 

Slice energy spread [keV] 1.7 
VUV radiation 

Wavelength [nm] 66.5  
Peak power [MW] 200 

Gain length [m] 0.17 
Photons/pulse [1013] 1.1 

Brightness 
[photons/ m2/0.1%] 3.34 1028 

Temporal coherence modes ~ 1 
Spatial coherence M2 ~ 2 

THz radiation 
Frequency [THz] 4.5 

Total radiated energy [ J] 2.7 
Peak power [MW] 0.7 

THE ULTRAFAST LASER SYSTEM 
The Existing Laser System 

The ultrafast laser system used to drive the 
photocathode rf gun was purchased from Coherent 
Corporation and it is a Ti:sapphire laser system based on 
the chirped-pulse amplification technique [4]. This system 

 
Figure 1: Layout of the proposed FEL facility at NSRRC. 

 
Figure 2:  The growth of the radiation power in the 
undulator. The fundamental (66.5 nm), the 3rd harmonic 
(22.2 nm), and the 5th harmonic (13.3 nm) radiations are 
marked as black, red and blue lines respectively. 
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consists of an oscillator (Mira-900), an amplifier 
(Legend-F), a third harmonic generator (THG), and a UV 
stretcher. The layout of the laser system is shown in 
Fig. 3. The oscillator is an 85-fs passively mode-locked 
oscillator pumped by Verdi, a 5-W cw frequency-doubled 
Nd:YVO4 laser. It delivers 16 nJ energy per pulse, 74.95 
MHz repetition rate and a central wavelength of 797 nm. 
The seed laser from the oscillator is then conveyed into 
the Legend-F amplifier. It is composed of three essential 
elements, an optical pulse stretcher, a regenerative 
amplifier and an optical pulse compressor. Before 
entering the amplifier, the laser pulses are stretched with 
an Öffner-type all-reflective stretcher. After stretched, the 
laser pulses are amplified by a regenerative amplifier 
while the energy is raised from nJ to mJ level and 
meantime the repetition rate of the laser is modulated to 
1 kHz by a frequency-doubled diode-pumped Nd:YLF 
laser (Evolution). The amplified laser pulse is further 
compressed with a grating compressor. Currently the IR 
laser output from the Legend is 4 mJ per pulse with 
energy stability <0.5% RMS, which is lower than that of 
factory specifications due to the degradation of optics 
such as the compressor grating.  

In order to extract photoelectrons from the Cu 
photocathode RF gun efficiently, the photon energy of the 
laser pulse should be higher than the work function of Cu 
~ 4 eV. For this reason the laser frequency from the 
Legend is tripled by a THG, which mainly consists of two 
nonlinear crystals. After the THG, a UV laser pulse with 
266 nm, corresponding to photo energy of 4.5 eV, is 
generated. The UV laser pulse can be further stretched 
from 800 fs to 10 ps by a UV stretcher, which is consisted 
of four fused silica prisms. We set the pulse duration of 
the UV laser at 8 ps for initial gun test. Similarly, the UV 
laser energy of 220 J at the exit of the UV stretcher is a 
little lower, compared to that of factory specifications due 
to the degradation of the nonlinear crystals and prisms. 

Although the UV energy attenuates to about 100 J after 
propagating to the Cu cathode due to mirror loss and 
absorption of the air, it is sufficient for the photocathode 
RFgun. 

The Upgraded Laser System for FEL Seeding 
As mention above, in order to provide broad tunability 

of the FEL radiation, the part of the spectrum considered 
for seeding the FEL is between 266 – 800 nm with peak 
power of 100 – 200 MW. We aimed to cover wavelengths 
in the range 66.5 – 200 nm with the expected performance. 
One method to obtain such light sources with broad 
spectra is using an OPA system, followed by appropriate 
non-linear crystals and laser splitting schemes. A feasible 
OPA system is a TOPAS as was chosen at 
FERMI@Elettra [5]. The signal and idler waves of 
TOPAS span from 800 nm to 2.4 m. Through a 
sequence of nonlinear harmonic generation and mixing, 
the frequency is up-converted to UV. Figure 4 shows the 
tuning spectra of the TOPAS. The desired FEL seed laser 
wavelength is 266 nm, laser pulse energy is 300 J, and 
FWHM pulse width is 1.5 ps, corresponding to the peak 
power of 200 MW. It means that when using the TOPAS 
system, the 800-nm pump energy should be larger than 
40 mJ. The laser energy of the existing laser system is too 
low to be used as the pump source for producing such 
high energy of 266 nm from the OPA process. 
Furthermore, the seed laser should be shared with (a 
much smaller need of) the RF gun. Therefore we plan to 
add a 4-pass amplifier after the existing laser system to 
boost the laser energy.  

Figure 5 shows the layout of the upgraded laser system. 
First, a beam splitter will be inserted after the regen 
amplifier. The stretched, expanded 800-nm laser pulse 
with 4 mJ (80% output of the regen amplifier) is then 
compressed to 100 fs and used to generate the UV laser 
pulse by the THG. Then the UV laser pulse is used as the 
drive laser of the photocathode RF gun as mentioned 
above. The residual laser pulse (20% output of the regen 
amplifier) will be used as the seed pulse for the 4-pass 
amplifier. This 4-pass amplifier will be pumped by a 
frequency-doubled Q-switched Nd:YAG laser from both 
ends. This amplifier is made of a 10-mm-long, 1.5-cm 
diameter, 0.25% doping, normal-cut Ti:sapphire crystal 
with anti-reflective coating, and seven folding mirrors in a 
bow-tie configuration. At the Ti:sapphire crystal, the 
pump beam diameter is 3.9 mm FWHM and the laser 
beam diameter is 2.6 mm FWHM. With pump energy of 

 

 
Figure 3: (a) Layout and (b) photo of the ultrafast laser 
system. 

 
Figure 4: Spectra of the TOPAS. 
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600 mJ, the laser pulses are amplified to 130 mJ. After the 
4-pass amplifier the laser beam is expanded to 20-mm 
diameter in clear aperture. The amplified laser pulse is 
further compressed to 100 fs with 100-mJ energy by 
another grating compressor. Pulse durations of the laser 
pulse can be varied from 100 fs to 3 ps with either sign of 
chirp by adjusting the grating separations. In addition, in 
order to match the repetition rate of the RF system, the 
repetition rate of the upgraded laser system will be tuned 
from 1 kHz down to 10 Hz by adjusting the Pockels’ cell 
timing inside the regen amplifier. The amplified 800-nm 
laser pulse with 100 mJ, 1.5 ps can be used to pump the 
OPA system to generate the UV laser for the FEL seeding. 

In the initial stage of this FEL project our objective is 
to generate the ultrashort electron beam via velocity 
bunching in L0 for THz CUR before next summer. Before 
installing the existing EPU56 undulator at the exit of L0, it 
is a good opportunity to produce ultrashort x-ray sources 
through the Thomson scattering once the 100 MeV 
electron beam and the 100 mJ laser pulse are ready. 
Furthermore, high-order harmonic generation (HHG) will 
be investigated as well when the laser system is upgraded 
to support the HGHG FEL. We will for example try to 
optimize the 5th harmonic to reach the EUV regime using 
this facility. With HHG seed down to 66.5 nm directly, 
the 3 m long undulator can be used as direct amplifier. A 
comparison between a HHG seed amplifier and a HGHG 
FEL can be an interesting topic. 

Synchronization 
To generate and accelerate electron bunches from the 

photocathode RF gun, one has to make synchronization 
between the laser and the RF system. The fine 
synchronization with the RF reference can be carried out 
at the level of the laser oscillator. The laser oscillator can 
be locked with the signal generator by a Synchrolock 
which was also bought from Coherent [6]. Coherent 
specifies a time jitter is less than 250 fs RMS when the 
Synchrolock is used to lock two laser oscillators. Since 
the oscillator phase noise may have variations, we think 
the time jitter is < 1 ps RMS when an external RF signal 
is used to drive the Synchrolock. In order to make sure 
the good synchronization between the UV pulse and the 
electron beam during seeding process, we will set the 
pulse duration of the UV pulses at 1.5 ps since the time 
jitter of the current system is < 1 ps. The proposed FEL 

facility will provide intense, fully coherent ultrafast light 
sources up to the extreme VUV region. The femtosecond 
VUV pulses and IR laser pulses can be used to do some 
time-resolved pump-probe experiments. But a time jitter 
of < 1 ps is still too long for the VUV pulses with respect 
to the experimental pump lasers. An optical timing system 
based on stabilized fiber links has been developed for the 
LCLS to provide synchronization at the sub-20 fs level 
[7]. We will improve the time jitter of our system by 
referring to what has been done at LCLS. We will also 
plan a full series of measurements to characterize the 
overall timing stability of the VUV and laser pulses. 

CONCLUSION 
In this proceeding, we report the feasibility of building 

a new light source at NSRRC which delivers the VUV 
radiation from a 4th harmonic HGHG FEL which will be 
seeded externally by a tunable laser. Installation of the 
photoinjector system including the beam diagnostics tools 
and the first linac section is in progress. The seed laser 
will be produced by adding OPA system pumped by 
upgrading the existing IR laser system with installing a 4-
pass amplifier. We expect the energy upgrade of the laser 
system will start in the beginning of 2015 and the first 
lasing of VUV FEL will be in 2016. This FEL facility 
allows us to pursue a wide range of future possibilities 
beyond TPS, the newly constructed 3rd generation light 
source, and it will serve as the foundation for FEL 
researchers in Taiwan. 
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Figure 5: Layout of the upgraded laser system. 
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HIGHER-ORDER MOMENT MODELS OF LONGITUDINAL PULSE
SHAPE EVOLUTION IN PHOTOINJECTORS∗
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LBNL, Berkeley, CA 94720, USA

Abstract
The presence of longitudinal asymmetry, sometimes in the

form of a one-sided tail, in the current profile emerging from

low-energy photoinjectors can strongly impact the beam

quality downstream of the compression region of an FEL

beam delivery system. To understand the origin of this fea-

ture, an approximate model for the evolution of higher-order

longitudinal beam moments is developed in the presence of

nonlinear kinematic effects and longitudinal space-charge.

This model is applied to investigate the evolution of beam

skewness in injector systems with parameters similar to the

APEX Injector under investigation at Lawrence Berkeley

National Laboratory.

INTRODUCTION
Careful control of the longitudinal phase space distribu-

tion of each electron bunch exiting an FEL beam delivery

system is critical to optimizing the FEL radiation brightness

and coherence. Previous studies have shown that, in some

cases, an asymmetric tail may appear in the beam current

profile out of the injector [1], limiting the portion of charge

that contributes to the lasing process. To understand this

feature, we attempted to develop a simple model of the lon-

gitudinal pulse shape evolution in low-energy photoinjectors

using a moment description.

The utility of the second-order rms beam envelope equa-

tions [2] has led to the study of systems of such equations for

higher-order beam moments [3,4]. Our approach is based on

the Hamiltonian formulation of the Vlasov-Poisson equation

as described in [5], which provides a systematic framework

for constructing moment equations through a given order [6].

The resulting system of equations describes the longitudinal

beam moments through fourth order, using a 1D wakefield

model of the longitudinal space-charge interaction.

This model was applied to an LCLS-II type injector sys-

tem based on the design of the Advanced Photoinjector Ex-

periment (APEX) at Lawrence Berkeley National Labora-

tory [7], whose layout is shown in Fig. 1. After photoemis-

sion from a 186 MHz RF gun, each bunch passes through a

1.3 GHz buncher cavity operated near 90◦ off-crest, which

introduces an energy-bunch length correlation. The bunch

then undergoes ballistic compression in a drift before enter-

ing the first of several 9-cell 1.3 GHz TESLA accelerating

cavities.

In the following section, we characterize the longitudinal

pulse shape in the injector using a moment description. In

∗ Work supported by the U.S. Department of Energy under Contract No.

DE-AC02-05CH11231.
† ChadMitchell@lbl.gov

the remainder of the paper, this characterization is used to

investigate the origin and evolution of longitudinal beam

asymmetry in the presence of ballistic compression.

< 800 keV > 800 keV 
Solenoid magnet 

Warm single-cell RF cavity 

Cold multi-cell RF cavity  

Laser pulse  

Cryomodule 

Figure 1: The low-energy portion of the photoinjector for

an FEL beam delivery system based on the APEX design.

PULSE SHAPE CHARACTERIZATION
It is useful to characterize the shape of the electron bunch

current profile in terms of the sequence of standardized

moments:

μn =

〈(
z − 〈z〉
σz

)n〉
, n = 0,1,2, . . . , (1)

where z denotes the longitudinal coordinate within the bunch

and σz the rms bunch length. The quantities μ3 and μ4

define the beam skewness and kurtosis, respectively, which

must satisfy the inequality [8]:

μ4 ≥ μ2
3 + 1. (2)

The skewness is a measure of bunch asymmetry: for a bunch

with a unimodal density profile, a value μ3 > 0 denotes that

a low-density tail appears for z > 〈z〉, while μ3 < 0 denotes

that a low-density tail appears for z < 〈z〉. The kurtosis

is often described as a measure of “peakedness", and for a

Gaussian profile takes the value μ4 = 3. Note that many

authors use the excess kurtosis, defined by μ4 − 3.

An approximation to the shape of the beam current pro-

file can be obtained by matching the centroid location, rms

bunch length, and the moments (μ3, μ4) to a corresponding

probability distribution from the Pearson family [9]- [12].

Figure 2 illustrates the current profile of a 300 pC, 99 MeV

electron bunch at the exit of a proposed LCLS-II injector

system based on the APEX design (Fig. 1), together with

a Pearson distribution of matching skewness and kurtosis.

Note the asymmetry of the current profile, with a slight tail

appearing for z < 0.

Figure 3 illustrates the evolution of the skewness and

kurtosis of this bunch during the first 3.5 m of the injector

system of Fig. 1 as simulated using IMPACT-T [13]. The

beam is nearly symmetric at the exit of the buncher, with
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Figure 2: The simulated current profile of a 300 pC, 99 MeV

bunch at the exit of a proposed LCLS-II injector (solid) is

shown together with a Pearson Type I distribution (dashed)

with matched (μ3, μ4) = (−0.521,3.132).

μ3 = 0.06, and the values (μ3, μ4) change significantly

in the drift region between the buncher exit (1 m) and the

pre-booster entrance (2.2 m). These values remain nearly

unchanged from 10 cm beyond the pre-booster entrance

through the remainder of the acceleration system. As a

result, the final pulse shape appears to be set primarily by

the dynamics in the ballistic compression region, which will

be the focus of this paper.
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Figure 3: The skewness μ3, kurtosis μ4, and bunch length

σz are shown as a function of bunch centroid distance from

the cathode for the layout shown in Fig. 1.

NONLINEAR BALLISTIC COMPRESSION
The Hamiltonian describing longitudinal single-particle

motion within a drifting beam relative to a nominal reference

particle can be written in terms of the canonical variables

z = −cΔt, δ = Δγ/γ in the form:

H1(z, δ) = −
√

(1 + δ)2 − 1/γ2 + (1 + δ)/β, (3)

where

γ = 1/

√
1 − β2 (4)

denotes the nominal relativistic gamma factor, the drift dis-

tance s is taken as the independent variable, and Δt, Δγ
denote deviations from the nominal trajectory.

The Taylor map associated with (3) is given through terms

of degree 3 by:

z = zi + R56δi + T566δ
2
i +U5666δ

3
i , δ = δi (5)

where

R56(s) =
sγ

(γ2 − 1)3/2
, T566(s) = −3

2

sγ3

(γ2 − 1)5/2
,

U5666(s) =
1

2

s(4γ2 + 1)γ3

(γ2 − 1)7/2
.

Consider a beam with a linear relative energy chirp h =
dδ/dz < 0 and small uncorrelated energy spread σδ <<
|hσz | entering a drift region. Using (5), one can obtain the

evolution of the standardized moments (1) as functions of the

initial moments μn, i and the two dimensionless parameters:

α = h2T566σz, iC, β = h3U5666σ
2
z, iC, (6)

where C = 1/(1+ hR56) is the linear compression factor. In

the typical case when | β | << |α | << 1, so that nonlinear

effects are moderately weak, we find that:

μ3 = μ3, i + 3α(μ4, i − μ2
3, i − 1) +O(α2). (7)

It follows from (7) and (2) that an initially symmetric beam

(with μ3, i = 0) is driven toward values of increasingly nega-

tive skewness through the nonlinear effect of nonzero T566.

Eliminating h in favor of the compression factor C gives

an approximate expression for the final beam skewness exit-

ing a ballistic compression region of length L in the absence

of space-charge:

μ3 = μ3, i +
9

2

(C − 1)2

C

(σz, i

L

)
(1+ μ2

3, i − μ4, i )γ(γ2−1)1/2.

(8)

The development of beam asymmetry in a drift is a rela-

tivistic effect that grows with increasing beam energy, as

apparent in (8).

A MOMENT MODEL OF LONGITUDINAL
SPACE-CHARGE

The 2D relativistic Vlasov equation for a drifting beam

takes the form:

∂ f
∂s
+
∂H1

∂δ

∂ f
∂z
+

qEz

mc2γ

∂ f
∂δ
= 0, (9)

where Ez is the longitudinal space-charge electric field and

H1 is given in (3). Following the formalism of [14]- [15], (9)

possesses the Lie-Poisson structure of a continuous Hamil-

tonian system with the collective Hamiltonian given by:

Hcoll =

∫
H1(ζ ) f (ζ )dζ +

1

2

q
mc2γ

∫
φ(z) f (ζ )dζ, (10)

where ζ = (z, δ) and the potential φ satisfies:

Ez (z) = −∂φ
∂z
. (11)
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We use a simple model of the longitudinal space-charge

wakefield, given in terms of the line-charge density ρ by

[16, 17]:

Ez (z) = − g

4πε0γ2
ρ′(z), φ(z) =

g

4πε0γ2
ρ(z), (12)

where g is a geometrical factor that depends on the boundary

conditions. Writing

ρ(z) = qNbλ(z), λ(z) =
∫

f (z, δ)dδ, (13)

where Nb is the number of particles in the bunch and λ is a

probability density describing the longitudinal profile of the

beam, the second term in (10) then takes the form:

Hint =
g

2

Nbrc
γ3

∫
λ(z)2dz, (14)

where rc is the classical electron radius.

Given any basis of polynomials {Pα : α = 1,2, . . . ,n}
of degree 1-N in the phase-space variables ζ = (z, δ), we

define a set of moments associated with the distribution

function f by:

mα =

∫
Pα (ζ ) f (ζ )dζ (α = 1,2, . . . ,n). (15)

If Hcoll can be expressed as a function of the moments mα ,

then the system of equations for the moments through order

N takes the form [6]:

dmα

ds
=

n∑
β=1

∂Hcoll

∂mβ

〈{Pα ,Pβ }〉, (16)

where {, } denotes the usual Poisson bracket.

Working through order N = 4, there are 14 such equations.

The single-particle term in (10) is expressed as a function

of the moments mα by expanding H1 as a Taylor series of

degree 4. The interaction term Hint is expressed as a function

of the moments by evaluating (14) when λ is taken to be the

unique Pearson distribution that has the specified moments

through fourth order [11]. This allows (14) to be written in

the form:

Hint =
g

2

Nbrc
γ3σz

H̃int (μ3, μ4), (17)

where H̃int is a function of the beam skewness and kurtosis

only. Figure 4 shows the contours of H̃int, indicating a global

minimum at (μ3, μ4) = (0,2.14286), which corresponds to

a parabolic current profile.

As is typical of the hierarchy of moment equations [3],

the system (16) couples the desired set of moments (through

order 4) to moments of higher order (through order 6). We

close the system by substituting analytical expressions for

the 5-6th order moments that are obtained in the absence

of space-charge using the single-particle map (5). This pro-

cedure is expected to introduce significant error when the

effects of space-charge are sufficiently large.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

1

2

3

4

5

Μ3

Μ 4

μ4 < μ3
2 +1

forbidden 

+

G 

P 

U 

Figure 4: Contours of the space-charge interaction Hamilto-

nian (17) in the Pearson plane, showing the locations corre-

sponding to Gaussian (G), parabolic (P), and uniform (U) cur-

rent profiles. The quantity H̃int is minimum for a parabolic

profile and diverges along the solid black curve. The figure

is symmetric about the line μ3 = 0.

APPLICATION
The moment model of the previous section was used to-

gether with the code IMPACT-Z to investigate the evolution

of beam skewness and kurtosis in the ballistic compression

region of an APEX-type photoinjector (Fig. 1). For each sim-

ulation, a bunch with an initially symmetric current profile

and a linear energy chirp (at the buncher exit) was modeled

during its 1.2 m drift between the buncher and the entrance

of the first accelerating cavity. In order to study the beam

longitudinal dynamics using IMPACT’s 3D Poisson solver,

only the longitudinal component of the space-charge electric

field is included. In each case, the initial rms bunch length

is fixed at 4.36 mm and the initial energy chirp of the beam

is adjusted to produce a compression factor of 3.

Figure 5 shows the trajectory of a bunch in the plane

(μ3, μ4) at a kinetic energy of 821 keV for several values

of bunch charge. The initial longitudinal current profile is

Gaussian, corresponding to (μ3, μ4) = (0,3). In the absence

of space-charge, the magnitude of both the skewness and

kurtosis increase along the drift, with the final skewness

given correctly by (8). The effect of space-charge appears to

be to drive the skewness and kurtosis values toward those of a

parabolic profile, consistent with minimizing the interaction

energy shown in Fig. 4.

Figure 6 shows the beam skewness at the exit of the drift

as a function of the beam kinetic energy for a fixed bunch

charge of 300 pC. Results are shown for a bunch with an

initially Gaussian longitudinal profile and for an initially

parabolic longitudinal profile. As is predicted in the absence

of space-charge (8), the skewness increases with the beam

energy. Note that the final skewness depends significantly

on the details of the initial longitudinal profile of the beam.
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0 pC 

100 pC 

200 pC 

300 pC 
Model 

0 pC 

100 pC 

200 pC 

300 pC 

IMPACT-Z 

Figure 5: Beam skewness and kurtosis evolution predicted

by the moment model (16) (upper) and by IMPACT-Z (lower)

for an initially Gaussian 821 keV beam undergoing ballistic

compression by a factor of 3 over a 1.2 m drift.

parabolic current 

profile 

gaussian current 

profile 

Figure 6: Final beam skewness as a function of beam en-

ergy at the exit of 1.2 m drift. Curves are results from the

moment model (16), while points are taken from IMPACT-Z

simulation.

CONCLUSIONS
A fourth-order moment model was developed for model-

ing longitudinal beam dynamics in the ballistic compression

region of an FEL photoinjector, using a simple model of

the longitudinal space-charge wakefield (12). The model

predicts scaling of the final beam skewness with the bunch

charge and beam energy that is consistent with simulation in

IMPACT-Z in the presence of 1D space-charge. The trans-

verse dynamics of the beam are not considered here. In

particular, the transverse beam size appears only through the

factor g governing the strength of the space-charge wakefield,

which is held fixed for these studies.

It is expected that a more accurate model could be ob-

tained by replacing the wakefield (12) by the wakefield

obtained from an appropriate longitudinal space-charge

impedance [18]. Alternative schemes for closing the set

of moment equations are also under consideration.
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ELECTRON BEAM DYNAMICS OPTIMIZATION USING A UNIFIED

DIFFERENTIAL EVOLUTION ALGORITHM∗

J. Qiang† and C. E. Mitchell, LBNL, Berkeley, CA 94720, USA

Abstract

Accelerator beam dynamics design depends heavily on

the use of control parameter optimization to achieve the best

performance. In this paper, we report on electron beam dy-

namics optimization of a model photoinjector using a new

unified differential evolution algorithm. We present the new

unified differential evolution algorithm and benchmark its

performance using several test examples. We also discuss

the application of the algorithm in the multi-objective opti-

mization of the photoinjector.

INTRODUCTION

The photoinjector is a key component in the accelerator

beam delivery system of next generation light sources, gen-

erating a high brightness electron beam into the accelera-

tor. The goal of photoinjector beam dynamics design is to

achieve a high peak current while maintaining low trans-

verse emittances at the same time. This requires optimiz-

ing a number of physical control parameters such as accel-

erating RF cavity amplitudes and phases, focusing solenoid

strengths and locations, and the initial distribution of the

electron beam. In previous studies, multi-objective opti-

mization based on genetic algorithms has been used in the

photoinjector beam dynamics optimization [1–3]. In this

paper, we apply a new unified differential evolution algo-

rithm for multi-objective beam dynamics optimization.

The differential evolution algorithm is a relatively new

method in evolutionary algorithms [4]. It is a simple

but powerful population-based, stochastic, direct-search

algorithm with self-adaptive step size to generate next-

generation offspring for global optimization. In a number

of comparison studies, it has been shown to be efficient in

comparison to simulated annealing method, controlled ran-

dom search, evolutionary programming, and genetic algo-

rithms [4–6]. However, the standard differential evolution

algorithm includes multiple strategies during the mutation

stage. This could complicate the use of the algorithm. In

this paper, we have adopted a unified differential algorithm

recently proposed by the authors [7] in a newly developed

variable population multi-objective differential evolution al-

gorithm [8] in a photoinjector beam dynamics optimization.

STANDARD DIFFERENTIAL EVOLUTION

In the standard differential evolution algorithm, a popu-

lation with size N P in control parameter space is randomly

generated at the beginning. This population defines the first

∗ Work supported by the U.S. Department of Energy under Contract No.

DE-AC02-05CH11231.
† jqiang@lbl.gov

generation of the control parameters. After this initializa-

tion, the differential evolution algorithm consists of three

stages to produce a new generation: mutation, crossover,

and selection. Dur the mutation stage, for each parameter

vector ~xi,G , i = 0,1,2, · · · ,N P − 1 in a population of size

N P at generation G, a perturbed vector~vi is generated using

one of the following mutation strategies [4, 9]:

DE/rand/1 : ~vi = ~xr1
+ Fxc (~xr2

− ~xr3
) (1)

DE/rand/2 : ~vi = ~xr1
+ Fxc (~xr2

− ~xr3
)

+Fxc (~xr4
− ~xr5

) (2)

DE/best/1 : ~vi = ~xb + Fxc (~xr1
− ~xr2

) (3)

DE/best/2 : ~vi = ~xb + Fxc (~xr1
− ~xr2

)

+Fxc (~xr3
− ~xr4

) (4)

DE/current-to-best/1 : ~vi = ~xi + Fcr (~xb − ~xi )

+Fxc (~xr1
− ~xr2

) (5)

DE/current-to-best/2 : ~vi = ~xi + Fcr (~xb − ~xi )

+Fxc (~xr1
− ~xr2

) + Fxc (~xr3
− ~xr4

) (6)

DE/current-to-rand/1 : ~vi = ~xi + Fcr (~xr1
− ~xi )

+Fxc (~xr2
− ~xr3

) (7)

DE/current-to-rand/2 : ~vi = ~xi + Fcr (~xr1
− ~xi )

+Fxc (~xr2
− ~xr3

) + Fxc (~xr4
− ~xr5

) (8)

DE/rand-to-best/1 : ~vi = ~xr1
+ Fcr (~xb − ~xi )

+Fxc (~xr2
− ~xr3

) (9)

DE/rand-to-best/2 : ~vi = ~xr1
+ Fcr (~xb − ~xi )

+Fxc (~xr2
− ~xr3

) + Fxc (~xr4
− ~xr5

) (10)

where the integers r1, r2, r3, r4 and r5 are chosen randomly

from the interval [1,N P] and are different from the current

index i, Fxc is a real scaling factor that controls the am-

plification of the differential variation, ~xb is the best solu-

tion among the N P population members at the generation

G, and Fcr is a weight for the combination between the

original target vector and the best parent vector or the ran-

dom parent vector. In order to increase the diversity of the

parameter vectors, crossover between the parameter vector

~xi,G and the perturbed vector ~vi is introduced with an exter-

nally supplied crossover probability Cr to generate a new

trial vector Ui,G+1, i = 0,1,2, · · · ,N P − 1. For a D dimen-

sional control parameter space, the new trial parameter vec-

tor Ui,G+1, i = 0,1,2, · · · ,N P − 1 is generated using the

following rule:

~Ui = (ui1,ui2, · · · ,uiD ) (11)

ui j =

{

vi j , if rand j ≤ CR or j = mbri
xi j , otherwise

(12)

where rand j is a randomly chosen real number in the in-

terval [0,1], and the index mbri is a randomly chosen in-
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teger in the range [1,D] to ensure that the new trial vector

contains at least one parameter from the perturbed vector.

During the selection stage, the new trial solution Ui,G+1 is

checked against the original parent xi,G . If the new trial so-

lution produces a better objective function value, it will be

put into the next generation (G + 1) population. Otherwise,

the original parent is kept in the next generation population.

The above procedure is repeated for all N P parents to pop-

ulate a new generation. This completes one new generation.

Many generations are used to attain the final global optimal

solution.

THE UNIFIED DIFFERENTIAL

EVOLUTION ALGORITHM

The presence of multiple mutation strategies can compli-

cate the use of the differential evolution algorithm. A new

single mutation expression that can unify most conventional

mutation strategies used by the differential evolution algo-

rithm was proposed by the authors [7]. This single unified

mutation expression can be written as:

~vi = ~xi + F1(~xb − ~xi ) + F2(~xr1
− ~xi ) +

F3(~xr2
− ~xr3

) + F4(~xr4
− ~xr5

) (13)

Here, the second term on the right hand of the equation (13)

denotes the contribution from the best found solution in the

current generation, the third term denotes the rotationally

invariant contribution from the random solution, and the

fourth and fifth terms are the same terms as those used in the

original differential evolution algorithm to account for the

contributions from the difference of parent solutions. The

four parameters F1, F2, F3 and F4 are the weights from each

contribution. This unified mutation expression represents a

combination of exploitation (from the best found solution)

and exploration (from the random solutions) to generate a

new mutant solution.

From the above equation, one can see that for F1 = 0,

F2 = 1, and F4 = 0, this equation reduces to DE/rand/1; for

F1 = 0, F2 = 1, and F3 = F4, it reduces to DE/rand/2; for

F1 = 1, F2 = 0, and F4 = 0, it reduces to DE/best/1; for

F1 = 1, F2 = 0, and F3 = F4, it reduces to DE/best/2; for

F2 = 0 and F4 = 0, it reduces to DE/current-to-best/1; for

F2 = 0 and F3 = F4, it reduces to DE/current-to-best/2; for

F1 = 0, and F4 = 0, it reduces to DE/current-to-rand/1; for

F1 = 0, and F3 = F4, it reduces to DE/current-to-rand/2;

for F2 = 1, and F4 = 0, it reduces to DE/rand-to-best/1;

for F2 = 1, and F3 = F4, it reduces to DE/rand-to-best/2.

Using the single equation (13), ten mutation strategies in

the standard differential evolution algorithm can be written

as a single mutation expression. Meanwhile, this new ex-

pression provides an opportunity to explore more broadly

the space of mutation operators. By using a different set

of parameters F1,F2,F3,F4, a new mutation strategy can be

achieved. For example, from our experience, we found that

using F1 = 0.25, F2 = 0.25, F3 = 0.2, F4 = 0.2, and

CR = 0.8 in the uDE can give better performance in some

test studies than the conventional mutation strategy [4, 9]

(shown in the following section). If these parameters can be

adaptively adjusted during the optimization evolution, then

multiple mutation strategies and their combinations can be

used during different stages of optimization. Thus, the uni-

fied mutation expression has the virtue of mathematical sim-

plicity and also provides the user with flexibility for broader

exploration of different mutation strategies.

BENCHMARK EXAMPLES

One of the exploratory unified differential evolution al-

gorithms (uDE) (F1 = 0.25,F2 = 0.25,F3 = 0.2,F4 =

0.2,CR = 0.8) is tested with several numerical test func-

tions together with the conventional differential evolution

algorithm. These test functions are [10, 11]:

(1) Sphere function

Fsph(~x) =

N
∑

i=1

x2
i ; −100 ≤ xi ≤ 100;

(2) Schwefel’s problem 1.2

Fsch2(~x) =

N
∑

j=1

*.
,

j
∑

i=1

xi
+/
-

2

; −100 ≤ xi ≤ 100;

(3) Quartic function with noise

Fqrt(~x) =

N
∑

i=1

ix4
i + rand[0,1); −1.28 ≤ xi ≤ 1.28;

(4) Ackley’s function

Fack (~x) = 20 + exp(1) − 20 exp
*..
,
−0.2

√

√

√

1

N

N
∑

i=1

x2
i

+//
-

− exp *
,

1

N

N
∑

i=1

cos(2πxi )+
-

; −32 ≤ xi ≤ 32;

The sphere function is a continuous, unimodal and sep-

arable function. The Schewefel’s problem 1.2 is a non-

separable unimodal function. The noisy quartic function

is a unimodal function with random noise in the objective

value. The Ackely’s function is a multimodal non-separable

problem and has many local minima and a narrow global

minimum.

In Figs. 1-4, we show the evolution of the error relative to

the true global minimum objective function value of these

test functions for the algorithms with dimension N = 50.

At each generation, the objective function value has been

averaged over 25 random seeds. It is seen that the unified

differential algorithm performs quite well in these test ex-

amples quickly converging to the true minimum.

A PHOTOINJECTOR BEAM DYNAMICS

OPTIMIZATION

We applied the above exploratory unified differential evo-

lution algorithm together with a particle-in-cell code [12]
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Figure 1: Evolution of the average error in the test sphere

function.
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Figure 2: Evolution of the average error in the test Schwe-

fel’s problem 1.2 function.
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Figure 3: Evolution of the average error in the noisy quartic

function.
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Figure 4: Evolution of the average error in the Ackley func-

tion.

in a photoinjector beam dynamics optimization. This uni-

fied differential algorithm was implemented in the recently

developed multi-objective differential evolution algorithm

based on the variable population and external storage for

beam dynamics optimization [8]. A schematic plot of the

photoinjector is shown in Fig. 5. It consists of a 187 MHz

Figure 5: A schematic plot of a photoinjector for multi-

objective optimization application.

RF gun [13, 14], a solenoid, and two 1.3 GHz boosting

cavities. The objective functions to be optimized are the

transverse rms emittances and the longitudinal rms bunch

length that is directly related to the peak current of the beam.

There are 9 control parameters that are used in the optimiza-

tion. Those are the initial electron beam transverse size and

bunch length, strength of the solenoid field, starting loca-

tion of the boosting RF cavity, and amplitudes and phases

of the two RF cavities. The maximum amplitude of the RF

field inside the gun is set as about 38 MV/m. The charge for

the electron beam is 300 pC. Some optimal solutions of the

rms bunch length and the transverse emittance are shown

in Fig. 6. There is a sharp change of the rms bunch length

around rms emittance 1.4 mm-mrad. This sharp reduction

of the rms bunch length is due to the over compression of

the electron beam longitudinally. In the photoinjector de-

sign, one normally tries to keep the final transverse emit-

tance below 1 mm-mrad. Here, we choose a working point

with transverse emittance around 0.9 mm-mrad. Figure 7

shows the rms projected emittance evolution inside the in-

jector. At the end of the second boosting RF cavity, the

transverse rms emittance reaches 0.9 mm-mrad, but still de-

creases. The kinetic energy of the beam at the exit of the

second cavity is about 13 MeV with a final peak current of

20 A.

SUMMARY AND DISCUSSION

In this paper, we used a new unified differential evolution

algorithm in the multi-objective photoinjector beam dynam-

ics optimization. The unified differential evolution algo-

rithm has the virtue of mathematical simplicity and the ca-

pability to explore a broader mutation strategy space. Using

a new exploratory mutation strategy, we have done beam dy-

namics optimization for a photoinjector consisting of a low

RF frequency gun, a solenoid and two boosting cavity. Our

preliminary optimization results suggest that below 1 um

transverse emittance is achievable out of this injector. More

detailed study is needed to understand the space-charge
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Figure 6: Optimal rms bunch length and transverse emit-

tance solutions of the photoinjector beam dynamics opti-

mization.
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Figure 7: Transverse rms projected emittance evolution in-

side the photoinjector.

emittance compensation, the jump in the Pareto front, and

the extension to include more RF accelerating cavities.
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THEORETICAL INVESTIGATION OF COHERENT SYNCHROTRON 
RADIATION INDUCED MICROBUNCHING INSTABILITY IN 

TRANSPORT AND RECIRCULATION ARCS* 

C. -Y. Tsai#, Department of Physics, Virginia Tech, Blacksburg, VA 24061, USA 
D. Douglas, R. Li, and C. Tennant, Jefferson Lab, Newport News, VA 23606, USA 

Abstract 
The coherent synchrotron radiation (CSR) of a high 

brightness electron beam traversing a series of dipoles, 
such as recirculation or transport arcs, may lead to the 
microbunching instability. We extend and develop a semi-
analytical approach of the CSR-induced microbunching 
instability for a general lattice, based on the previous 
formulation with 1-D CSR model [1] and apply it to 
investigate the physical processes of microbunching 
amplification for two example transport arc lattices. We 
find that the microbunching instability in transport arcs 
has a distinguishing feature of multistage amplification 
(e.g, up to 6th stage for our example arcs in contrast to two 
stage amplification for a 3-dipole chicane [2]). By further 
extending the concept of stage gain as proposed by Huang 
and Kim [2], we developed a method to quantitatively 
characterize the microbunching amplification in terms of 
iterative or staged orders that allows the comparison of 
optics impacts on microbunching gain for different 
lattices. The parametric dependencies and Landau 
damping for our example lattices are also studied. 
Excellent agreement of the gain functions and spectra 
from Vlasov analysis with results from ELEGANT is 
achieved which helps to validate our analyses. 

INTRODUCTION 
As is well known, CSR effects have been one of the 

most challenging issues associated with the design of 
magnetic bunch compressor chicanes for X-ray FELs and 
linear colliders. Typically, CSR is emitted not only for a 
wavelength range comparable or longer than the bunch 
length duration but also for shorter wavelengths if the 
bunch charge density is modulated at such wavelength 
range (so called microbunching). Such coherent radiation 
effects, which have been confirmed both in numerical 
simulation and experiments, can result in undesirable 
beam quality degradation. The aforementioned works 
were, however, mostly focused on studies of magnetic 
bunch compressor chicanes. Recently the 
superconducting radio frequency recirculation linac 
facilities (e.g., free-electron laser facility or electron 
cooler for collider machine) have been brought to 
attention [3-5]. The recirculation or transport arcs are 
necessary elements in such facilities. However, similar 
studies on such systems with multiple modular dipoles as 
in a transport or recirculation arc were mostly focused on 
transverse beam dynamics while longitudinal phase space 

degradation has very limited discussions. In this paper, we 
pay attention to the CSR effects on the longitudinal beam 
dynamics as beam traversing around the recirculation 
arcs, particularly on the CSR-induced microbunching 
issues. The reasons to be concerned about the 
microbunching instability are based on the two facts: first, 
such system is characteristic of long transport lines with 
many dipole magnets whether in a single or multiple pass 
operation; the other, the system typically delivers the 
beam which features high beam quality, i.e. high 
brightness, for the use in next-generation light sources or 
hadron cooling in high-energy electron recirculating 
cooling rings. Thus, the seeds that cause density 
modulation, derived from either the density ripples from 
upstream injector or longitudinal space charge especially 
for low energy beam, would be extremely possible to lead 
to microbunching instability. Therefore further 
investigation of CSR-induced microbunching effects and 
its detailed physical processes are of critical importance 
and may shed light on how to improve designs for future 
lattices. 

METHODS 
The CSR-induced microbunching instability can be 

formulated with the linearized Vlasov equation in typical 
bunch compressors [1]. This model makes coasting-beam 
approximation and assumes steady-state 1-D CSR [6] 
with negligible shielding (boundary) effects. By the 
method of characteristics, the linearized Vlasov equation 
can be rewritten as the general form of Volterra integral 
equation below [1]: 

gk (s)  gk
(0)(s) K (s, s ')

0

s

 gk (s ')ds '  
(1) 

K(s, s ') 
ikrenb


C(s)C(s ')R56 (s ' s)Z(kC(s '), s ')

 [Landau damping]

 

where the [Landau damping] term can be expressed as 
 

exp
k2

2

 x0 x0R51
2 s,s '   R52

2 s, s ' 
x0








2R56

2 s,s ' 

































 
 
(2) 

 
Here the kernel function K(s,s’) describes the CSR 
interaction, gk(s) the resultant bunching factor as a 
function of the longitudinal position given the 
wavenumber k, and gk

(0)(s) is the bunching factor without 
CSR. 

 ___________________________________________  

* Authored by Jefferson Science Associates, LLC under U.S. DOE 
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In this work, we have extended the formulation to a 
general transport line by input of the transport functions 
of a lattice from a common particle tracking code, e.g. 
ELEGANT [7] and developed a program to solve Eq. (1) 
self-consistently or Eq. (3) (below) iteratively [8]. For the 
latter approach, we adapt, motivated by [2], the above 
integral equation (Eq. (1)) by iteratively finding the 
staged solutions. The advantage of using this method is to 
facilitate us exploring up to which stage the overall CSR 
process can be described, by direct comparison with the 
self-consistent solutions. The staged iterative solution for 
n-th order can be defined as 

gk
(n)  Km

m0

n





gk
(0)  

 
(3) 

where we have already expressed the bunching factors in 
vector form for discrete s values and the kernel K(s,s’) in 
matrix form, denoted as K. It can be easily shown that Eq. 
(1) and Eq. (3) are equivalent, i.e. gk(s) is a component of 
gk

(n) at some specific location when n  provided the 
sum converges. With a given wavenumber k, the CSR-
induced microbunching gain is then defined, based on Eq. 
(1), as G(s) = |gk(s)/gk

(0)(0)|. Note that gk is in general a 
complex quantity, or a phasor in complex domain. Setting 

, we define the stage gain as the 

amplitude of the phasor , i.e. . 

To compare the CSR gains contributed from individual 
stages, we further define the final stage gain phasor up to 
a certain order M as 

  

In order to extract the net effect caused by lattice 
optics, the above expression can be further formulated as 

 

 
(4) 

where A = -0.94 + 1.63i, Ib the beam current, γ the 
relativistic factor of beam energy, and dm

(λ) (given some 
modulation wavelength λ = 2π/k) now reflects the effects 
from lattice optics at m-th stage and Landau damping 
through beam emittance and energy spread. Again we 
remind the connection between Eq. (3) and Eq. (4) 

. As mentioned, we implement 

the above semi-analytical methods (self-consistent and 
iterative approach) by input of the transport functions 
from ELEGANT [7], and then solve Eq. (1) and/or Eq. (3) 
for the gain function G(s) or gain spectrum Gf(λ). 

SIMULATION RESULTS 

CSR Microbunching Gain Analysis 
To demonstrate how our new methods can be used to 

calculate of microbunching gain spectrum for general arc 
lattices, we take two 180° transport arc lattices as our 
study examples. For the detailed description of the two 

example lattices, we refer the interested reader to [9]. The 
first example lattice, a 1.3 GeV recirculation arc with 
large momentum compaction function (Example 1), is a 
second order achromat and globally isochronous with a 
large dispersion modulation across the entire arc. This 
allows an assessment of the impact of large momentum 
compaction oscillation, large dispersion, and the absence 
of multiple periodic isochronicity on CSR microbunching 
gain. In contrast to the first example, the second example, 
a 1.3 GeV recirculation arc with small momentum 
compaction function (Example 2), is also a second order 
achromat but designed to be a locally isochronous lattice 
within superperiods which insure that the bunch length is 
the same at phase homologous CSR emission sites. The 
small dispersion and its slope result not only in a small 
momentum compaction in each superperiod but the 
modulation of the momentum compaction through the 
system is also small; thus potentially providing some 
limitation on CSR gain. 

Table 1: Initial Beam and Twiss Parameters for the Two 
Example Arc Lattices 

Name Example 1 

(large R56) 

Example 2 

(small R56) 

Unit 

Beam energy 1.3 1.3 GeV 

Bunch current 65.5 65.5 A 

Normalized 
emittance 

0.3 0.3 μm 

Initial beta 
function 

35.81 65.0 m 

Initial alpha 
function 

0 0  

Energy spread 
(uncorrelated) 

1.23×10-5 1.23×10-5  

 
Table 1 summarizes the initial beam and Twiss 

parameters of the two high-energy recirculation arcs 
based on [9]. The CSR-induced microbunching gains for 
the two recirculation arcs are shown in Figs. 1 and 2. The 
two upper figures demonstrate the evolution of the self-
consistent gain as a function of s for three different 
modulation wavelengths. One can see in Fig. 1 the shorter 
wavelengths enhance the Landau damping through Eq. 
(2) while longer wavelengths feature negligible CSR 
effect [6]. The two bottom figures show the gain spectra 
Gf(λ) at the exits of the lattices as a function of 
modulation wavelength, from which one can obviously 
see the difference between them: Example 1 is vulnerable 
to CSR effect while Example 2 is not. To validate our 
semi-analytical approach, we also simulate the two 
example lattices by ELEGANT [7]. Extensive 
convergence studies were performed for ELEGANT 
tracking [10], and the gain spectra from ELEGANT show 
good agreement with our semi-analytical results (see Figs. 
1 and 2). Because of very high gain for Example 1 lattice, 
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we notice that ELEGANT simulations encounter a big 
challenge for microbunching gain calculation based on 
particle tracking algorithm, so special cares are required 
[10]. From the iterative approach in Eq. (3), we also find 
an interesting feature of microbunching in the two 
example arcs: in contrast to the 2-stage amplification 
exhibited in a conventional bunch compressor chicane 
[2], the CSR-induced microbunching gain in the 
recirculating arcs (each consisting of 24 dipoles) requires 
up to 6th stage amplification, as shown in bottom figures 
of Figs. 1 and 2.  

To further examine the feature of multistage CSR gain 
for such systems, we extract the coefficients dm

(λ) (here λ 
is chosen that corresponds to the maximal gain; for 
Example 1 and 2 lattices, λopt = 36.82 and 19 μm, 
respectively) in Eq. (4) by fitting each staged solutions 
obtained from Eq. (3) so that we can quantify and 
compare the individual stage gains with inclusion of 
lattice optics effects and beam parameters εx0 and σδ 
associated with Landau damping. Figure 3 shows the bar 
charts representing the final gains as functions of beam 
current and stage index for both arcs. Since dm

(λ) are 
independent of beam current and energy, they can be used 
to obtain a current scaling law of CSR gain for each given 
wavelength. Figure 4 compares the final overall gain from 
Eq. (4) and Eq. (1) for different currents in the case of 
Example 1 lattice, at a selected wavelength that is in the 
vicinity of optimal wavelength for maximal gain. 

 

Figure 1: (top) CSR gain functions G(s), where dots are 
for λ = 40 μm; (bottom) gain spectrum Gf (λ) as a function 
of initial modulation wavelength for Example 1 lattice. 

Figure 2: (top) CSR gain functions G(s), where dots are 
for λ = 20 μm; (bottom) gain spectrum Gf (λ) as a function 
of initial modulation wavelength for Example 2 lattice. 

Figure 3: Bar chart representation of staged gains (at the 
exit of lattice) for several different beam currents for the 
two example arcs, (left) Example 1 lattice; (right) 
Example 2 lattice, where for Example 1 and 2 lattices, λopt 
= 36.82 and 19 μm, respectively. Note the current scale 
(Ib) and vertical scale are different. 

 

Figure 4: The current dependence of maximal CSR gain 
for the Example 1 lattice. Solid red line from Eq. (4) with 
M = 6, and blue dots from Eq. (1). 
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Parametric Dependencies and Landau Damping 

For a gain spectral curve, we are most interested in the 
maximal gain and the corresponding optimum 
wavelength. Figure 5 shows the parametric dependencies 
of maximal gains and optimum wavelengths as functions 
of energy spread (for zero beam emittance) and beam 
emittance (for zero beam energy spread) for Example 1 
lattice. We can see that both larger energy spread and 
beam emittance result in more Landau damping and the 
optimum wavelength drifts toward longer wavelengths to 
compensate the overall damping. It is also found in the 
two top figures the optimum wavelengths scale linearly 
and radically for beam energy spread and emittance, 
respectively. In the two bottom figures the maximal gains 
behave proportionally to 

8 and x0
4 . 

After carefully examining the parametric dependencies 
for Example 2 lattice and combining the results of the two 
lattices [8], we find the behaviour of optimum wavelength 
λopt features a linear relationship to beam energy spread σδ 
(for zero beam emittance) as 

opt 
 (5) 

Here we note that Ref. [11] gives a linear expression on 
how the optimum wavelength relates to beam energy 
spread assuming 2-stage amplification in a typical bunch 
compressor for zero-emittance beam. Although our 
example lattices feature 6th stage amplification, the 
optimum wavelength is also characteristic of linear 
relation to beam energy spread (Eq. (5)). Whether such 
observations reflect the general behaviour for multistage 
amplification and/or arbitrary lattice is still a question for 
further investigation. Similarly, we obtain a relation for 
the dependence of the optimum wavelength on beam 
emittance (for zero energy spread beam) as 

opt   x0
 (6) 

Furthermore, we simulate and analyse several lattices 
with varying amplification stages [8] and find the 
maximal gain can be scaled in the case of zero beam 
emittance at M-th stage as,  

G f ,max 
1


(4/3)M

 
(7) 

and in the case of zero energy spread at M-th stage as, 

G f ,max 
1

 x0
(2/3)M

 
(8) 

For the two Example lattices, M  6. The observation of 
such scaling (Eq. (5) and Eq. (6)) also corresponds well to 
the gain behaviour in a typical bunch compressor chicane 
featuring two-stage amplification (M = 2) [10]. 

Figure 5: Optimum wavelengths (upper) and maximal 
CSR gains (lower) as functions of beam energy spread 
with zero emittance and finite beam emittance with 
vanishing energy spread for Example 1 lattice. 

To further illustrate how the multi-stage amplification 
contributes to and how the lattice optics impacts on the 
microbunching development, we create in Fig. 6 the 
“quilt” patterns of (shown in the kernel of Eq. 

(1)) behaviour for the two example lattices in order to 
clearly identify the enhancement or suppression of 
microbunching along the beamline by lattice optics. For a 
planar and uncoupled lattice, the term 
R56 (s ' s)  R56 (s) R56 (s ') R51(s ')R52 (s) R51(s)R52 (s ') . The 

upper left area in the figures has vanishing value due to 
causality. It is obvious that in the left figure the block 
areas with large amplitude of , particularly the 

bottom right deep red blocks, exist and can accumulate 
the CSR gain. To be specific, for Example 1 lattice (left 
figure), energy modulation at s’  15 m will cause density 
modulation at s  60 m, that causes CSR-induced energy 
modulation at this location. Then such modulation 
propagate by R56 s ' s   from s’  60 m to s  100 m, 

and so on. It is this situation that causes multi-stage CSR 
amplification. Here we note that more complete analysis 
needs to take Landau damping factor into account (Eq. 
(2)) [8]. In contrast, the situation in the right figure for 
Example 2 lattice is more alleviated because of the 
smaller amplitudes of R56 s ' s  . 

Figure 6: R56 s ' s “quilt” patterns for the two Example 

lattice arcs: Example 1 (left) and Example 2 (right). 

R56 s ' s 

R56 s ' s 
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SUMMARY 
In this paper we extended previous work [1, 2] to study 

the CSR-induced microbunching gain in transport and 
recirculation arcs, by finding both the self-consistent [Eq. 
(1)] and iterative [Eq. (3)] solutions. Different from that 
of typical bunch compressor chicane, CSR gain is 
characteristic of multistage amplifications, e.g. up to 6-th 
stage in our two example lattices (Figs. 1 and 2). Then we 
quantified and compared the CSR gains contributed from 
individual stages for the two lattices with exclusion of 
beam current and energy dependence (Fig. 3) and 
demonstrate a current scaling law for close-to-maximum 
CSR gains for a fixed wavelength in the vicinity of 
optimal one (Fig. 4). 

The parametric dependencies of optimum wavelength 
and maximal gain on beam energy spread and beam 
emittance are summarized in Eq. (5-8) from our semi-
analytical simulations for Example 1 lattice. We also note 
that whether such semi-analytical observations reflect the 
general behavior for multistage amplification and/or 
arbitrary lattice is still a question for further investigation. 

We finally presented in Fig. 6 the R56 s ' s   impact 

on the overall CSR gain for both example lattices and 
found that for Example 1 lattice there exist several 
cumulated large-amplitude areas so that the gain 
eventually builds up (i.e. multi-stage amplification) while 
for Example 2 this situation is well controlled at the same 
range of beam current scale. As shown in Fig. 3, with the 
same current range, Example 1 can reach much larger 
gain than Example 2. This demonstrates the impact of 
lattice design on the control of microbunching. 

ACKNOWLEDGMENT 
This work is supported by Jefferson Science 

Associates, LLC under U.S. DOE Contract No. DE-
AC05-06OR23177.  

REFERENCES 
[1] S. Heifets et al., Coherent synchrotron radiation 

instability in a bunch compressor, Phys. Rev. ST 
Accel. Beams 5, 064401 (2002) 

[2] Z. Huang and K. -J. Kim, Formulas for coherent 
synchrotron radiation microbunching in a bunch 
compressor chicane, Phys. Rev. ST Accel. Beams 5, 
074401 (2002) 

[3] R. C. York, 5 upgradable to 25 keV free electron 
laser facility, Phys. Rev. ST Accel. Beams 17, 
010705 (2014) 

[4] Y. Zhang and J. Bisognano Eds., Scientific 
requirements and conceptual design for a polarized 
medium energy electron-ion collider at Jefferson 
Lab, arXiv: 1209.0757v2 [physics.acc-ph] 

[5] P. Piot et al., Longitudinal phase space manipulation 
in energy recovery linac-driven free-electron lasers, 
Phys. Rev. ST Accel. Beams 6, 030702 (2003) 

[6] Ya. S. Derbenev et al., Microbunch radiative tail-
head interaction, TESLA-FEL-Report 1995-05 

[7] M. Borland, elegant: A Flexible SDDS-Compliant 
Code for Accelerator Simulation, Advanced Photon 
Source LS-287 (2000) 

[8] C. -Y. Tsai et al., to be published 
[9] D. R. Douglas et al., Control of coherent synchrotron 

radiation and microbunching effects during transport 
of high brightness electron beams, arXiv: 
1403.2318v1 [physics.acc-ph] 

[10] C.-Y. Tsai and R. Li, Simulation of coherent 
synchrotron radiation induced microbunching gain 
using ELEGANT, JLAB-TN-14-016 

[11] E. L. Saldin et al., Klystron instability of a relativistic 
electron beam in a bunch compressor, Nucl. Instrum. 
Methods Phys. Res. Sect. A 490, 1 (2002) 

THP022 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

734C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Electron Bunch Generation and Manipulation



SIMULATION OF ALPHA MAGNET ELEMENTS IN DIPOLE-ONLY 

TRACKING CODES
*,†

 

J.W. Lewellen
#
 and F. Krawczyk, AOT-AE, LANL, Los Alamos, NM  87544 USA 

Abstract 

Alpha magnets [1] are useful in a variety of ion-beam 

and low-energy (< 5 MeV) electron-beam transport 

systems as both “switchyard” elements and as bunch 

compressors [2,3]. A unique feature of the alpha-magnet 

is its broad-band achromatic transport. Particles of 

different energies, injected at a specific location and 

angle, will exit at the same location and (symmetry-

reflected) angle but with a different time-of-flight. 

Despite the general usefulness of alpha magnets in low-

energy beam transport and compression schemes, few 

simulation codes support them as native elements. The 

(arguably) most-commonly-used codes used for injector 

design, PARMELA [4], ASTRA [5] and GPT [6] (listed 

in order of their release) support tracking of space-charge-

dominated beams through dipole magnets, but do not 

support alpha magnets. As a result, these codes are unable 

to directly model a useful and interesting beam transport 

device. 

We present an approximate method for simulating an 

alpha magnet in a tracking code using dipole elements. As 

the simulation code elegant [7] supports alpha magnets as 

well as multiple dipole models, it is used to provide a 

basic check of the approximation and a means of 

estimating the induced errors. 

INTRODUCTION 

Alpha magnets refer to a general class of achromatic 

bending magnets [1].  They are so-named because a 

particle beam traversing a properly aligned alpha magnet 

follows a trajectory reminiscent of the Greek letter  as 

shown in Figure 1.  While alpha magnets in general can 

have a field dependence Bz ~ G xn, n≥1, quadrupolar 

alpha magnets (n=1) are the most practical to construct.  

Unless explicitly stated otherwise, the rest of this paper 

refers only to quadrupolar alpha magnets. 

Figure 1 illustrates the achromatic nature of the alpha 

magnet: over a ±20% energy spread, electrons injected at 

the proper angle exit at the same point and angle; the 

trajectories are self-similar but have different overall 

length, facilitating the alpha magnet’s use as a bunch 

compressor or stretcher, depending upon the chirp of the 

incoming beam. All particles cross the midplane, or x=0, 

line three times:  at injection, at their maximum depth y 

within the alpha magnet, and at exit. 

Using Borland’s notation [8], the included half-angle of 

the alpha magnet  is 40.71°.  The general scaling factor 

for particle trajectories in an alpha magnet is 

 

ଶߙ ൌ ͷ.ͺ ∙ ͳͲିସcmିଶ ሾୋ/ୡ୫ሿఉఊ   ,                  (1) 

 

where g is the magnetic field gradient in Gauss cm-1,  is 

the particle’s Lorentz factor,  is the particle’s normalized 

velocity, and the product  is the normalized momentum.  

The total path length of the particle’s trajectory is 

ఈݏ  ൌ ஃఈഀ ൌ ͳͻͳ.ͷͷ	cm ∙ ට ஒஓሾୋ/ୡ୫ሿ ,              (2) 

 

the maximum depth the particle reaches is 

 Δy ൌ ொభఈ ൌ ͷ.Ͳͷͳ͵	cm ∙ ට ஒஓሾୋ/ୡ୫ሿ ,             (3) 

 

and the trajectory width is 

 Δx ൌ ொమఈ ൌ Ͷͻ.ʹͳʹ	cm ∙ ට ஒஓሾୋ/ୡ୫ሿ .               (4) 

 =4.642, Q1 = 1.818 and Q2 = 1.192 are the 

normalized path length, path depth and path width, 

respectively, and along with  are invariants for 

quadrupole-type alpha magnets. 

 

         

Figure 1:  Three electron beam trajectories in an ideal 

quadrupolar alpha magnet:  2 MeV (green), 2.4 MeV 

(blue) and 1.6 MeV (red), all injected at the ideal injection 

angle along the line indicated by the black arrow.  

Background shading indicates relative magnetic field 

strength.  The magnetic field gradient is 2.32 T/m. 

The trajectory is self-similar for all choices of gradient 

and momentum, providing broadband achromaticity.  For 

a fixed magnetic field gradient g and small variations of 

normalized momentum  around a central value, the path 

0.05 0 0.05
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length varies approximately linearly with momentum, 

thus allowing the alpha magnet to be used as a chirper or 

stretcher;  R56 = s/2 = /2. 

ALPHA MAGNET APPROXIMATION 

Several approaches suggest themselves as means of 

implementing alpha magnets in accelerator tracking codes 

that do not natively support them, without needing to 

modify the source code.* For instance, one could export 

the beam distribution immediately before the alpha 

magnet, transform it by the transport matrix described in 

[8] via Matlab or another general-purpose numerical 

code, reimport it and continue with the simulation.  

However, this is awkward, generally non-portable and 

does not provide for including space-charge effects within 

the alpha magnet.  One could also attempt to define an 

appropriate field map, but as the alpha magnet effectively 

redefines the z-axis for the beam, depending on the code 

this would also require exporting, processing and 

reimporting the beam distribution.  Rather, one would 

prefer a method implementable completely within a single 

simulation code, and relatively easily translated from 

code to code. 

An alpha magnet’s magnetic field can be approximated 

by a series of N+1 dipoles with edges parallel to the x- (or 

the normalized-coordinate Q2) axis, as illustrated in 

Figure 2.  Since most beam dynamics code make at least 

some provision for modelling the effects of dipoles, this is 

our preferred method for emulating alpha magnets. 

  

Figure 2:  division of the alpha magnet into multiple 

dipole “slices (left), and a close-up of some important 

parameters for a given slice (right). 

Our approach, in essence, breaks the alpha magnet up 

into N slices plus an (N+1)th “runout” or “turn-around” 

region encompassing the maximum, or midplane, depth 

reached by all particles in the beam.   

To an extent, the number of slices, and thus slice width, 

is an arbitrary parameter. In a physical alpha magnet, 

particles entering with different energies will have 

differing maximum depths as they cross the midplane.  In 

most beam dynamics codes, if a dipole is present in the 

beamline, every particle in the beam is constrained to 

enter it.  Therefore, when approximating an alpha magnet 

with dipoles, the “deepest” slice must be arranged to 

                                                           
*
 One of GPT’s unique features is the ability to add user-defined 

elements without risking corruption of its core algorithms (particle 

stepping, space-charge, etc.).  Directly implementing an alpha magnet 

with GPT is thus relatively straightforward. 

ensure that the lowest-energy particle in the beam would 

in fact reach it.   

For each slice, and the (N+1)th “runout” region, the 

dipole parameters required by the specific beam-

dynamics code (e.g. entrance / exit angles, magnetic field, 

bend radius, net bending angle, path length) are calculated 

via numerical integration of the normalized equations of 

motion through an ideal alpha magnet.   

Once this exercise has been completed, so long as the 

number of slices does not change and certain other 

constraints are met, the edge angles remain constant and 

all other quantities scale with the  parameter, allowing 

for easy reuse of the model.  Also, from symmetry, we 

need only calculate these parameters for one-half of the 

alpha magnet trajectory. 

METHODOLOGY 

Trajectory Calculation and Parameterization 

A standalone numerical code, for instance MathCAD 

(used for this work), Matlab or Mathematica, is used to 

calculate the ideal trajectory of a particle from injection to 

the alpha magnet midplane using normalized coordinates 

as described in [8], allowing parameterization of the 

normalized transverse position (Q2) and path length (L) as 

a function of normalized depth into the alpha magnet 

(Q1).  In turn, these permit us to define the angle  of the 

particle’s momentum vector with respect to the Q1 (y) 

axis, as a function of depth.  Figure 3 shows Q2(Q1), 

L(Q1) and (Q1) for the ideal trajectory from entrance 

point to maximum depth.  Note that the horizontal axes on 

these plots corresponds to the vertical axis in Figure 2. 

(a) 

(b) (c) 

Figure 3:  Normalized alpha magnet trajectory (a) 

transverse coordinate Q2 vs. depth Q1; (b) angle to the 

Q1 axis vs. Q1; (c) path length as a function of Q1. 

Dipole Slice Parameters 

The magnetic field gradient g, the central momentum o, and the maximum depth y of the central trajectory 

within the alpha magnet are related by Equation 2; two 
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out of three of these parameters must be specified to 

compute the dipole slice parameters. The ratio of the 

minimum to the central momentum, min/o, is also 

required.  Then the width of the slices in normalized 

coordinates along the Q1 axis, is given by  

௦ݓ  ൌ ொభே ∙ ටη ஒஓౣஒஓ  ,          (5) 

  

where  is a safety factor to allow for some variation in 

the injected beam momentum spread due to, for instance, 

optimization of upstream components. 

Using N=8 slices, min/o=0.95, and =0.9, wslice = 

0.21; the distance along the Q1 axis between the start of 

the runout region and the depth of the central trajectory is Δܳଵ െ ௦ݓܰ ൌ Ͳ.ͳ͵ͺ.  The slice width is therefore on 

the same order as the width of the runout region 

(assuming a symmetric momentum distribution), a 

condition we have empirically found works well.   

Parameterization of the curves in Figure 3 yields the 

entrance and exit angles for each dipole slice (following 

the TRANSPORT [9] sign convention), and the 

normalized path length through each slice.  These are 

presented in Table 1.  Note that the “runout” slice is 

adjusted to transport the beam to the midplane of the 

alpha magnet. 

Table 1: Slice Entry/Exit Angles and Path Lengths 

Slice 

From 

Q1= 

To 

 Q1= 

1 

[deg] 

2 

[deg] 
1 0 0.210 40.71 -39.06 0.2749 

2 0.210 0.420 39.06 -34.33 0.2630 

3 0.420 0.630 34.33 -26.79 0.2450 

4 0.630 0.840 26.79 -17.40 0.2275 

5 0.840 1.051 17.40 -5.76 0.215 

6 1.051 1.261 5.76 8.19 0.2107 

7 1.261 1.471 -8.19 25.43 0.2201 

8 1.471 1.681 -25.43 49.5 0.2657 

runout 1.681 - -49.5 0 0.3991 

 

For an N-slice alpha magnet model, either 2N+1 or 

2(N+1) dipoles must be defined, depending on whether 

one wishes to access the beam distribution at the 

midplane of the alpha magnet.  Assuming the latter case, 

and using the nomenclature shown in Figure 4 as a 

reference, the following relationships exist between 

dipoles prior to and following the midplane:  Dipoles on the same slice have the same magnetic 

field, bending radius and path length:             

Bn,e=Bn,i, n,e=n,i and Ln,e=Ln,i for n=1..N and runout.  The dipole entrance and exit edge angles are related 

as:  1,n+1,(i,e) = -2,n,(i,e) for n=1..N and runout; 2,R,i=1,R,e=0; and (2,1),n,e=(1,2),n,i for n=1..N. 

 

The magnetic field Bn for each slice is given by 

 

Nn
w

gnB slice
n 


  ,

2

1

                    (6) 

 

Following the Nth slice, the field in the runout section is 

taken to be  

ோܤ  ൌ ொభఈ ݃ ,                         (7) 

 

the nominal field at the central momentum trajectory 

midpoint.  The physical path length  and bending radius 

within each dipole slice is given by  

ܮ  ൌ ఈ   and ,                                   (8) 

 

and the bending radius of the central trajectory is 

ߩ  ൌ ఉఊ                                 (9) 

 

for all slices as well as the runout region.  

The bend angle per slice can be set via two ways: 

ி,ߠ  ൌ ఘ	,                               (10a) 

 

bases the bend angle per slice on the slice magnetic field 

and path length through the slice (the “field average” 

method), while  

ாெ,ߠ  ൌ ଵ,ߚ  ,ଶ,ߚ ݊  ாெ,ோ,ߠܰ ൌ ଵ,ߚ  ͻͲ°ߠாெ,ோ, ൌ ଶ,ோߚ  ͻͲ°     (10b) 

 

bases the bend angle per slice on the edge angles, using 

the relationship that, for a rectangular bend magnet, the 

bend angle equals the sum of the edge angles.  (The 

runout dipoles are special cases because their entrance 

and exit planes are perpendicular, not parallel.) 

Figure 4:  Dipole reference nomenclature; the beam 

passes through dipoles (n,i) before crossing the 

midplane, and dipoles (n,e) after passing the midplane. 
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ELEGANT TESTING 

We use the beam dynamics code elegant to check the 

model: it has a built-in model for alpha magnets for 

reference; it has several dipole models and fine control 

over how they are implemented; and it can generate an R-

matrix directly for a defined beamline. 

For our test, we use a pencil electron beam with o=4.811 (2 MeV kinetic) and a ±5% hard-edge 

momentum spread, and a magnetic field gradient 

g = 1 T/m, so =11.04 m-1
. The other parameters are 

chosen to be consistent with the values given in Table 1, 

e.g. N=8 and =0.9. Global default tracking was set to 2nd 

order, and both canonical sector bends (csbend element) 

and numerically integrated dipoles (nibend elements) 

were used to test the method. 

Equations 11-13 show, respectively, the 1st-order 

transport matrices for elegant’s alpha magnet model (R), 
and csbend dipoles using edge-angle (REM) and field-

average methods (RFA) for calculating slice bend angles.  

Figure 5 and 6 plot x and x’ vs  at the exit of the alpha 

magnet for the test cases using csbend and nibend dipole 

models, respectively. 

 

ܴఈ ൌ ۈۈۉ
െͳۇ െͲ.ʹͳ Ͳ Ͳ Ͳ ͲͲ െͳ Ͳ Ͳ Ͳ ͲͲ Ͳ െͲ.Ͷ Ͳ.ͻ Ͳ ͲͲ Ͳ െͲ. െͲ.Ͷ Ͳ ͲͲ Ͳ Ͳ Ͳ ͳ Ͳ.ʹͳͲ Ͳ Ͳ Ͳ Ͳ ͳ ۋۋی

ۊ
  (11) 

 

ܴாெ ൌ ۈۈۉ
െͳۇ െͲ.ʹ Ͳ Ͳ Ͳ ͲͲ െͳ Ͳ Ͳ Ͳ Ͳ.ͲʹͲ Ͳ െͲ.ͺʹ Ͳ.Ͷͻ Ͳ ͲͲ Ͳ െͲ. െͲ.ͺʹ Ͳ ͲͲ Ͳ.Ͳʹ Ͳ Ͳ ͳ Ͳ.ʹͷͲ Ͳ Ͳ Ͳ Ͳ ͳ ۋۋی

ۊ
  (12) 

 

ܴி ൌ ۈۈۉ
െͲ.ͺͺۇ െͲ.ͳͻ Ͳ Ͳ Ͳ Ͳ.Ͳͳͳ.ʹʹ െͲ.ͺͺ Ͳ Ͳ Ͳ െͲ.ͲͳͲ Ͳ െͲ.ͺͲ Ͳ.ͷ͵ Ͳ ͲͲ Ͳ െͲ. െͲ.ͺͲ Ͳ ͲെͲ.Ͳͳ Ͳ.ͳ Ͳ Ͳ ͳ Ͳ.ʹͶͲ Ͳ Ͳ Ͳ Ͳ ͳ ۋۋی

ۊ
 (13) 

 

 

Figure 5:  p-x space at the exit of the alpha magnet, for 

the built-in model (black), edge-angle method (red) and 

field-average method (blue) using elegant’s canonical 

sector bend (left) and numerically integrated bend 

(right) models. 

CONCLUSIONS 

A series of dipoles can be used to model the behavior 

of an alpha magnet in codes that do not natively include 

such elements. The “edge-angle” method for calculating 

dipole slice bend angle arguably provides somewhat more 

accurate first-order transport in the transverse planes, but 

the “field-average” method provides lower anomalous p-x 

coupling.  Higher-order terms are more strongly 

dependent upon the details of the dipole model used. 

Figure 6:  as in Figure 5, but plotting x’ vs p. 

This approach to approximating an alpha magnet was 

tested only using elegant.  While the approach in general 

appears to be valid, the specifics of the dipole model a 

given beam dynamics code uses may have a significant 

impact upon the transverse dynamics, and in particular p-

x and p-x’ coupling.  For instance, elegant’s numerically 

integrated dipole model, NIbend, produces notably 

different p-x’ coupling than the canonical sector bend 

dipole model.  Therefore, when using this approach with 

any beam dynamics code, we suggest at minimum 

determining the 1st-order transport matrix elements for 

comparison with elegant’s predictions for an equivalent 

momentum and trajectory depth.  
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HIGH-GRADIENT CATHODE TESTING FOR MaRIE
*,†

 

J.W. Lewellen
#
, N.A. Moody and F.L. Krawczyk, AOT-AE, LANL, Los Alamos, NM  87544  USA

Abstract 

X-ray free-electron lasers (X-FELs) provide 

unprecedented capabilities for characterizing and 

controlling matter at temporal, spatial and energetic 

regimes which have been previously inaccessible. The 

quality of the electron beam is critical to X-FEL 

performance; a degradation of beam quality by a factor of 

two, for instance, can prevent the X-FEL from lasing at 

all, rather than yielding a simple reduction in output 

power. 

The beam source for the world’s first X-FEL, the LCLS 

at SLAC [1], defines the current state-of-the-art. Next-

generation X-FELs such as MaRIE [2], intended to lase at 

40 kV and beyond, will demand much higher quality 

electron beams, delivered at higher repetition rates, than 

present-generation injectors can deliver.  

While conceptual designs for new beam sources exist 

[3], they incorporate assumptions about the behavior of 

the photocathode under extreme operating conditions. The 

combined requirements for high bunch charge, short 

bunch duration, and small emission area, dictate the use 

of high-efficiency photocathodes operating at electric 

field gradients of ~140 MV/m and durations of > 10 s. 

No suitable cathode has been operated under these 

conditions, however, so the success of next-generation X-

FELs rests on a series of untested assumptions. We 

present our plans to address these knowledge gaps, 

including the design of a high-gradient RF cavity 

specifically designed for testing cathodes under MaRIE-

relevant conditions. 

INTRODUCTION 

The MaRIE X-ray free-electron laser is intended to 

produce coherent X-ray photons at energies of 40 kV and 

higher.  MaRIE requires a 12-GeV electron beam at the 

undulator with a normalized emittance of ~ 0.1 m RMS, 

a duration of 12 fs, an energy spread of < 0.015%, and a 

bunch charge of 100 pC.  Further, the MaRIE linac must 

deliver a pulse train to the undulator, with RF 

macropulse-average currents up to ~ 100 mA.  These 

requirements, in turn, place extreme demands upon the 

MaRIE beam source and, in particular, the cathode. 

Cathode-Related Considerations 

The beam emission radius on the cathode must be 

small, on the order of a fraction of a millimeter, to satisfy 

the transverse beam quality requirements; an emission 

time on the order of a few ps is also required.  This 

combination generally precludes the use of a metallic 

photocathode because the low quantum efficiency would 

require a drive laser pulse with power densities 

approximating the ablation threshold. 

The high emission current density requires extremely 

high electric field gradients at the cathode’s surface to 

overcome the bunch’s self-fields, which would otherwise 

limit the emitted current density or otherwise degrade the 

beam quality.   

Gun-Related Considerations 

The cathode must be removable from the injector to 

allow introduction, replacement and refurbishment of the 

selected cathode.  This means the cathode-to-gun RF joint 

must also withstand RF fields up to 140 MV/m for 

durations of at least 10 s, and potentially much longer if 

the MaRIE baseline linac design is made 

superconducting. [4]  

DESIGN REQUIREMENTS 

Our initial experiments will characterize the effects of a 

MaRIE-relevant operating environment upon cathode 

dark current emission and quantum efficiency. 

In broad terms, our research will address two questions:  

What will operating at the high gradients required over 

long RF pulses do to a semiconductor or multi-alkali 

cathode; and What will the cathode, operating at high 

gradient, do to the linac? 

The former question relates primarily to the potential 

damage to the cathode from field-emission electrons and 

ions within the gun cavity, and to the nature and extent of 

changes to the surface and emission properties of the 

emitting surface from exposure to high gradients, both 

instantaneous and long-term. 

The latter question relates to characterization of dark 

current from the cathode (and candidate RF joint designs), 

and to the potential for the cathode constituent elements 

to degrade the gun’s ability to generate and sustain the 

required electric field gradients. 

The cathode test cell design, therefore, must meet 

several primary design objectives:  It must provide MaRIE-relevant RF gradients (140 

MV/m) and pulse durations (10 s or longer);  It must provide multiple viewports to both image and 

direct a photocathode drive laser onto candidate 

cathodes; and  It must facilitate ready removal and replacement of 

candidate photocathodes. 

Secondary design objectives include:  It must be modular, to allow rapid and inexpensive 

modifications, upgrades or repairs; and  It must demonstrate successful, low-field-emission 

operation of the cathode-to-gun RF joint. 
 ___________________________________________  

* Work supported by the US Department of Energy 

† Approved for public release: LA-UR-14-26438 
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CATHODE TEST CELL DESIGN 

RF Cavity Design 

While initial baseline for the MaRIE linac was a 

normal-conducting S-band (2.856 GHz) design, recent 

discussions have centered around using a superconducting 

L-band (1.3 GHz) linac as a means of providing longer 

RF macropulses.  Either frequency choice raises issues for 

the MaRIE cathode test cell design.  The design gradient 

should be more readily achievable at higher frequencies, 

particularly using a simple “pillbox” cavity. Klystrons 

capable of producing 10+ s pulses are more readily 

available at lower frequencies, however, they are often 

limited in RF power output, which would require using a 

re-entrant geometry to obtain the desired gradient. 

The MaRIE cathode test cell frequency has been 

downselected to L-band, based primarily upon the 

availability of L-band klystrons capable of producing both 

the required macropulse duration, and sufficient RF 

power to produce the design gradient in a simple pillbox-

type cavity. [5]  The potential change to the MaRIE 

baseline RF frequency is a point in its favour, but not a 

decisive one. 

The initial RF design of the test cell was completed 

using SUPERFISH [6] and is shown in Figure 1; the final 

RF design will be tuned and validated using CST 

Microwave Studio [7] after the mechanical design has 

been completed.   

Figure 1:  SUPERFISH model of MaRIE cathode test 

cell RF geometry, showing primary dimensions and 

selected field gradients. 

The test cell makes use of an elliptical cross-section 

iris, and an on-axis RF power coupler.  The iris radius has 

been selected as a compromise between shunt impedance 

and peak surface field.  The coaxial RF power coupler 

radii have been chosen to transmit only the TEM coaxial 

waveguide mode at 1.3 GHz; other modes are cut off.  

While this is not, strictly speaking, necessary for the test 

cell itself, designing the coupler to transmit only the TEM 

mode allows us the potential of using the test cell to 

support measurements for which field symmetry is 

important, i.e. emittance measurements.  Some of the 

cavity’s RF properties are listed in Table 1. 

 

 

 

Table 1:  RF Properties of the MaRIE Cathode Test Cell 

Parameter Value Units 

Shunt impedance 7.27 M/m 

Q 14,334  

Pin 11.1 MW 

Emax, cath 140 MV/m 

Emax,iris 130 MV/m 

Hmax 225,202 A/m 

Beam Transport 

While the test cell is not intended to be a high-

brightness beam source in and of itself, we are interested 

in characterizing both field-emission and photoemission 

as a function of applied gradient.    To that end, we have 

performed a series of simple beam transport simulations 

on the test cell to characterize electron trajectory as a 

function of launch phase and starting radial position, in 

the absence of space charge.  Figure 2 shows the 

trajectories for launch phases of 35° and 60° past the 

zero-crossing, corresponding to “conventional” launch 

phase selections.   

Figure 2:  Trajectories for particles launched at 35 and 60 

degrees past the zero crossing, emitted at 0.25, 0.5 and 1 

cm radii. 

Figure 3 shows trajectories for launch phases of 10°, 

90° and 115°, corresponding to a very early laser pulse, to 

the field-emission peak, and to close the the cutoff phase 

beyond which emitted particles cannot leave the test cell.  

In both figures, the bar in the upper right of the plot is the 

RF power coupler inner conductor.  Finally, Figure 4 

shows the kinetic energy of the particles as a function of 

position along the z-axis, for the launch phases shown in 

Figures 2 and 3. 

Figure 5 shows anticipated field emission trajectories 

for electrons emitted at -90° from the iris and from the 

end of the RF power coupler inner conductor. Impact 

energies on the cathode are anticipated to be at 

approximately 3 – 3.5 MeV when the on-cathode gradient 

is 140 MV/m. 

Mechanical Design 

The design requirements for the MaRIE cathode test 

cell include a high degree of modularity.  This reflects the  
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Figure 3:  Trajectories for particles launched at 10, 90 and 

115 degrees past the zero crossing. 

Figure 4:  Kinetic energy vs. position for various launch 

phases. 

challenging nature of the experiment, in particular the 

potential need to test multiple iterations of critical 

features such as the gun-to-cathode joint.   It also drove 

the choice of on-axis RF power coupling, since separating 

the RF power feed from the body of the gun allows a 

lower-cost replacement of the entire cathode test cell 

proper, should this become necessary. 

Figure 6 shows an overview of the design (left) and a 

close-up cut-away view of the interior of the RF cavity 

(right).

The entire back wall of the RF cavity is removable, and 

has its RF seal separated from the vacuum seal.  The 

removable back wall provides an inexpensive and easily 

modified platform for testing different cathode-to-gun 

joint designs. 

The four cathode viewports are located symmetrically 

around the RF power coupler, with axes 16° from the axis 

of the power coupler. Each provides approximately a 1-

cm diameter field of view at the cathode surface.  

To characterize photoemission and dark current from 

the cathode, we envision placing an isolated viewscreen 

within the hollow center conductor of the RF power 

coupler approximately 20 cm from the cathode.  The 

beam dynamics simulations suggest that a collector larger 

than ~ 2.5 cm in diameter should collect all electrons 

emitted during “normal” launch phases from emission 

radii out to ~ 5 mm (see Figure 2), the area we can 

address via the four viewports.  Field emission (at 90°) 

from radii less than ~ 0.75 mm should be collected as 

well; this suggests that placing the cathode-to-gun RF seal 

at a radius of 1 cm or greater should help to isolate our 

diagnostics from field emission from the seal.   

Figure 5:  Field emission tracks from the iris and coupler 

end. 

 

 

Figure 6:  Mechanical design of the MaRIE cathode test cell:  overall view (left) and closeup cut-away view (right). 
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Each 10-s, 11-MW RF pulse will deliver energy 

sufficient to raise the body of the gun, on average, by 

0.04 K, so active water cooling is not required, but a 

water system (not shown) will be provided to 

temperature-stabilize the test cell as well as to permit 

frequency tuning. 

The cathode plenum provides an interface to a cathode 

fabrication, characterization and loadlock system, not 

shown here.  It also provides means for pumping the area 

around the cathode plate, and to provide water cooling to 

the cathode plate if necessary. 

Design Alternatives 

The primary design risk, other than the cathode-to-gun 

RF seal, is achieving the design gradient with available 

RF power.  At present, we intend to partner with the 

Argonne Wakefield Accelerator (AWA) to perform these 

tests.  AWA includes among its facilities an L-band 

klystron capable of producing a 20-MW RF pulse for      

~10 s, which easily meets our baseline design’s 

reuirements.   

If required, however, a re-entrant nosecone and / or 

cathode plate should provide the design gradient with as 

little as 4 MW of RF power.  Implementing this 

alternative scheme should require re-fabricating only the 

cathode cell body and cathode plate and, potentially, a 

redesign of the in-coupler electron diagnostics. 

SCHEDULE AND VENUE 

The mechanical and RF design is presently at 

approximately the 80% completion level, and we 

anticipate beginning construction of the test cell in late 

2014.  Initial RF testing will concentrate on achieving the 

design gradient in the gun, including validation of the 

cathode-to-gun RF seal.  This shall be followed by 

characterizing the quantum efficiency and field-emission 

behavior of candidate cathodes as a function of their 

exposure to RF fields at various gradients and pulse 

durations.  Finally, we intend to perform in-situ 

characterization of cathode performance within the 

MaRIE cathode test cell. 

At present, we intend to perform the tests in 

collaboration with the Argonne Wakefield Accelerator 

group, starting in early- to mid-2015.  In addition to the 

klystron mentioned above, the AWA facility incorporates 

vault space and photocathode drive laser options; and the 

personnel have extensive familiarity with related 

accelerator and cathode physics issues. 

DISCUSSION AND CONCLUSIONS 

Next-generation X-ray free-electron lasers, including 

the MaRIE 40-kV X-FEL, will place increasing demands 

on the performance of the electron beam source arising 

from increasingly tight beam-quality requirements at the 

undulator.  The beam sources, and cathodes in particular, 

will be required to operate at higher gradients, for longer 

RF pulse durations, with higher laser pulse energies and 

emitted charge densities. 

We have designed a cathode test cell to help evaluate 

the performance of candidate cathode materials under 

conditions similar to those expected within a notional 

MaRIE-class injector.  The test cell has been designed 

using a modular approach, so all major components are 

separately replaceable.  We have elected to have a 

completely removable back wall for the RF cavity, 

allowing us the ability to test different cathode-to-gun RF 

seal methods without replacing the entire cavity.   

Four viewports placed on the RF power coupler permit 

observation of the center of the cathode plate over a field-

of-view of approximately 1 cm.  The viewports can be 

used for imaging, photocathode drive laser introduction, 

or arc monitoring. 

An electrically isolated imaging screen, can be placed 

within the hollow inner conductor of the RF power 

coupler.  This placement will help us to separate out 

photocurrent and dark current arising from the cathode, 

from dark current from the RF seal, providing the RF seal 

radius is greater than 1 cm.   
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LINEAR ACCELERATOR DESIGN FOR THE LCLS-II FEL FACILITY 

P. Emma, J. Frisch, Z. Huang, A. Marinelli, T. Maxwell, H. Loos, Y. Nosochkov, T. Raubenheimer, 
J. Welch, L. Wang, M. Woodley, SLAC, Stanford, CA 94309, USA 

A. Saini, N. Solyak, FNAL, Batavia, IL 60510, USA 
J. Qiang, M. Venturini, LBNL, Berkeley, CA 94720, USA

Abstract 
The LCLS-II is an FEL facility proposed in response to 

the July 2013 BESAC advisory committee, which 
recommended the construction of a new FEL light source 
with a high-repetition rate and a broad photon energy 
range from 0.2 keV to at least 5 keV.  A new CW 4-GeV 
electron linac is being designed to meet this need, using a 
superconducting (SC) L-band (1.3 GHz) linear accelerator 
capable of operating with a continuous bunch repetition 
rate up to 1 MHz at ~16 MV/m.  This new 700-m linac is 
to be built at SLAC in the existing tunnel, making use of 
existing facilities and providing two separate FELs, 
preserving the operation of the existing FEL, which can 
be fed from either the existing copper or the new SC 
linac.  We briefly describe the acceleration, bunch 
compression, beam transport, beam switching, and 
electron beam diagnostics.  The high-power and low-level 
RF, and cryogenic systems are described elsewhere. 

INTRODUCTION 
The LCLS-II [1] high-repetition rate FEL project at 

SLAC aims to construct a new superconducting linac 
composed of TESLA-like RF cavities in continuous wave 
(CW) operation, in order to accelerate a 1-MHz electron 
beam to 4 GeV.  This new superconducting linac (SC-
linac), driven by a new high-rate injector [2], will replace 
the existing SLAC copper linac in sectors 1-7 (101.6 
m/sector), while the remaining Cu RF structures in sectors 
7-10 will be removed and replaced with a simple beam 
pipe and focusing lattice (the “linac extension”).  The 
existing 2-km PEP-II bypass line (suspended from the 
tunnel ceiling) will be modified to transport electrons 
from the linac extension in sector 10 through more than 
2.5 km and into either of two undulators in the existing 
LCLS undulator hall.  The layout is shown in Figure 1 
with the SC-linac in blue at far left and the SXU and 
HXU undulators at far right.  The “linac extension” and 
“bypass line” are also shown. 

 
Figure 1: LCLS-II layout in existing SLAC tunnels 
(3.8 km). 

LINAC AND RF LAYOUT 
The nominal requirements of this new high-power linac 

are to accelerate a continuous rate of electron bunches, 

with 100 pC per bunch, at a 0.6-MHz repetition rate (or 
higher with a reduced bunch charge to 10 pC, or lower 
with 300-pC, maintaining <120 kW in each of two 
electron dump lines).  This new linac makes use of the 
‘Tesla-Technology’ accelerating module, with thirty-five 
13-m long cryomodules (CM), each including eight 9-cell 
L-band RF cavities (1.038 m/cavity) cooled to 2.0 K using 
liquid Helium.  In addition, a short 3.9-GHz third-
harmonic linac (HL) section is used to linearize the bunch 
compression process in two short cryomodules, each 
including eight special 9-cell, 3.9-GHz cavities (0.346 
m/cavity) with up to 80 MV of on-crest voltage 
(decelerating).  The linac design includes bunch 
compressors to nominally produce a 1-kA peak current at 
100 pC/bunch without significantly increasing the 
transverse emittance.  Finally, the design must reduce the 
final correlated energy spread to <0.03% rms and stabilize 
the beam against the microbunching instability by adding 
a small intrinsic energy spread (5-6 keV rms) at the 
injector, using a laser heater (LH) system [3] at 100 MeV. 

The linac is segmented into several sections in order to 
include two magnetic chicanes to compress the bunch to a 
1-kA peak current (8.6 micron rms bunch length at 100 
pC).  The linac segments and their various parameters are 
summarized in Figure 2, including the beam energy, rms 
bunch length, rms relative energy spread, chicane strength 
(R56), RF phases, crest voltage, and cryomodule number.  
The RF parameters are in Table 1. 

 
Figure 2:  Linac layout with RF and compression 
parameters. 

Table 1: SC-linac RF Parameters at 100 pC/bunch 

Linac 
section 

Phase 
(deg) 

Gradient 
(MV/m) 

No. of 
CM’s 

Avail. 
cavities 

Powered 
cavities 

L0 ~0 16.3 1 8 7 

L1 -12.7 13.6 2 16 15 

HL -150 12.5 2 16 15 

L2 -21 15.5 12 96 90 

L3 0 15.7 18 144 135 

Lf ±34 15.7 2 16 15 
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The average accelerating gradient (for most 1.3-GHz 
cavities) has been chosen at ~16 MV/m with an unloaded 
Q value of  2.7×1010 at a temperature of 2.0 K.  The RF 
parameters in Table 1 assume 6% of all cavities nominally 
unpowered as spares (or in maintenance), and the mean 
accelerating gradient is defined over the powered cavities 
only, and at crest phase.  The “Lf” section is just the last 
two cryomodules arranged with a nominal +34 and 34 
phasing, as opposed to L3 with 18 CM’s at crest phase.  
The Lf section provides an electron energy adjustment 
range of ±1%, which will be controlled by an energy 
feedback loop.  Keeping the two phases equal but 
opposite in sign (symmetric around crest phase) 
eliminates the induced energy chirp along the bunch, and 
provides energy control with these two phase settings. 

ELECTRON BEAM PARAMETERS 
A list of electron beam parameters is given in Table 2, 

including the nominal parameters and their ranges (range 
values are not simultaneous here). 

Table 2: Electron Beam Parameters (Nominal and Range) 

Parameter sym. nom. range unit

Final energy Ef 4.0 2.0-4.1 GeV 

Bunch charge Qb 100 10-300 pC 

CW linac bunch rate fb 0.62 0-0.93 MHz 

Avg. linaccurrent Iav 62 1-300 A 

Avg. linac e power Pav 0.25 0-1.2 MW 

Emittance (norm., x & y) -s 0.45 0.2-0.7 m 

Final peak current Ipk 1.0 0.5-1.5 kA 

Final rms bunch length zf 8.6 0.6-52 m 

Compression factor* CT 85 25-150 - 

Final slice E-spread, rms Es 500 125-1500 keV 

* Total magnetic, from injector-end (100 MeV) to undulator. 

FOCUSING LATTICE 
The linac focusing lattice (L1, L2, and L3) is set using 

cold quadrupole magnets at the end of each 13-m CM, 
with some warm quadrupole magnets included around the 
bunch compressors to match the Twiss functions.  The 
linac focusing lattice (30/cell, L2 & L3), from cathode to 
HXR dump, is shown in Figure 3.  The lines split in two 
(to HXR or SXR lines) at s  2776 m (kicker). 

 
Figure 3:  Focusing lattice from cathode to HXR dump.  
Large beta functions are in the existing, long bypass line, 

while the HXR undulator is near the end of the line at s  
3550-3700 m. 

Similarly, the focusing over the full SXR-machine, 
from cathode to SXR dump, is shown in Figure 4.  This 
plot is different from the previous plot only at s > 2776 m. 

 
Figure 4: Focusing lattice from cathode to SXR dump at 4 
GeV.  The SXR undulator is near the end of the line at s  
3600-3700 m.  The two lines split (to HXR or SXR) at s  
2776 m. 

ELECTRON DIAGNOSTICS 
The high-rate and high-power electron beam in the SC-

linac makes intercepting diagnostics (e.g., beam screens) 
difficult to use without damage.  For this reason an off-
axis (parallel) diagnostic section is tapped off the main 
linac just after the laser heater at 100 MeV using a fast 
kicker to steal pulses at up to 100 Hz (<15 W).  This post-
LH diagnostic section includes a transverse RF deflector 
allowing both projected and slice measurements for 
emittance and energy spread continuously. 

Existing strip-line BPMs are used in most locations 
with cold button-BPMs used at the end of each CM.  
Cavity BPMs are used in several key locations for 
feedback control and in the undulators where a 1-2 m 
rms position resolution is required.  Relative bunch length 
monitors (coherent edge radiation) are included after each 
bunch compressor, similar to that used in LCLS-I [4].  
Fast wire-scanners (~1 m/s) are envisioned for transverse 
beam profiles and emittance measurements at several in-
line locations along the machine.  YAG and OTR screens 
may be included, but are presently compromised in 
performance by coherent transition radiation.  Finally, RF 
deflectors will be used to time-resolve key emittance and 
energy spread measurements, as allowed by budget. 

LONGITUDINAL STABILTY 
The jitter of the linac RF systems will cause the final 

bunch characteristics to vary, affecting the FEL 
performance.  The variable bunch characteristics are 
primarily: 1) the final electron energy, 2) the final peak 
current, and 3) the arrival time of the bunch in the 
undulator.  We therefore require specific stability 
tolerances for each RF system (phase and amplitude), 
bunch charge, drive-laser timing, and bunch compressor 
chicane power supplies, such that the final machine 
stability is within our chosen limits.  These limits are as 
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follows: a) a final relative electron energy stability of 
< 0.01% rms, b) a final relative peak current stability of 
< 4% rms, and c) an arrival time of the electron bunch 
(assumed same as x-ray pulse timing) of < 20 fs rms. 

To prescribe the necessary RF tolerances we first need 
to calculate the individual error sensitivities, defined as 
the level of error required to change each of the bunch 
characteristics by exactly the chosen limits.  For example, 
we calculate the L2-linac RF phase error (, assuming 
all 90 powered RF cavities in L2 vary in an uncorrelated 
and random way, which causes: 1) an energy change of 
0.01%, 2) a peak current change of 4%, and 3) a timing 
change of 20 fs (each individually, not simultaneously). 

 
Figure 5: Jitter/tracking simulation using LiTrack [5] and 
rms (Gaussian) stability tolerances of Table 3, confirming 
the final expected stability of (E/E)rms  0.009%, (Ipk/I-
pk)rms  3.7%, and trms  20 fs rms.  It may be possible to 
improve this. 

Of course the sensitivities are not applicable as system 
tolerances, since each one (by itself) consumes the entire 
stability budget.  For this reason, we scale down each 
sensitivity such that the quadrature sum of all errors, 
assuming uncorrelated jitter from system to system, just 
reaches the beam stability limit for each item.  The list of 
final rms tolerances as a full stability budget is given in 
Table 3, where we assume uncorrelated errors over the “N 
cavities” in each linac section, assuming each cavity is 
powered by its own RF power amplifier.  Note also that 
beam-based feedback systems will stabilize these errors at 
frequencies below ~1 Hz, so these tolerances represent the 
fast jitter levels that must not be exceeded by design.  
Final tracking simulations, with rms jitter on each item as 
listed in Table 3, are shown in Figure 5 as verification. 

 

Table 3: Longitudinal Stability Tolerances at 100 
pC/bunch 

Parameter (rms) symbol Tol. N
cav’s 

unit

Phase error in L0  0.040 7 degL 

Phase error in L1  0.039 15 degL 

Phase error in HL  0.039 15 degH 

Phase error in L2  0.095 90 degL 

Phase error in L3-linac  1.8 150 degL 

Amplitude error in L0 V0V 0.026 7 % 

Amplitude error in L1 V1V 0.039 15 % 

Amplitude error in HL VHV 0.039 15 % 

Amplitude error in L2 V2V 0.095 90 % 

Amplitude error in L3 V3V 0.12 150 % 

Laser timing error* tc 0.31 - ps 

Bunch charge error QQ 1.5 - % 

Current reg. in LH IH/IH 0.005 - % 

Current reg. in BC1 I1/I1 0.005 - % 

Current reg. in BC2 I2/I2 0.003 - % 

* The gun timing error is compressed by 3.85, from gun to 100 
MeV, due to velocity compression. 

WAKEFIELDS OF LONG TRANSPORT 
The long transport lines following the LCLS-II linac 

also generate longitudinal wakefields which need to be 
included in the bunch compression system design, 
especially for cancellation of the energy chirp before 
entering the FEL.  The wakefields are due to the resistive-
wall effect and have contributions from each transport 
line section according to pipe radius, material, and length.  
The various wakefield section parameters are listed in 
Table 4, including pipe length, internal radius, internal 
plating material, and the material’s conductivity.  The DC 
wakefield is accurate here, ignoring AC conductivity [6].  
Beamline sections of Table 4 are labeled in Figure 1. 

Table 4: Resistive-Wall Wakefields of Long Transport 
Lines 

Beamline
Section 

Pipe
Length 

(m) 

Pipe 
Radius 
(mm) 

Pipe 
Material 

Cond.
/106 

(Ohm-m)1 
Linac Exten. 250 24.5 stainless 1.37 

Dog-Leg #1 78 19 stainless 1.37 

Bypass Line 1734 24.5 stainless 1.37 

LTU-SXR 827 24.5 Alum. 36.0 

LTU-HXR* 778 20.6 Copper 58.0 

* Much of this pipe exists and is copper plated to reduce wakes. 

BEAM SPREADER AND BEAM DUMPS 
To rapidly switch beam into one of two FEL 

undulators, a fast, bipolar, vertical magnetic kicker (0.75 
mrad) is used at the end of the bypass line at up to a 1-
MHz switching rate.  The kicker requires 50 ppm rms 
field stability and < 40 nrad rms kick variation at baseline 
(no kick). Two 2-hole horizontal Lambertson magnets 
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(septa) then spread the beam to the HXR or SXR 
undulators as shown in Figure 6 and Figure 7. 

Electron beam dumps at the end of each FEL line are 
limited to 120 kW of beam power.  Therefore, at a 100-pC 
bunch charge and 4 GeV, the maximum repetition rate in 
each FEL line is 312 kHz.  With a lower bunch charge 
(e.g., 30 pC) the rate can be increased to 1 MHz, but 
always power-limited to 120 kW in each FEL line. 

The linac beam power can be twice this level (250 kW 
at 625 kHz for 100 pC/bunch) and a straight-ahead beam 
dump, “D10” in Figure 6, is included after the spreader 
(kicker off).  This dump is rated for 250 kW and will 
reuse the existing MW-class dump presently in the linac. 

 

Figure 6: Fast beam spreader system (plan view) with 
vertical “kicker” and two “2-hole septa” magnets which 
bend horizontally. This schematic shows the geometry 
rather than the complete optics (e.g., not all quads are 
shown). 

 
Figure 7: Full LCLS-II layout (plan view) with switching 
into the SXR undulator (top-right) and HXR undulator 
(lower-right) at up to a 1-MHz rate using a fast “kicker” 
and two septa. 

BEAM COLLIMATION 
Included in the linac layout is a system of adjustable-

gap collimators designed to block undesirable beam 
halo which might otherwise be lost in radiation sensitive 
areas.  It is designed to greatly reduce the rate of 
undulator demagnetization caused by beam-loss induced 
radiation, and to limit beam loss to below 1 W/m in areas 
with limited radiation shielding.  The system employs 
multiple stages of collimation in x, x', y, y', and δ, phase 
space coordinates.  Simulations show the gun-generated 
halo can be reduced by a more than factor of 107. 
Touschek and beam-gas-generated halo, which are 
expected to be significant but at a much lower level than 
gun-generated halo, are also seen to be well collimated 
before reaching the undulator. 

MICROBUNCHING INSTABILITY 
The microbunching instability can have a significant 

impact on beam quality causing, in particular, an 
undesired growth in the sliced beam energy spread.  The 
primary means to control the instability is the laser heater 

(LH).  The current LH design uses the same undulator as 
in LCLS-I (u = 5.4 cm), but with longer laser wavelength 
(L = 1 m) to exploit the availability of high rep-rate, 
high-power systems.  For the 100-pC baseline beam, an 
estimate based on linear theory for the microbunching 
instability indicates an optimum LH setting corresponding 
to 5-6 keV rms energy spread at 100 MeV, consistent with 
a 500-600 keV rms sliced energy spread at the FELs (CT  
100).  Preliminary results (to be reported elsewhere) from 
high-resolution macro-particle simulations with IMPACT 
[7], fully accounting for CSR and space charge fields, 
show a somewhat larger effect of the instability,  which 
appears to be noticeably aggravated by the presence of the 
long transport sections between the SC-linac and the 
FELs. The IMPACT simulations also allow for an 
accurate characterization of the so-called “trickle-heating” 
effect [3], due to space charge and the micro-correlations 
induced by the electron/laser interaction in the LH.  The 
effect (see Figure 8) may not necessarily be harmful but it 
interferes with the ability to control the induced energy 
spread by appropriate tuning of the laser power, especially 
at low settings. Possible remedies include a modification 
of the LH chicane, machine lattice, or less desirably, 
choice of the LH laser wavelength (shorter). 

 

Figure 8: The beam slice energy spread (Q = 100 pC) as 
observed at the entrance of L1 (IMPACT simulations) 
deviates from ~	√ࡸࡱ (dashed line) because of the “trickle 
heating” effect. (Here, the beam time-slice is defined to be 
a few ࣆm’s long.) 

START-TO-END TRACKING RESULTS 
Start-to-end particle tracking simulations have been 

done using Elegant [8] and ASTRA [9], where ASTRA 
tracks from cathode through first CM at 100 MeV, 
including space-charge forces.  Elegant takes this beam 
and continues tracking through the full linac, the long 
transport lines, and to the start of the undulators, including 
bunch compression, 2nd-order optics, longitudinal 
wakefields of the linac and long transport-lines, plus 
coherent radiation (CSR) in the bends using a transient 1D 
line-charge model.  The final longitudinal phase space at 
4 GeV is shown in Figure 9.  The slice emittance (0.35 
m at 100 pC here) is not increased while the flat energy 
profile (middle) is the result of the resistive-wall 
wakefields in the long transport lines described above. 
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Figure 9: Elegant tracking results of longitudinal phase 
space (100 pC/bunch) including resistive-wall wakes and 
CSR in the bends.  Space charge is only included in the 
ASTRA tracking. 

SUMMARY 
The baseline design of the LCLS-II CW, SC linear 

accelerator generates the appropriate beam power, rate, 
and quality for the two new FELs to be built at SLAC.  
The detailed particle tracking up to high energy has not 
yet included space-charge forces, which may be a beam 
quality limitation with regard to the micro-bunching 
instability. The design study continues. 
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DESIGN STUDY OF LCLS CHIRP-CONTROLWITH A CORRUGATED
STRUCTURE

Z. Zhang, K. Bane, Y. Ding, Z. Huang, R. Iverson, T. Maxwell, G. Stupakov, L. Wang
SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

M. Ruelas, M. Harrison, P. Frigola
Radiabeam Systems, Santa Monica, CA 90404, USA

Abstract
The purpose of this paper is to investigate the use of flat

metallic plates with small corrugations as a passive dechirper,

studying its effects on beam dynamics. Similar systems have

been tested in Pohang and Brookhaven at relatively low

energies ( 100 MeV) and with relatively long bunches (>1ps)

[1,2]. Four meters of such a structure are being machined by

Radiabeam Systems for use in the LCLS with a high energy

and femtosecond electron beam. In this paper we use a field

matching program to obtain the longitudinal and transverse

wakes for the purpose of the LCLS dechirper design. In

addition, we fit the longitudinal wake to simple functions,

so that one can obtain the wake without resorting to the

field matching program. Since the transverse wakes–both

dipole and quadrupole wakes–are strong, we include beam

dynamics simulations to find the tolerances for injection

jitter and misalignment in the LCLS.

INTRODUCTION
In a linac-based X-ray free electron laser (FEL) there is

often a need for energy chirp control of the beam as the mag-

netic compression employed in such FELs typically leaves an

undesired time-energy correlation in the bunch, which can

broaden the FEL bandwidth. While the chirp can be removed

by the off-crest acceleration in a following linac section, this

solution can be costly or impractical, particularly for a su-

perconducting linac-based FEL. For such cases, a dedicated

structure that can intentionally generate a strong longitudinal

wakefield was recently proposed to dechirp the beam. In

Ref. [3], a round metallic structure with corrugated walls

was suggested and analyzed as a passive dechirper. Com-

pared to round geometry, the flat geometry of corrugated

plates has the advantage of allowing the dechirper strength

to be adjusted by changing the separation of the plates [4].

In both round and flat structures, the transverse wakes can

be strong, with amplitude scaling as the -4th power of aper-

ture (vs. the -2nd power for the longitudinal wake). In a flat

structure, however, in addition to the usual dipole wakefield

that is excited when the beam passes through the structure

off axis, there is also a quadrupole wake excited, even when

the structure and beam are perfectly aligned. These trans-

verse wakes will, if not properly controlled, increase the

projected transverse emittance and lead to a deterioration of

FEL performance.

Similar dechirper systems have been tested in Pohang

and Brookhaven at relatively low energies (100 MeV) [1, 2]

and a new one is being machined for use at the LCLS [5, 6].

However, when this structure is used for high energy beam,

such as found in the LCLS, in order to generate a significant

dechirping effect, the gap between the two plates needs to

be set very small (< 1 mm). And to relax the manufacture
tolerance, the size of corrugations are chosen at 0.5 mm,
which is comparable to the gap size. In this case, the analyt-

ical formulas of wakefields are not applicable. In this paper

the longitudinal and transverse wakes of the flat corrugation

structure are calculated by the field matching method [7] and

a simplified fitting formula with corrugation parameters is

obtained for the longitudinal wakefield. A detailed tolerance

study including beam offset, alignment error and structure

imperfection is also conducted for the designed device.

FIELD MATCHING AND FITTING
FORMULA

Figure 1 gives a sketch of the dechirper, showing the

parameters half-gap a, corrugation period p, corrugation slit
t, corrugation depth h, and width w. The wakefields of the
structure are characterized by these parameters.

Figure 1: Geometry of dechirper structure parameters.

The analytical theory of wakefields in Ref. [3,7,8] is based

on the assumption that all dimensions of the corrugations

are much smaller than the gap size and the structures are

deeply corrugated

p,h � a and h � p (1)

and also assuming large aspect ratio w/2a. The point charge
wakefield for the flat pipe with small corrugations can be

written as

W (z) =
π2

16

Z0c
πa2

cos(kz), z > 0 (2)

where Z0 = 377Ω is the characteristic impedance of vacuum
and c is the speed of light. The wave number, k, is well
approximated by

k =
√

p
aht

(3)
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Note that in Eq. 2, the amplitude of the wakefield is indepen-

dent of the dimensions of corrugations.

However, for the LCLS dechirper, the half-gap a is very
small and comparable with the corrugation size. So the ana-

lytical formulas above are not applicable in the parameter

regime of interest. In order to obtain the wakefield for gen-

eral case, we adopt the field matching method [7] of solving

the Maxwell’s Equations. The field matching program used

for the numerical simulations is described elsewhere [9].

Fitting Formulas and Parameter Ranges
The form of the fitting formula for the longitudinal wake-

field is assumed to be a damped cosine oscillation of the

form

W (z) =
π2

16

Z0c
πa2

Fe−
kz
2Q cos(kz), z > 0 (4)

where the terms before F on the right side are the analytical
amplitude of the flat metallic structure and F is the amplitude
factor; k and Q are the wave number and quality factor,
respectively. The three parameters are all functions of h,p,a,
which will be shown in detail in the following subsections.

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

h/a

p/
a

h/p=0.8

Figure 2: Validity range (colored) of the fitting formula of

longitudinal wakefield.

The fitting formula Eq. 4 is valid in a specific range of

interest shown in Fig. 2. We assume the dimensions of cor-

rugations are not larger than the gap size

p,h ≤ a (5)

and the corrugation is "deeply corrugated" to have a strong

dominant mode

h/p > 0.8 (6)

The factor 0.8 is chosen based on the results of numerical

calculation. The applications of this structure focus on the

short-range wakefields, so the longitudinal range of the fit-

ting formulas is limited to

kz ≤ 3π (7)

We also keep t = p/2 for simplicity.

Fitting Results
The field matching results for F, k and Q are shown in

Figs. 3, 4 and 5. Each line in Fig. 3 corresponds to a value

of p/a from 0.1 to 1 and h/a is determined by the valid
range requirement. The double-arrow line in Figs. 4 and 5

signify that for a given h/a, we plot all wave numbers under
different p/a values ranging from 0.1 to 1. Based on these
results, we can obtain the fitting formulas for these three

parameters. We found that k and Q have little dependence
on p/a. Actually in the analytical theory, the wave number
is dependent on t/p. But we keep t/p = 1/2, as a constant,
in the field matching calculations. The fitting forms for

these three parameters of Eq. 4 are given in the following

equations.

F
( h

a
,

p
a
)
=b1
(
1 − p

a
) (
1 − h

a
)
+ b2
(
1 − h

a
)
+ b3
(
1 − p

a
)2

+ b4
(
1 − p

a
)
+ b5 (8)

k =
1

a

( c1√
h/a
+ c2
)

(9)

Q
( h

a

)
= d1
( h

a

)2
+ d2

h
a
+ d3 (10)

where bi (i = 1, ..,5), c1,c2, d1,d2,d3 are the fitting coeffi-
cients. The best fit result for these coefficients are given in

Tab.1.

Table 1: Coefficients of Best Fit for Eqs. 8,9,10 to the Field

Matching Algorithm

Coefficient Value Coefficient Value
b1 0.1483 c1 1.7096

b2 0.1418 c2 -0.5026

b3 -0.0437 d1 3.2495

b4 0.1460 d2 -9.1830

b5 0.5908 d3 10.2230

The results of the fitting formulas are also indicated in the

corresponding figures by red dashed lines. It can be seen

that for the amplitude factor F and wave number k the fitting
formulas agree well with the results of the field matching

program. The sum of the five coefficients
∑5

i=1 bi ≈ 1 indi-
cates that the new formula is consistent with the analytical

formula as p/a � 1,h/a � 1. For the quality factor Q, the
precision is also good enough for applications which focus

on the short-range wakefields, such as energy chirp control.

Example Longitudinal Wakefields
In this subsection, we sample some values of p,h to com-

pare wakefields of the fitting formulas and of field matching

calculations. The results are presented in Fig. 6 with the

specific values of p,h written in each figure.
The wakefields are normalized byW (0+) of the analyti-

cal wakefield. It can be seen that the fitting formula Eq. 4
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Figure 3: Amplitude factor F from field matching solution
(blue solid line) and corresponding best fit to Eq. 8 (red

dashed line).
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field matching
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p/a=0.1~1

Figure 4: Wave number by field matching algorithm (blue

dots) and corresponding best fit to Eq. 9 (red dashed line).
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field matching
fitting formula
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Figure 5: Quality factor by field matching algorithm (blue

dots) and corresponding best fit to Eq. 10 (red dashed line).

agrees well with the results of the field matching calculation

at least within the longitudinal range of kz ≤ 3π. There is
a little deviation in the wavelength between the two wake-

fields, especially when p/a and h/a are close to 1. This
is because the wakefield may not behave like a cosine os-

cillation. If we choose other fitting forms of wave number,

e.g.k1z + k2z2 , we can get perfect fitting results including
the wave number. In that case, we need to introduce more

fitting coefficients throughout, complicating the formulas.

However, for the parameters under consideration, the fit as

described is found to yield wakefields sufficiently consistent

with all field matching solutions.
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Figure 6: Examples of wakefields calculated using field

matching (blue solid line) and Eq. 4 with fitting formulas

Eqs. 8,9,10 (red dashed lines).

SIMULATION STUDY OF LCLS
DECHIRPER

As a demonstration experiment of chirp-control for high

energy beams, the dechirper will be installed at the linac-

to-undulator (LTU) area of the LCLS. Essential diagnostics

for the proposed dechirper experiment are shown in Fig. 7.

The dechirper will be located in a low β region of the LCLS
LTU. Neighboring BPMs will be used to ensure alignment

through the device. A distant downstream BPM will be used

to detect any deflection due to the dipole wake that may be

introduced by centering errors of the dechirper. Transverse

emittance measurements will be performed using LTU quads

(not shown) along with the COTR-mitigated transverse pro-

file monitor [10] at the end of LTU or, alternatively, LTU

wire scanners (not shown). Finally, slice energy spread mea-

surements will be performed in the LCLS electron dump

using an X-band transverse deflecting cavity (XTCAV) [12]

in conjunction with the final spectrometer bend.

The beam energy is ∼ 6.6 GeV, which will generate soft
x-ray photons of 2 keV energy. The peak current after com-

pression is ∼ 1.5 kA and the energy chirp induced by the RF
off-crest acceleration is not canceled fully by the wakefield

of the downstream linac. The relevant parameters of the

beam are given in Tab.2.

Table 2: Beam Parameters for Proposed Dechirper Experi-

ment

Parameter Value Units
Charge Q 150 pC

Peak current Ip ∼1.5 kA

Energy E 6.6 GeV

Emittance ε x 0.77 μm
Emittance ε y 0.39 μm

βx 5 m

βy 19 m
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Figure 7: Schematic of the proposed dechirper experiment (not to scale). See text for description.

The total length of the dechirper is 4m in the latest design.

However, the following analysis for transverse wakefields is

based on Elegant [11] simulations of a 2-m-long dechirper.

A longer dechirper will benefit the experiment as it allows a

larger gap to achieve the same integrated longitudinal wake,

while the transverse wakefields decrease more quickly with

gap size. The strength of the longitudinal wake varies as

1/a2, while that of the transverse wakes as 1/a4. Thus the
tolerance requirements for the new 4-meter-long dechirper

will be relaxed. The structure parameters of the dechirper in

the simulations are given in Tab.3.

Table 3: Structure Parameters of LCLS Dechirper in the

Simulation

Parameter Value Units
Half-gap a 0.5/0.7 mm

Period p 0.5 mm

Depth h 0.5 mm

Slit t 0.25 mm

Width w 12 mm

Total length L 2* m

* The total length is 4 meters in the

latest design.

When a = 0.7 mm, the longitudinal wakefield of the
structure fully cancels the remaining energy chirp. The

wakefield amplitude will increase by a factor of 2 if a is
set to 0.5 mm, which means over-dechirping of the beam.

Figure 8 presents the longitudinal, dipole and quadrupole

wakefields of the dechiper obtained by the field matching

program assuming a = 0.5mm and other parameters in
Tab.3. The simulated longitudinal phase space before and

after the dechirper with a = 0.5 mm are shown in Fig. 9.
In the experiment of the LCLS, we can use the x-band

deflecting cavity (XTCAV) located at the end of the LCLS

beamline to measure longitudinal phase space [12] in Fig. 9.

The final simulated images at the screen OTRDMP are given

in Fig. 10, corresponding to the longitudinal phase space w/

and w/o dechirper in the beamline.The expected effect of

the dechirper is clearly measurable.

Quadrupole Wakefield
The choice of dechirper parameters is determined by the

following considerations. A smaller dechirper gap generates
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Figure 8: Longitudinal (left) and transverse (right) wake-

fields of the LCLS dechirper when the gap size a = 0.5mm
and other parameters are shown in Tab.3.

Figure 9: Longitudinal phase space before (left) and after

(right) the dechirper with half-gap size a = 0.5mm.

Figure 10: Simulated images on the screen at OTRDMP

to measure the longitudinal phase space w/o(left) and w/

(right) dechirper in the beamline.

a stronger longitudinal wakefield (which scales as 1/a2), and
allows one to shorten the device for the required size of the

energy chirp. However, an extremely small gap makes the

transverse dipole and quadrupole wakefields stronger and

leads to projected emittance growth and tight tolerances on

the beam position jitter and dechirper alignment. Note that

the transverse wakefields used in the following tolerance

study are also calculated by the field matching program.

In this subsection, we consider the effect of the quadrupole

wakefield, which can introduce time-dependent focusing or
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defocusing on the beam to increase projected emittance. In

the design, the whole dechirper will be divided into two

sections of equal length. The two sections are oriented

orthogonally, one with vertical plates and the other with

horizontal ones. (Here the direction of dechirper is deter-

mined by the direction of the gap, e.g. the dechirper structure

shown in Fig. 1 is a vertical dechirper.) Then there are four

combinations for these two sections. We compare different

combination types together in Fig. 11 with projected emit-

tance increase, which is defined as

δε

ε0
=
ε

ε0
− 1 (11)

where ε0 and ε are the emittance before and after the
dechirper,respectively. The smaller increase in the horizon-

tal plane is due to the smaller β value (βy = 19m, βx = 5m)
and larger initial emittance before dechirper due to the CSR

effect during upstream magnetic compression. It can be

observed that if the two sections are oriented in the same

direction, the projected emittance growth in vertical plane

(δε y ) will be larger than 10% even when the beam and the
device are both aligned perfectly. However, if we rotate

the second section by 90◦ with respect to the first one, the
emittance increase in both planes will become small. This

verifies that the quadrupole wakefield effect can be canceled

if the two sections are crossed by 90◦. It is also noticed in
the simulations that we need to keep similar or symmetric β
values to cancel the quadrupole wakefield.
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0
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Figure 11: Projected emittance increase for different com-

binations of the two dechirper sections."V"means vertical

dechirper and "H" means horizontal dechirper.

Dipole Wakefield
If the beam enters the structure offset from the axis, it

will excite the dipole wakefield. The tail of the beam will

be kicked, increasing the projected emittance. In Fig. 12 we

present the emittance growth versus the beam offset. Vertical

(horizontal) offset leads to vertical (horizontal) emittance

growth.

The asymmetric effect in the two planes is due to the

different β value and ε0 in the two planes. The analytical
formula is derived based on Ref. [4] with the fitting formula

of longitudinal wakefields Eq. 4 . It can be observed that
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Figure 12: Projected emittance growth versus the beam off-

set. Vertical (horizontal) offset leads to vertical (horizontal)

emittance growth.

emittance growth is more sensitive in the vertical plane and

that the offset should be controlled to within 20μm if the
allowed emittance growth is to be less than 10%.

Tolerance Study
In this subsection, we consider the structure tolerance of

the dechirper for the experiment. We adopt the analytical

methods in Ref. [4] to analyze the dipole wakefield induced

by the structure error. First is the rotation error in the x

direction as shown in Fig. 13. In this device, each plate has

a certain angle (θ1, θ2) with respect to the beam path.

�

�

Figure 13: Dechirper with x-rotation error. Anticlockwise

(clockwise) rotation corresponds to positive (negative) angle.

The emittance increase can be calculated by the method

in Ref. [4] with infinitely small steps integrated along the

beam path for a 1 m-long structure.

(√( ε
ε0

)2 − 1)
s→s+Δs

=0.375Z0c · ηQ βσzΔs
(a + s(θ1 − θ2)/2)4E

·
s(θ1 + θ2)
2σ0

(12)

where Q is bunch charge, σz bunch length, σ0 transverse
beam size, E beam energy and η the amplitude factor of
dipole wakefield. θ1, θ2 are the angles of the plates shown
in Fig. 13. For simplicity, we choose θ1 as the variable and
set θ2 = 0. We plot the projected emittance increase versus
the tilt angle θ1 in Fig. 14. The dipole wake from the tilt
angle leads to the increase of projected emittance and 0.1

mrad (θ1 = 0.1mrad, θ2 = 0) misalignment over 1 m length
results in more than 10% emittance growth.
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Figure 14: Emittance increase versus the tilt angle θ1.

However, for a certain tilt angle we can cancel the effect

of dipole wakefield by offsetting the beam at the entrance.

When the beam is offset by Δ, Eq. 12 can be written as

(√( ε
ε0

)2 − 1)
s→s+Δs

=0.375Z0c · ηQ βσzΔs
(a + s(θ1 − θ2)/2)4E

·
s(θ1 + θ2)/2 − Δ

σ0
(13)

For example, if we offset beam by 10 μm, the new curve of
emittance increase and the tilt angle is shown in Fig. 15. For

a tilt angle, we can always find an offset value that cancels

the effect of dipole wakefield.
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Figure 15: Emittance increase versus the tilt angle θ1 with
offset 10μm.

Another error we consider here is the rotation angle about

the longitudinal (z) axis. In the design, we cross the two sec-
tions by 90◦ to cancel the quadrupole wakefield. In Fig. 16,
we present the emittance growth versus the crossing angle

of the two sections of the dechirper. The scheme of the

dechirper is the third combination type in Fig. 11: the first

section is vertical and the second one is horizontal. Based

on these simulations, the tolerance for the crossing angle is

very relaxed, with 1% or less emittance increase even with

10◦ deviation from nominal.

Optimizing Beam Optics at the Dechirper
From the simulations and analysis given above, we find

the tolerance requirements in y are much tighter than the

70 80 90 100 110
−0.02

−0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

Crossing Angle [deg]

Em
itt

an
ce

 in
cr

ea
se

δε
/ε

0

δεx

δεy

Figure 16: Emittance increase versus the crossing angle of

two sections.

ones in x. One reason for the difference is that βy is much
larger than βx . In the simulations, we use the nominal twiss
parameters of the LTU area with βy = 19m, βx = 5m at the
location of dechirper. If we optimize the twiss parameters

for the dechirper experiment, making the β small in both
planes, the tolerance introduced by the transverse wakefield

can be loosened. Indeed after careful design, we can keep

the β of the two planes both small (∼ 7 m). In this case, the
tolerance requirements for the vertical plane can be loosened

by a factor ∼2, and the experiment will be easier to carry
out.

CONCLUSION
In this paper we investigated the use of a pair of flat metal-

lic plates with small corrugations as a passive dechirper

for the LCLS. We studied dechirper wakefield and fit the

numerically-obtained longitudinal wake to simplified formu-

las, so that anyone can easily obtain the wake over a large

parameter region without access to the field matching pro-

gram. The fitting formulas agree well with the results of the

field matching calculation. We simulated the application of

the dechirper to the LCLS beam and studied the effect of

the transverse wakefields. The quadrupole wakefield effect

can be largely canceled out by crossing the two sections of

dechirper by 90◦. The dipole wakefield gives the tolerance
on beam position jitter. If the expected emittance growth is

to be limited to 10%, the beam position jitter should be con-

trolled to within 20μm. In the tolerance study, the x-rotation
error introduces a dipole kick, but its effect can be elimi-

nated by offsetting the beam at the entrance of dechirper.

Constraints on the error in the crossing angle are found to

be quite relaxed. Smaller β values yield looser tolerances.
After optimizing the twiss parameters of the LTU area, me-

chanical stability and positioning requirements are found to

be acceptable for the current beam parameters and available

diagnostics.
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LCLS-II BUNCH COMPRESSOR STUDY: 5-BEND CHICANE* 
D.Z. Khan#, T.O. Raubenheimer, SLAC, Menlo Park, CA 94025, USA 

Abstract 
In this paper, we present a potential design for a bunch 

compressor consisting of 5 bend magnets which is 
designed to compensate the transverse emittance growth 
due to Coherent Synchrotron Radiation (CSR). A specific 
implementation for the second bunch compressor in the 
LCLS-II is considered. The design has been optimized 
using the particle tracking code, ELEGANT [1]. 
Comparisons of the 5-bend chicane’s performance with 
that of a symmetric 4-bend chicane are shown for various 
compression ratios and bunch charges. Additionally, a 
one-dimensional, longitudinal CSR model for the 5-bend 
design is developed and its accuracy compared against 
ELEGANT simulations. 

INTRODUCTION 
The Linac Coherent Light Source (LCLS) at SLAC has 

shown tremendous success in its scientific capabilities in 
the biological, chemical, atomic and material sciences [2, 
3, 4]. To build upon the success of the LCLS, a myriad of 
upgrades will be made to push the limits of current x-ray 
free-electron laser (X-FEL) design and technology to 
meet the ever growing demands of the scientific 
community. LCLS-II is an upgrade of the LCLS based on 
a 4 GeV superconducting RF linac [5]. Among the many 
upgrades being researched, one of particular interest is the 
bunch compression system.  

Compression of electron beams is important in FELs to 
minimize the gain length [6]. A successful compression 
system is one that compresses the bunch longitudinally 
while preserving the beam’s transverse emittance. The 
currently planned compression system of LCLS-II, and 
many current X-FEL facilities such as FLASH (DESY) 
[7] and SACLA (RIKEN) [8], uses a sequence of 
magnetic chicanes to compress the bunch length by orders 
of magnitude [5]. LCLS-II’s two-stage compression (Fig. 
1) is simple and effective but poses problems towards the 
end of its compression cycle via CSR’s dilution of 
horizontal emittance. 
 

Figure 1: A diagram of the LCLS-II beamline with 
relevant component details. LCLS-II plans to utilize a 
two-stage magnetic chicane compression system; BC1 
and BC2. The topic of this paper focuses on the self-
radiative effects of the electron beam experienced in BC2.     

On the curved sections of an FEL beamline the electron 
beam can interact with itself. The synchrotron radiation 
from the electrons in the tail of the bunch can interact 
with the electrons in the head under the right conditions. 
The phenomenon becomes highly disruptive when the 
phase difference between the radiating electrons is small 
i.e. when the bunch length becomes comparable to the 
radiation wavelength. Under this regime, the synchrotron 
radiation becomes coherent and its power scales as , 
where N is the electron population of the bunch. In the 
coherent regime, the radiation causes a strong non-linear 
longitudinal energy chirp. This chirp can be estimated 
using a simple 1-D model [9]: 
 

                (1) 

       (2) 

 
where z is the longitudinal position along the bunch,  is 
the normalized electron distribution,  is the magnet 
length,  is the bending radius and  is the RMS bunch 
length. Equations 1 and 2 are derived from a 1-D model 
of the steady-state CSR wakefield. The CSR effect can 
create a number of unwanted effects on the electron beam 
[10, 11]. In this paper, we concern ourselves namely on 
CSR’s influence on the bend plane’s projected emittance 
growth. 

Novel techniques have been developed to mitigate and 
nullify the CSR effect. Adjusting the linac optics to 
provide a  transfer matrix between two sequential 
bends (such as in doglegs) has shown to provide excellent 
cancellation of CSR induced emittance growth [12]. A 
main assumption of this method is that the bunch length 
of the beam is constant between successive bends and 
therefore, the CSR RMS energy spread can be assumed to 
be identical at each location. The matter becomes highly 
complicated when the bunch length between the two 
successive bends is evolving, such as that of the bunch 
compressor. For an evolving bunch length, studies have 
shown that a minimization of the H -function in CSR 
significant bends results in significant reduction of 
emittance growth [13]. Compressor designs based on 
matched chicanes or large period wigglers can also reduce 
the emittance growth [14, 15]. Utilizing asymmetry in a 
chicane design (allocating more  in the first half of a, 
for example, 4-bend chicane) has shown success in partial 
nullification of emittance dilution when compared to the 
standard symmetric designs [16, 17]. Additionally, it has 
been shown that, in multi-stage compression systems, 
allocating more  to the initial bunch compressors, 
while maintaining final compression, dampens the CSR 
effect in the final compressor where CSR is most 
detrimental [13]. Though the techniques cited 
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demonstrate effective reduction of the CSR induced 
emittance dilution, they tend to require many additional 
magnetic elements that can lead to further degradation of 
the longitudinal phase space and fall short of complete 
nullification.     

LCLS-II CURRENT BUNCH 
COMPRESSOR 

   The currently planned compression scheme of LCLS-II 
consists of a two-stage magnetic chicane system. Each 
compressor is comprised of the standard 4-bend chicane 
(Fig. 2). We focus our attention on the second bunch 
compressor (BC2) where the CSR is most influential. 
Pertinent details of the BC2 are included in table 1. 

 
Figure 2: A cartoon of the 4-bend chicane being used for 
BC1 and BC2 at LCLS and currently planned for LCLS-
II.  
 

Table 1: Various Design Parameters of BC2 in LCLS-II 
Parameter          Symbol BC2 Unit 
Electron 
Energy 

 1.6 GeV 

Momentum 
Compaction 

 59.9 mm 

Chicane 
Total Length 

 23.0 m 

Bend Angle 
Per Dipole 

 0.05 Rad 

Eff. Length 
Of Each 
Bend 

 0.54 m 

Dispersion 
At Center 

 562 mm 

 
To gain greater insight on the CSR mechanism of BC2 

we used ELEGANT to generate phase space plots of the 
longitudinal momentum change along the bunch as it 
evolves through BC2. From Figure 3, we see the CSR 

wakefield begins to become significant in the third bend 
and fourth bends.  

For a simplistic understanding of the emittance growth, 
we employ a linear kick model for the CSR [12]. The 
linear kick model provides a useful approximation of the 
CSR’s effect on the bend plane emittance in terms of 
first-order energy kicks (Eq. 2) to the beam’s centroid at 
each dipole’s center. With the energy kicks, one can 
calculate the associated spatial ( ) and angular ( ) 
kicks at the ith dipole given the local dispersion and 
dispersion’s slope: 
 

                    (3) 
                  (4) 

 
For coherent processes, the spatial and angular kicks 

can be summed linearly at each bend location and the 
final projected emittance is described by [18]: 
 

 
       (5) 

    
Applying the linear kick model to the 4-bend chicane of 

BC2 allows us to see the limitations of the compressor 
and investigate a new compressor set up in regards to full 
emittance growth cancellation. Naturally, from equation 
5, we see that a route to emittance growth cancellation is 
to have the kick sums cancel. With equations 3 and 4, we 
can develop a relation for the sum of spatial and angular 
kicks in the final two bends of BC2 where CSR is 
significant: 
  

                      (6) 
                        (7) 

 
where , , , , and is the bend angle, bend 
length, drift length between the 3rd and 4th bend, and the 
CSR RMS spread in bend 3rd and 4th bend, respectively. 
From equations 6 and 7, we see that the kick sums 
mathematically cannot cancel for the 3rd and 4th bends; 
they can only be minimized. Though, with the design 
constraints of maintaining  and having no residual 
dispersion at the exit of the 4th bend (achromatic 
condition), we begin to realize the limitations of the CSR 
emittance growth cancellation of the 4-bend chicane.  
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Figure 3: Top/Middle: The momentum difference for each particle in each bend in the planned LCLS-II BC2 4-bend 
chicane generated with ELEGANT. The CSR wake begins to take form in the third bend where the bunch is 
compressed to 7 microns. Bottom: (From left to right) The normalized energy spread, longitudinal energy phase space, 
and the current profile of the beam at the exit of BC2. 
 

LCLS-II PROSPECTIVE BUNCH 
COMPRESSOR 

The prospective chicane design (Fig. 4) is based on the 
aforementioned studies in this paper. If we are to design a 
compressor that has transverse spatial and angular kicks 
cancel, we consider the following: 

1. The CSR energy kick is heavily weighted by 
the bunch length. As the bunch length 
decreases, the CSR energy kick increases to 
the inverse 4/3 power (Eq. 2).  

2. The bend length and angle play a secondary 
role in the CSR energy kick. Decreasing either 

parameter will decrease the CSR energy kick 
to the 1/3 and 2/3 power, respectively (Eq. 2).  

3. The spatial and angular kick directions are 
entirely dependent on the local dispersion. The 
4-bend chicane creates a solely polarized 
dispersive region which limits the cancellation 
potential of the kicks. An extra, oppositely 
directed dispersive region should be added to 
the chicane to allow the kicks to cancel. 

4. The large bunch length makes the CSR nearly 
negligible in the first two bends in comparison 
to the last two. The angles of the first two 
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bends can be increased, while maintaining , 
without much CSR induced consequences.    

With these tenants in mind, we implement changes to 
the 4-bend chicane with the goal of completely cancelling 
the CSR induced emittance dilution. 

5-BEND CHICANE 

 
Figure 4: The 5-Bend Chicane. A second stage bunch 
compressor exhibiting full CSR induced emittance growth 
cancellation.  

Table 2: The Various Characteristic Parameters of the 5-
Bend Chicane Compared with the 4-Bend Chicane for 
BC2 
Parameter Symbol 5-Bend 

Chicane 
4-Bend 
Chicane 

Unit 

Electron 
Energy 

 1.6 1.6 GeV 

Momentum 
Compaction 

 59.9 59.9 mm 

Chicane 
Total Length 

 17.0 23.0 m 

First Chicane 
Drift Length 

 3.3 9.8 m 

Second 
Chicane Drift 
Length 

 8.7 N/A m 

Third 
Chicane Drift 
Length 

 1.7 N/A m 

Magnet 1 
Angle 

 0.103 0.05 Rad 

Magnet 2 
Angle 

 0.103 0.05 Rad 

Magnet 3 
Angle  

 0.046 0.05 Rad 

Magnet 4 
Angle  

 0.060 0.05 Rad 

Magnet 5 
Angle  

 0.014 N/A Rad 

Eff. Length 
Of Magnet 1, 
2, 3 

 0.54 0.54 m 

Eff. Length 
Of Magnet 4 
& 5 

 0.25 0.54 m 

Dispersion 
After Magnet 
2 

 401 562 mm 

Dispersion 
After Magnet 
4 

 25 N/A mm 

    
We decreased the last two bend lengths and angles to 

account for the decreasing bunch length and to decrease 
the CSR effect (Table 2). Consequently, we increased the 
first bend angles to preserve the original compression and 

. An extra bend is added in between the 4-bend’s third 

and fourth bend to create an extra oppositely directed 
dispersive region that improves the potential for kick 
cancellation (Fig. 5b). 

Figure 5 (Top to bottom): 5-bend chicane’s: (a) The 
transverse x-plane  and  functions; (b) The dispersion 
and slope of dispersion function; (c) The dispersive 
corrected normalized transverse emittances (ecnx, ecny); 
(d) The normalized energy spread, longitudinal energy 
phase space, and the current profile. 

5a 

5b 

5c 
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A first order approximation of the spatial and angular 
kicks, such as one previously performed for the 4-bend 
chicane (Eq. 3 and 4), provides us with the mathematical 
insight of the 5-bend chicane’s emittance dilution 
suppression: 
 

  
             (8) 

 
    (9) 

 
where, respectively, ,  and  are the 1st, 2nd and 3rd 
bend angles. , , d, and f are the large and small 
magnet lengths and the 1st and 2nd drift spaces. And, , 

and  are the CSR RMS energy spread for the 3rd, 
4th and 5th bending magnets. As with the 4-bend chicane 
case, the CSR wakefield begins to become significant in 
the 3rd magnet, so the kicks from the 3rd magnet and 
onward have been included in the linear kick model 
calculation. The form of equations 8 and 9, although more 
complicated than the 4-bend chicane, show more potential 
in having the kicks cancel.   

Simulations performed in ELEGANT, with CSR turned 
on in the magnets and drifts, show that the 5-bend chicane 
provides excellent transverse emittance preservation (Fig. 
5c). In fact, it has remarkably cancelled all transverse 
emittance growth due to CSR in the bunch compressor.   

DESIGN IMPLEMENTATION & 
ENGINEERING CONSIDERATION 

Although the benefits of the 5-bend chicane is clearly 
evident, its complexity does provide some difficulties in 
actually engineering the design [19, 20]: 

1. The small magnets in the 4th and 5th bends 
require large field strengths to achieve their 
desired bend angle. The 4th bend, in particular, is 
highly problematic. With a 0.25 m magnet length 
and 0.060 rad bending angle, it would require a 
13 kG field strength.  

2. The three unique bending angles of the 5-bend 
chicane require a complicated powering scheme. 
A benefit afforded by the 4-bend chicane’s 
simple design is it requires only a single power 
supply to power all four magnets amounting to a 
small  deviation error throughout the system. 

Such is not the case for the 5-bend chicane. The 
first two magnets can be powered in series, while 
the three subsequent magnets would require their 
own power source, greatly increasing the  of 

the system.  

To ease the design and engineering efforts of the 5-
bend chicane, we applied the following modifications [19, 
20]:  

1. Decrease the magnet strengths to provide a 50% 
overhead on the field requirements (Table 3): 

Table 3: Revised Field Strength for each Magnet of the 5-
Bend Chicane 

Parameter Symbol 5-Bend Chicane Unit 
Magnet 1  8.5 kG 
Magnet 2 8.5 kG 
Magnet 3 4.0 kG 
Magnet 4 5.1 kG 
Magnet 5 1.1 kG 

 
 

2. Use identical magnets for each bend to allow the 
system to be powered in series just as in the 4-
bend case. 

3. Alter the coil number and gap size of each 
magnet to achieve the desired field strength; trim 
coils can further provide fine tuning. 

Implementing these design revisions into the 5-bend 
design (Table 4) we then have: 
 

 
Figure 6: The revised 5-bend chicane with identical 
magnet lengths and overall decreased bend angles. 
 
 
Table 4: The Various Characteristic Parameters of the 
Revised 5-Bend Chicane Compared with the 4-Bend 
Chicane for BC2 

Parameter Symbol 5-Bend 
Chicane 

4-Bend 
Chicane 

Unit 

Electron Energy  1.6 1.6 GeV 
Momentum 
Compaction 

 59.9 59.9 mm 

Chicane Total 
Length 

 17.8 23.0 m 

First Chicane 
Drift Length 

 4.4 9.8 m 

Second Chicane 
Drift Length 

 9.4 N/A m 

Third Chicane 
Drift Length 

 1.3 N/A m 

Magnet 1 Angle 0.087 0.05 Rad 
Magnet 2 Angle 0.087 0.05 Rad 
Magnet 3 Angle 0.046 0.05 Rad 
Magnet 4 Angle 0.060 0.05 Rad 
Magnet 5 Angle 0.014 N/A Rad 
Eff. Length Of 
Each Bend 

0.54 0.54 m 

Dispersion 
After Magnet 2 

 445 562 mm 

Dispersion 
After Magnet 4 

 22 N/A mm 
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The performance of this revised 5-bend chicane (Fig. 6) 
is successful in greatly reducing the transverse emittance 
growth, but not in complete cancellation like before 
(results in 2.9% increase). Below, in Figure 7, are the 
relevant emittance and phase space plots of the revised 5-
bend chicane from ELEGANT simulations. Comparing 
the phase space plots to that of the emittance dilution 
cancelling 5-bend (Fig. 5d) and 4-bend (Fig. 3) chicane, 
we see that the revised 5-bend chicane preserves the beam 
phase space extremely well. 

 
Figure 7: Top: The projected normalized corrected 
transverse emittance throughout the revised 5-bend 
chicane. Bottom (From left to right): The normalized 
energy spread, longitudinal energy phase space, and the 
current profile. 
  

All discussions leading up this point has been in 
regards to nominal operations; 100pC bunch compressed 
to approximately 8.5 microns at the exit of BC2. For a 
comprehensive performance evaluation of the revised 5-
bend chicane we compared its performance with that of 
the currently planned 4-bend chicane for two common 
bunch distributions and various compression ratios [21]. 
The results are displayed in table 5(a, b). The revised 5-
bend chicane clearly outperforms the 4-bend chicane in 
emittance preservation for all cases. 
 

Table 5a: “1.5kA” Chicane Test of BC2 in LCLS-II 
Momentum 
Compaction 

 (mm) 

Final Bunch 
Length (μm) 

4-Bend 
Growth 

(%)  

5-Bend 
Growth 

(%) 

45.3 5.5 239 8 
45.1 6.5 171 5 
44.9 7.5 113 3 
44.7 8.5 71 3 
44.5 9.5 45 2 

Table 5b: “1.0kA” Chicane Test of BC2 in LCLS-II 
Momentum 
Compaction 

 (mm) 

Final Bunch 
Length (μm) 

4-Bend 
Growth 

(%)  

5-Bend 
Growth 

(%) 

36.6 5.5 178 23 
36.3 6.5 135 13 
36.0 7.5 91 8 
35.7 8.5 59 5 
35.4 9.5 37 4 

LINEAR CSR MODEL 
In this section, we develop a numerical treatment of the 

linear kick model for the emittance dilution cancelling 5- 
bend chicane, and test its results with that of ELEGANT. 
We have included the effects of bunch compression by 
approximating the bunch length as a linear function of 
angle traversed through the bending magnets [19]: 
 

                (10) 
 
where , ,  and  is the bunch length at the 
entrance of the magnet, the bunch length at the exit of the 
magnet, the total bend angle of the magnet and the angle 
traversed by the bunch into the magnet, respectively. On 
the treatment of the CSR self-interaction in the system we 
employ two methods.   

Steady State Regime 
The CSR self-interaction is considered to be constant 

throughout the bunch’s trajectory in the magnet (the 
slippage length approaches infinity) and follows the form 
of equation 1 and its RMS Energy change following 
equation 2. We can calculate the RMS spatial and angular 
kicks by integrating the CSR RMS energy change with 
the dispersion function through the bending magnet as so 
[18]: 
 
 

                        (11.a) 
                        (11.b)      

 
                        (12.a) 

                        (12.b) 
 
 
The additive spatial kicks for coherent processes affect 
the transverse projected emittance according to equation 
5. Then, the emittance growth is a simple matter to 
calculate. 
 

Transient State Regime 
We now account for the transient effects of the CSR 

self-interaction as the beam is entering and exiting the 
magnet. The phenomena can be described with two 
wakefield equations [22, 23]:  
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                     (13) 

where z is the coordinate along the bunch, R is the 
bending radius of the magnet,  is the angle traversed 
into the magnet by the bunch,  is the normalized linear 
charged density, and  is the slippage length ( ), and  

 

 

                              (14) 

where x is the position of the bunch past the exit of the 
bending magnet (the observed time) and  is the angle of 
the bunch at which the radiation was emitted (the retarded 
time). The wakefields are complicated in their 
dependence of  and  when comparing them to the 
steady state form. 

The RMS energy spread throughout the bunch can then 
be found: 
 

     (15) 
 
where  is either the entering or exiting wake and 

 is simply the mean. 
Finally, the same procedure for finding the emittance 
growth from equation 5 can be applied.  

For each method, the transverse projected emittance 
growth at the exit of chicane was calculated while 
scanning through various values of theta 1, 2 and 3 (and 
preserving ) and the results compared with 
ELEGANT. The results are shown in Figure 8. 
 

 
 

 
Figure 8: Plots of change in emittance at the exit of the 5- 
bend chicane for various bend angle scans. For each plot, 
the “+” is data collected with ELEGANT, the “*”is 
numerical data using the steady-state linear model, and 
the “x” is numerical data using the transient-state linear 
model. Top: Displays the emittance change at the exit of 
the 5-bend chicane while scanning . Middle: Displays 
the emittance change while scanning . Bottom: 
Displays the emittance change while scanning .      
    

The plots above show great agreement between 
ELEGANT and the steady and transient state linear CSR 
models. The steady state model is numerically simple to 
implement and can be calculated with limited resources. 
While the steady state behaviour agrees well with 
ELEGANT, we cannot ignore its failure to properly locate 
the emittance change minimum for scans of  and  
(Fig. 8). The transient state model, on the other hand, 
properly locates the emittance change minimum for all 
angle scans while still maintaining agreement in behavior 
with ELEGANT. Conversely, the mathematics of the 
transient state model is far more complicated than that of 
the steady state. The transient state CSR wakefield 

Proceedings of FEL2014, Basel, Switzerland THP027

Electron Bunch Generation and Manipulation

ISBN 978-3-95450-133-5

761 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



integrals must be evaluated numerically and require 
considerable resources and computation time.  

CONCLUSION 
Magnetic bunch compressors are a source of CSR 

induced emittance growth. New CSR mitigation 
techniques must be researched and developed to continue 
pushing X-FEL performance to the forefront.  

In this paper, we have introduced a 5-bend chicane as a 
prospective bunch compressor for final stage compression 
at LCLS-II. In terms of emittance preservation, the 5-
bend chicane is an attractive option with highly reduced 
CSR emittance growth, and in some cases, full 
cancellation. We will look to continue researching the 5- 
bend chicane as, potentially, the new standard in bunch 
compression and develop its analytical model to the 
extent of applying its CSR nullification to all relevant 
bending systems. 
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MOGA OPTIMIZATION DESIGN OF LCLS-II LINAC CONFIGURATIONS* 
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Abstract 
This paper briefly summarizes the preliminary 

optimization study on the configurations of LCLSII with 
superconducting cavity.  The setup of each configuration 
is first optimized using Multi-Objective Genetic 
Algorithm (MOGA) with LiTrack which includes the 
longitudinal phase space only. For each operation mode, 
MOGA is applied to optimize the machine parameters in 
order to get flat top current profile and zero energy chirp 
at the beginning of the undulator. The geometric wake of 
the RF cavities and resistive wall wake of the beam pipe 
are included, but the coherent synchrotron radiation 
(CSR) wake is not included. Finally, ELEGANT code is 
used to do full 3-dimension particle simulation, which 
includes the CSR and ISR effect. Therefore, the emittance 
growth due to CSR can be checked. A new code has been 
recently developed to integrate all the wake field and CSR 
in the MOGA optimization. 

INTRODUCTION 
The new LCLS-II high-repetition rate FEL project at 

SLAC [1] will use a new superconducting linac composed 
of TESLA-like RF cavities in continuous wave (CW) 
operation, in order to accelerate a 1-MHz electron beam 
to 4 GeV. Figure 1 shows the optics (top) of the hard x-
ray beam and the layout of LCLS-II linac(bottom). The 
new superconducting linac is driven by a new high-rate 
injector [2], will replace the existing SLAC copper linac 
in sectors 1-7 (101.6 m/sector), while the remaining Cu 
RF structures in sectors 7-10 will be removed and 
replaced with a simple beam pipe and focusing lattice (the 
“linac extension”).  The existing 2-km PEP-II bypass line 
(large  section in Fig.1) will be modified to transport 
electrons from the linac extension in sector 10 through 
more than 2.5 km and into either of two undulators in the 
existing LCLS undulator hall. The overall design of the 
linac can be found in [3]. The resistive wall wake field 
along this long bypass beam line play an important role in 
the linac design as discussed later. The current design has 
two bunch compressors (BCs), which are located at the 
2nd and 3rd non-zero horizontal dispersion sections in Fig. 
1. The 1st dispersion section is laser heater. The injector 
beam is optimized at beam energy of 98MeV [4] to give a 
small transverse emittance and certain peak current. This 
paper describes the optimizations afterwards to the 
beginning of the FEL undulator. 

The main parameters to be optimized include the phase 
and voltage of linac 1 (L1), linearizer (before BC1), linac 
2 (L2) (between BC1 and BC2) and the R56 of BC1/BC2. 

The beam energies at BC1 and BC2 are 250MeV and 
1.6GeV, respectively. The beam is accelerated to 4.0 GeV 
by linac 3 (L3).  

 

 
Figure 1: Optics (HXR)(top) and Layout (bottom) of the 
LCLS-II linac. The BC1 and BC2 are located at the 2nd 
and 3rd non-zero horizontal dispersion section, 
respectively. 

NONLINEAR BEAM FROM INJECTOR 
In the current design, the injector of LCLS-II uses CW 

normal conducting RF gun [2]. The strong space charge 
effect at the injector induces large nonlinearity in the 
longitudinal phase space. The dominant one is cubic term, 
which is the fundamental term of the longitudinal space 
charge effect. The high order terms also have large 
contributions to the linac beam dynamics. These nonlinear 
effects are amplified throughout the linac when the bunch 
is compressed. The strong space charge effect makes 
LCLS-II beam largely different from the existing LCLS 
beam where the nonlinear term (cubic term dominant) is 
mainly induced by the strong geometric wake in the 
normal conducting RF structures. As a result, the design 
of LCLS-II beam has strong dependence on the injector. 

The longitudinal phase space, current profile and 

 along the 

bunch at linac with 98MeV beam are shown in Fig. 2 for 
three bunch charges: 20pC, 100pC and 300pC. The 
overall bunch profile is similar: there is a long bunch tail. 
The nonlinearity can be clearly seen after extracting the 
linear chirp and RF curvature as shown in Fig. 3. The high 
order terms are comparable to the cubic term. The 
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nonlinearity is about proportional to the peak current. A 
20pC bunch charge with 10A peak current has too large 
nonlinearity, which makes it difficult to provide good 
quality beam for FEL. For this reason, a lower peak 
current of 4.5A is chosen for 20pC to reduce the space 
charge effect.  

 

 

 
Figure 2 : Current profile (left) and Phase space (right) at 
the exit of injector linac (98MeV) for 20pC (top), 100pC 
(middle) and 300pC (bottom) bunch charge. Bunch head 
is to the left. 

The strong space charge also causes mismatching along 
the bunch, especially for 20pC case where the space 
charge is stronger. However, the core bunch still has good 
matching. When the beam passes through the linac, the 
collective effects add more mismatching to the beam. The 
mismatched beam can affect the FEL performance [5,6]. 

STRONG RESISTIVE WALL WAKE AS A 
NATURAL DE-CHIRPER 

The wake fields play an important role in the beam 
dynamics: de-chirper the beam and increase the 
nonlinearity.  

Figure 4 shows the longitudinal wake in the 1.3GHz 
and 3.9GHz SC cavity, which is used to linearize the 
phase space before BC1. The linearizer has much stronger 
wake. 
On the other hand, the resistive wall (RW) wake plays an 
important role to de-chirper the beam. Table 1 lists the 
contributions of the resistive wall wake, which is 
dominant by the 2km-long bypass line. The beam is 
chirped along Linac 1 and Linac 2 by the RF cavities in 
order to compress the beam. This positive chirped beam is 
naturally de-chirped by the resistive wall wake after Linac 

 

 

 
Figure 3: 3rd-order term (left column) and high order 
terms (right column) at the exit of injector linac (98MeV) 
for 20pC (top), 100pC (middle) and 300pC (bottom) 
bunch charge. 
 
3 if the design is optimal. This is a nice feature of LCLSII 
design. However, this also puts a strong constraint on the 
design since the RW wake field cannot be adjusted. The 
large de-chirp effect due to the resistive wall wake 
requires enough chirper to be provided by the RF cavities. 
For 1kA peak current of flat beam, the energy loss due to 
the resistive wall wake are 4.8MV, 18MV and 34MV for 
20pC, 100pC and 300pC, respectively. Figure 5 shows the 
evolution of longitudinal phase space where the de-
chirper by the RW wake is clear seen. 

The strong de-chirp of RW wake sets a tight constraint 
in the linac design. It is too strong for high charge so that 
it leads to a large bunch compression factor at the second 
bunch compressor, and therefore a large R56. In most 
cases, there is no need for additional de-chirper. Instead, it 
requires the linac RF to provide large enough energy 
chirp to compensate the RW effect, which adds a 
constraint in the set-up of the bunch compressor systems. 
Indeed, the design of the BCs strongly depends on the 
RW wake. The design has more flexibility for a small RW 
wake. 

Besides the energy loss due to the resistive wall wake, 
the RW wake also can spoil the phase space. The 
nonlinear wake field for a longer bunch (>100 m) causes 
strong distortion in phase space. This makes it difficult to 
provide high quality long bunch, for instance, 300pC 
bunch charge with peak current 500A. The RW wake with 
Aluminum pipe has stronger nonlinearity and it would be 
good to replace it with stainless steel material or surface 
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coating. Furthermore, when the beam has strong double 
horn in current profile, the RW wake also induces strong 
nonlinear de-chirper. 
 

 
Figure 4: Longitudinal wake field in the 1.3GHz (left) and 
3.9GHz (right) cavities. 
 

 
Figure 5: Longitudinal phase spaces for 100pC 1kA 
beam. 

VARIOUS CONFIGURATIONS OF THE 
LINAC 

The fast speed of Litrack code is used in the MOGA 
optimization [7] in this section. The CSR is not included. 
Table 2 summarizes the main parameters of the optimized 
configurations. The strategy of the optimization aims to 
reduce the RF power while providing a similar beam 
quality: flat current profile and smaller energy spread 
(zero energy chirper). A new baseline, which tends to 
reduce the R56 at BC2 by increasing the compression 
factor at BC1 in order to mitigate the CSR at BC2, is also 
added in Table 2 to show the range of the parameters. It 
uses a reduced RW wakes compared with the one listed in 
Table 1. 

The energy losses due to CSR at BC2 are also listed in 
the Table (detail see next section). The power is 
calculated for a repetition rate of 929 kHz for all bunch 
charges. The energy loss in BC1 is about 1W for 100pC 
and 3W for 300pC.  The maximum power loss in BC2 is 
about 117 W for 300pC charge, which can become even 
larger when larger peak currents are applied in the future.  

Figure 6 shows the phase space and current profile at 
the beginning of the undulator by Litrack. The current 
profiles are all flat except 100pC 1.5kA case. These flat 
current profiles are essential for the self-seeding. There 
are also always near zero energy chirp for the core part of 
bunches.  

 
Table 1: Resistive Wake along the Linac 

Beam line Section 
Pipe 

Length(m) 
Pipe 

Radius(mm) 
Material 

Conductivity 
(Ohm-m) 

Time Constant 
(fs) 

Peak Energy 
Loss (MeV) 

Linac Extension 353 24.5 S.S 1.37×106 5 1.2 
Rolled DogLeg #1 50 12.7 S.S 1.37×106 5 0.5 
Bypass Line  2193 24.5 S.S 1.37×106 5 12.06 
DL&LTU to Und. 382 12.7 AL 3.60×107 5 4 

 
Table 2: Configurations for BC1 Energy 250MeV and BC2 Energy 1.6GeV, without Dechirper 

 20pC, 
500A 

100pC, 
1kA 

100pC, 1kA,New 
baseline [3] 100pC,1.5kA 300pC, 

1kA 
300pC, 
600A 

L1( ) -21 -21 -12.2 -21.9 -19.85 -20 
Linearizer( ) -165 -165 -150 -164.5 -162.2 -162 

L2( ) -21.1 -21 -21.1 -28.4 -28.86 -29 
L3( ) 0 0 0 0 0 0 

VL1 (MV) 219.6 219.6 216 225 222 222 
VLinearizer (MV) 54.78 54.78 64.90 58.7 59.58 59.58 
BC1 R56 (mm) -53 -55 -55 -53.46 -47.4 -44.7 
BC2 R56 (mm) -61.8 -60 -37.5 -45.5 -49.2 -49.2 

 (mm) 0.627 1.02 1 1.02 1.30 1.30 
Ipk0 (A) 4.5 12 12 12 31 31 

(mm) 0.187 0.283 0.15 0.246 0.43 0.48 
 (A) 15 43 82 50 91 82 
(%) 0.835 1.36 1.6 1.469 1.857 1.857 
( m) 5.16 8.85 9.2 5.516 29 48 
 (kA) 0.515 1.355 1.36 2.723 1.18 0.75 
(%) 0.295 0.458 0.378 0.53 0.822 0.884 

(%) 0.055 0.065 0.066 0.079 0.239 0.346 
  42  88 117 84 
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Figure 6: Phase space and current profile before the 
undulator for different configurations (from top/left to 
bottom/right: 20pC@500A, 100pC@1kA, 100pC@1.5 
kA, 300pC@1kA). 

CSR EFFECT ON THE BEAM 
After getting satisfactory solutions from MOGA 

optimization, we use ELEGANT to track particles 3-
dimensionaly. Besides the wake fields, the CSR and ISR 
are included. The CSR changes the beam current profile 
and some parameters are tweaked to get flat top current 
profile.  

BC1 and BC2 are located along the Superconducting 
Linac. Therefore, the energy loss there due to CSR needs 
to be evaluated. The energy loss due to CSR at the 2nd 
bunch compressor (BC2) is large due to the high peak 
current there. The radiation can propagate to the 
downstream and heat the superconducting RF 
cryomodule. The ISR in general is much smaller 
compared with the CSR. Unlike a true wake, each particle 
is affected only by those behind it. Also unlike true 
wakes, the effects of CSR depend on the slope of the 
bunch distribution. The steady status CSR model largely 
underestimates the CSR since the bending magnets are 
short in our case. 

The reality of CSR in a bunch compressor is much 
more complicated than the 1-D steady state result. The 
transient effects entering bend magnets and the 
propagation of CSR through drifts following the bending 
magnets and the variation of bunch profile are all 
important. Furthermore, the CSR affects the transverse 
dynamics throughout the bunch compressor where the 

transverse beam size and beam optics vary. The 
estimation of CSR in the paper includes all above factors 
by tracking the particles through the bunch compressors. 
The total energy loss at BC2 for various configurations is 
listed in Table. 2. 

Figure 7 shows total CSR kicker along the bunch 
through BC2 for 300pC. The energy loss is up to 0.7MeV. 
The CSR kicker in this case acts like a linear de-chirper 
for the core part of bunch. However, when the bunch 
profile is not flat, the CSR kicker has strong nonlinearity.  

Figures 8-11 shows the longitudinal phase space and 
current profile at the beginning of the undulator for 
various configurations. The simulations are done with 
ELEGANT code which includes the geometric wake 
fields, resistive wakes, ISR and CSR. The CSR has large 
impact on the beam. For instance, the current profile with 
CSR is different from the ones without CSR as shown in 
the previous sections. The phase space can also vary a lot 
due to the CSR. It is better to optimize the beam with 
CSR so that the solutions are the final ones. 

The CSR can increase the projected emittance. The 
configuration of 300pC bunch charge with 700A is very 
good, which has zero emittance growth. The 20pC beam 
also has very small emittance growth. Figure 12 shows 
the slice emittance of 100pC 1kA beam and 300 pC 1kA 
beam. The emittance growth for 100pC charge 1kA beam 
is very small. However, the emittance at head of bunch 
for 300pC 1kA bunch is spoiled by CSR in the spreader 
(at 3000meter in Fig. 1). This emittance growth can be 
minimized by optimizing the optics there. We haven’t 
applied any emittance cancellation schemes [8-11] yet. 
Overall, the emittance growth can be controlled by 
optimizing the current profile, reducing R56 and applying 
cancellation schemes. 

 
Figure 7: Energy loss due to CSR at whole BC2 for 
300pC beam. The bunch shape is also shown, with the 
head to the left (the blue curve). 

 
Figure 8: Phase space before undulator from Elegant 
simulation for 20pC beam with 600A peak current. 
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Figure 9: Phase space before undulator from Elegant 
simulation for 100pC beam with 1.0kA peak current. 
 

 
Figure 10: Phase space before undulator from Elegant 
simulation for 100pC beam with 1.5kA peak current. 
 

 
Figure 11: Phase space before undulator from Elegant 
simulation for 300pC beam with 1kA peak current. 
 

 
Figure 12: Slice emittance at the beginning of undulator 
for 100pC 1.0kA (left) and 300pC 1kA (right). 

TOWARDS HIGH PEAK CURRENT 
Preliminary study shows that it is a bit of a challenge to 

set-up high peak current configuration. Besides the 
projected emittance growth due to CSR, the large energy 
loss can distort the phase space. The emittance growth can 
be mitigated or cancelled by optics design, however, there 
is no simple mitigation for the latter. For instance, the 
peak current at 20pC can be easily above 3kA. Figure 13 
shows an example of the ELEGANT simulation. 
However, the collective effect largely distorts the phase 
space. This makes the high peak current configuration 
difficult. 

A new program is recently developed to include the 
CSR in the MOGA optimization. The studies show we are 
able to increase the peak current more than 1kA as what 
we have now. Figure 14 shows one example of the 
preliminary result for 300pC. A peak current of 1.5kA 

with flat current profile is achieved, which is much better 
than the 1.5kA beam shown in Fig. 6 where there is a 
large horn in the current profile. Further careful studies 
including the emittance growth are under the way. 
 

 
Figure 13: Current profile of 20pC bunch before the 
Undulator. Elegant simulation. 
 

 
Figure 14: Example of high peak current solution for 
300pC charge. Wake fields and CSR are included. 

SUMMARY AND OUTLOOK 
MOGA is applied to optimize the LCLSII in order to 

get flat top current profile and zero energy chirp. Small 
energy spread, zero energy chirp and flat current profile 
are achieved for different bunch charges. MOGA provides 
a very useful tool in the design. 

One kA flat beams with good emittance are obtained 
for both 100 pC and 300 pC bunch charge. 20pC bunch 
has very small emittance, however the peak current with a 
flat current profile is below 1kA. Although a single spike 
with high peak current (>2kA) is possible, the beam 
quality is largely spoiled by the CSR. 

In short summary, the resistive wall provides a strong 
de-chirper and has large impact on the design of LCLSII 
linac. The new proposed RW wake is about 30% smaller 
compared to what we used in Table 1 [3]. This allows 
more freedom in the design. For instance, a smaller 
compression factor at BC2 (therefore a small R56) is 
possible. A small R56 reduces the CSR there. However, a 
large R56 may provide stronger damping to the micro-
bunch instability which is a concern now. 

The emittance growth due to CSR can be well 
controlled for 1kA beams. However, the CSR can spoil 
the longitudinal phase space. Low charge modes are 
difficult and require more work. It is promising to have a 
high peak current 1.5 kA with flat current profile. 
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Studies show that there is a strong micro-bunch 
instability driven by the longitudinal space charge (LSC) 
impedance, especially along the long bypass beam line. 
This may have an impact on the linac design. The studies 
in this paper haven’t included LSC, we are working on it. 
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RECENT PHOTOCATHODE R&D FOR THE LCLS INJECTOR*  
F. Zhou, J. C. Sheppard, T. Vecchione, E. Jongewaard, A. Brachmann, 

J. Corbett, M. Ferreira, S. Gilevich, J. Lewandowski, S. Vetter, S. Weathersby, 
SLAC, Menlo Park, CA 94025, USA 

Abstract 
The Linac Coherent Light Source (LCLS) has used 

three copper photocathodes since its commissioning in 
2007. Two of three copper cathodes had low initial 
quantum efficiency (QE) (<1×10-5) in the LCLS radio 
frequency (RF) gun. The two cathodes were exposed to 
the plasma cleaning in the cathode test chamber before 
installation in the RF gun. Recent studies at the SLAC RF 
gun test bed at the Accelerator Structure Test Area 
(ASTA) reveals that the pre-cleaning in the test chamber 
followed by cathode exposure to air for installation in the 
gun is the major factor leading to the low initial QE. All 
four cathodes, without the plasma pre-cleaning prior to 
the installation in the gun, have demonstrated initial 
QE>4×10-5 at the ASTA. Systematic studies also 
demonstrate that high-power RF gun operation provides 
an initial QE boost. In-situ laser cleaning for three new 
cathodes in the RF gun is extensively investigated, and a 
robust laser cleaning procedure is established at the 
ASTA with improvements of previous cleaning recipe for 
the LCLS cathode. The QE was shown to reproducibly 
evolved to >1×10-4 from about 4×10-5 immediately 
following the laser cleaning over ~3 weeks, a time much 
shorter than a few months for the previous laser cleaning 
for the present LCLS cathode. The intrinsic emittance of 
copper cathodes is recovered to the normal value within 
1-2 days following the laser cleaning, much shorter than 3 
weeks for previous laser cleaning for the present LCLS 
cathode. The experimental results at the ASTA, including 
comparison with the previous cleaning for the present 
LCLS cathode, are presented in the paper. Physics of the 
laser cleaning process and the evolution of the QE is 
discussed. 

INITIAL QE WITHOUT IN-SITU 
CLEANING IN THE RF GUN 

An RF gun test bed located at the SLAC’s Accelerator 
Structure Test Area (ASTA) has been constructed [1] to 
study photocathodes for the Linac Coherent Light Source 
(LCLS) injector cathode operations. The beamline of the 
ASTA gun test bed duplicates the existing LCLS injector 
gun system [2], consisting of a chirp-pulse-amplifier laser 
tripled to 253 nm wavelength, LCLS-type RF gun, a 
solenoid for emittance compensation, one pair of magnet 
correctors, a Faraday cup to measure the bunch charge, 
and a YAG screen to measure beam size and intrinsic 
emittance. Similar to the LCLS injector, the drive laser is 
configured for normal incident injection to the photo- 
cathode surface using a 45  in-vacuum mirror. The final 
electron beam energy from the RF gun is about 5.5 MeV.  

The Cause for Low Initial QE in the RF Gun 
The LCLS located at the SLAC National Accelerator 

Laboratory has been successfully operated for users for 
about 5 years. Its copper-based photo-injector has 
produced an ultra-low emitance and ultra-fast electron 
beam for the x-ray free electron laser (XFEL). Since its 
commissioning in 2007, three identical copper cathodes 
have been used for the LCLS injector operations with 
different initial quantum efficiency (QE) values. As 
illustrated in Fig.1, the first and third (present) LCLS 
cathodes had unexpectedly very low initial QE [3], about 
5×10-6, while the second one had 6.5×10-5 of initial QE as 
expected. Lately, it is realized that both the first and third 
LCLS cathodes were exposed to the plasma cleaning in 
the test chamber before cathode exposure to air for 
installation in the RF gun, while the second one did not 
have this cleaning process. Very low QE measured in the 
test chamber drives to proceed to plasma cleaning for the 
cathode prior to the installation in the gun. During the 
cathode installation in the LCLS RF gun, the cathodes 
have to be exposed to air for about 3 minutes for the 
cathode change due to the lack of loadlock system. The 
recent observations at the ASTA RF gun reveal that the 
laser-cleaned areas are much more susceptible to the air 
exposure than the non-cleaned areas do. The ASTA RF 
gun is vented to nitrogen and then exposed to air for about 
3 minutes to mimic the LCLS cathode change before its 
vacuum starts to be pumped down. Figure 2 (left) and 
(right) shows the QE maps before and after the RF gun 
vacuum venting to air, respectively. Before the RF gun 
vacuum venting, areas A, B, C, D, E, F, G and H on the 
cathode have been cleaned by the intensive laser, while 
the circled center area is not exposed to any laser 
cleaning. In Fig. 2 (left), bunch charge from areas A, B 
and C have been evolved to about 7500 units for a given 
laser energy, equivalent to 1×10-4 of QE,  while the 
cathode center area has about 3500 units of the bunch 
charge for the same laser energy, equivalent to about 
4×10-5 of QE. After gun vacuum venting, bunch charge 
productions from the previously cleaned areas A, B, C, D, 
E, F, G, and H were dropped to 1500-2000 units shown in 
Fig. 2 (right), equivalent to about 1-2×10-5 of QE, but the 
QE of the cathode center area still remains unchanged, at 
4×10-5. The observations indicate that the cleaned or 
activated surface is susceptible to the air-exposure, 
revealing the pre-cleaning is the cause for low initial QE 
measured in the RF gun. 

Total four cathodes are characterized, which are not 
exposed to the pre-cleaning prior to the installation in the 
ASTA RF gun. All four ASTA cathodes have good initial 
QE in the RF gun ranging from 4×10-5 to 8×10-5, as 
illustrated in Fig. 1. We conclude that the pre-cleaning 

 ____________________________________________ 
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process activates the cathode surface, extremely 
susceptible to the contaminations, such as air-exposure. 
Without plasma cleaning in the test chamber, high initial 
QE can be routinely achieved in the RF gun. 

 
Figure 1: Original QE of cathodes in the LCLS and 
ASTA RF guns. 

 
Figure 2: QE map before (left) and after (right) the gun 
vacuum venting. Before the gun venting, areas A to H are 
processed by laser cleaning while the center area is not 
cleaned by intensive laser. 

QE Impact from the High-Power RF Processing 
For LCLS operations all three photocathodes were 

characterized in a test chamber prior to the installation in 
the RF gun. The test chamber utilizes a broadband UV 
light source followed by a narrow-band monochromator 
to select the desired photon energy. The photoemission 
from the cathode under 2.6 kV/m of electric field is 
measured with nanometer. The QE measured in the test 
chamber is typically on the order of 1×10-7 at the desired 
photon energy of 4.91 eV (253 nm). The cathodes with 
the low QE observed in the test chamber are then directly 
installed in the ASTA RF gun. Surprisingly, following 
high-power RF processing all four cathodes in the gun 
have demonstrated an initial QE >4×10-5 under normal 
operation conditions, two orders of magnitude higher than 
in the test chamber. The Schottky effect enhances QE by 
less than an order of magnitude for a copper work 
function between 4.3-4.7 eV. The two orders of 
magnitude of QE enhancement in the RF gun therefore 
cannot be explained by the Schottky effect alone. It is 
noticed that the high-power RF operation boosts QE at the 

ASTA RF gun, as shown in Fig. 3. For a new cathode 
installed in the ASTA RF gun, the initial QE is 3×10-5 for 
the first day of electron beam operation. Then the QE 
increases by 50% after a few days of RF operations. It is 
logical to assume the RF processing conditions the 
cathode by removing surface contamination. In 
combination with the Schottky effect, a much higher QE 
is observed relative to measurements in a test chamber.  

 
Figure 3: QE map for a new cathode in the ASTA RF 
gun: 3×10-5 of peak QE for first day with turn-on electron 
beam (left), 4.5×10-5 for a week later (right).  

IN-SITU LASER-ASSISTED CLEANING 
DEVELOPMENTS IN THE ASTA RF GUN  

Laser-based cleaning techniques have been widely used 
to clean metal photocathodes, such as copper and Mg, for 
more than two decades. A high-intensity laser beam, 
interacting with the metal cathodes, may ablate the 
cathode surface, removing surface contamination and 
possibly changing the cathode reflectivity, thereby 
resulting in a QE increase. However, the laser cleaning 
may change cathode’s QE uniformity, thereby electron 
beam emittance, and also generate unwanted dark current 
or even deteriorate cathode’s crystal quality, if the laser 
cleaning process is too aggressive. 

The laser cleaning was performed for the present LCLS 
cathode in July 2011 [4]. The QE was evolved to 1×10-4 
from 3×10-5 over a few months following the laser 
cleaning. Since then, 1×10-4 of the QE is essentially 
unchanged for three years to date for 24/7 users operation. 
The emittance was recovered to the normal value within 
three weeks following the laser cleaning. Although the 
previous LCLS laser cleaning was successful, two major 
concerns still remain. One concern is the reproducibility 
of the laser cleaning for different spots on the same 
cathodes and different cathodes. The other is the need to 
reduce emittance-recovery time and QE-evolution time 
following the laser cleaning with refinements of laser 
leaning process. These concerns are particularly important 
to deliver reliable and high quality electron beam for a 
high-impact machine for users, like the LCLS, which 
drives further studies at ASTA. 

THP030 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

770C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Electron Bunch Generation and Manipulation



Improvements of Laser Cleaning at the ASTA 
RF Gun  

The laser energy for the previous laser cleaning of the 
current LCLS cathode performed in 2011 was fully 
determined by the vacuum activity in the RF gun [4]. In 
that case, the laser energy was set to a value for each 
round of the laser cleaning in order that about 0.5×10-10 
Torr of the RF gun vacuum rise can be observed. It took 
2-3 rounds of laser cleaning to increase QE to the desired 
value, (3-5)×10-5. For a better laser cleaning process, the 
laser energy should be set to a value with which QE is 
increased but with minimum gun vacuum rise. In this 
case, the copper crystal quality and cathode uniformity 
may not be affected. Ideally any minor surface change by 
the laser cleaning may cause a vacuum change. But in 
practice, observation of the RF gun vacuum rise depends 
on the resolution of the RF gun vacuum gauge and its 
controls, and the distance of the vacuum gauge to the 
cathode. To consider these practical factors, at the ASTA 
we start the laser cleaning with a laser-energy below the 
observable small gun vacuum activity. For example, if a 
small RF gun vacuum activity of 0.5×10-10 Torr is 
observed with 8 μJ of laser energy in about 40 m rms of 
spot size, the actual laser energy for the first round is set 
to 6-7 μJ. Using this technique it was found that the QE 
could be reliably enhanced with only small amounts of 
vacuum activity.  

 
Figure 4: Laser energy and gun vacuum activities for the 
laser cleanings at ASTA. 
 

Laser energy for subsequent rounds is increased in 
small, 0.5-1 μJ step. Typical RF gun vacuum activity and 
laser energy for each round are shown in Fig. 4. The 
vacuum activity during the laser cleaning for each round 
at the ASTA is much less than at the LCLS [4]. The laser 
cleaning raster step size is 30 μm for 40 μm of the 
focused laser size. For three of the four cathodes installed 
in the ASTA gun, about ten 1.2 mm × 1.2 mm areas each 
cathode are processed by the laser cleaning. QE increases 
to (3-5)x10-5 after a few rounds of laser cleaning. The QE 
and emittance evolutions following the laser cleaning are 
consistent and reproducible for different areas and 
cathodes. Table 1 lists the standard laser cleaning 
parameters developed at the ASTA, in comparison to the 

previous laser cleaning recipe for the LCLS cathode. Note 
the required laser energy for the laser cleaning is 
proportional to the laser pulse length. The laser fluence 
for the single laser shot at ASTA is less than at the LCLS. 
The laser shots for the laser cleaning at the ASTA are 
only half the previous cleaning at the LCLS. The 
integrated laser fluence for laser cleaning at the ASTA is 
much less than the previous cleaning at the LCLS. It 
results in a much better QE evolution and quicker 
emittance recovery following the laser cleaning at the 
ASTA than the previous cleaning at the LCLS. 
 

Table 1: Laser Cleaning Parameters at ASTA and LCLS 
 ASTA (LCLS) 
Laser pulse energy ( J)  7-10 (17-20) 
Laser size on cathode ( m) 40 (30) 
Laser scan step size ( m) 30 (30) 
Laser shots on each spot  60 (120) 
Laser pulse length (ps) 1.6 (3) 
Base gun vacuum range with 
RF power off (Torr) 

4-12 10-10

(4-7 10-10) 
Gun vacuum rise during the 
cleaning  (Torr)   

<0.25 10-10

(0.5 10-10) 
Gun power during cleaning RF off 
QE after cleaning   3-5 10-10 (4 10-5) 

 

QE and Emittance Evolution Following the 
Laser Cleaning  

Using the standard laser cleaning process, the QE can 
be reliably increased to (3-5)×10-5 from 10-6- 2×10-5 after 
3-8 rounds of the gentle cleaning. Following the laser 
cleaning, the QE is gradually increased, and eventually 
evolved to >1×10-4 over 2-3 weeks, as illustrated in Fig. 
5, much shorter than a few months for previous LCLS 
cleaning. It shows all five areas A-E cleaned by the 
intensive laser have similar QE evolution over time, while 
the QE of the center area, which is not exposed to the 
laser cleaning, is kept unchanged over the time as 
expected. Note that the five areas A, B, C, D and E are 
cleaned on different dates, on 10th, 18th, 25th, 32nd and 32nd 

respectively, as illustrated in the plot.    
At ASTA, the beam energy is determined by measuring 

the beam rotation angle through the solenoid, and the 
beam size is measured at a YAG screen downstream of 
the solenoid. The measured beam energy is 5.5 MeV, 
with which the space charge dominates the beam. Thus, 
only the intrinsic emittance with very low charge 1-2 pC 
can be measured using the solenoid scan. The measured 
intrinsic emittance for non-cleaned center area at ASTA is 
about 0.7 μm per mm-rms, close to the measured value in 
the LCLS, 0.9 μm per mm-rms. It indicates the emittance 
measurements at ASTA are reliable. Figure 6 shows the 
measured intrinsic emittance before the cleaning, 
immediately after the cleaning, and next day after the 
laser cleaning. For the emittance measurements, laser spot 
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on the cathode is 1 mm in size with about 3 mm offset in 
x-plane from the cathode center. The intrinsic emittance is 
increased immediately following the laser cleaning but in 
the next day the emittance is recovered to the one before 
the cleaning. The High power RF operation helps to 
smoothen out the surface’s non-uniformity thereby 
improving the emittance. The emittance recovery time at 
the ASTA is only 1-2 days, much shorter than 2-3 weeks 
for the previous cleaning at the LCLS. The fewer laser 
cleaning fluence for the ASTA results in a better QE and 
emittance evolution than the previous laser cleaning at the 
LCLS. 

 
Figure 5: QE evolution for the areas with and without 
laser cleaning. Areas A, B, C, D and E are exposed to the 
laser cleaning while the center area is not cleaned by 
intensive laser. 

 
Figure 6: Intrinsic emittance 0.22-μm (x)/0.32-μm  (y) 
before laser cleaning (left), 0.33-μm (x)/0.37-μm (y) 
immediately after laser cleaning (middle), and 0.22-μm 
(x) /0.33 -μm (y) on the second day after laser cleaning 
(right).  
 
Laser Pointing Requirements for the Laser 
Cleaning 

Reasonable good laser pointing stability on the cathode 
is required for the application of laser cleaning technique 
to the cathode cleaning. The focused laser size for the 
laser cleaning of the ASTA cathodes is about 40 μm rms. 
According to the standard laser cleaning procedures, QE 
starts to be increased when the laser energy is increased to 
7 μJ with continuous 60 shots for each location. However, 
for one time the QE was not changed at all, even if the 

laser energy had been increased to 28 μJ with nominal 60 
shots for each location. Eventually QE was increased 
through doubling laser shots for each location. Later, we 
realized the laser pointing stability on the cathode was 
bad during the laser cleaning, about 10 μm rms double the 
normal pointing jitter, as shown in Fig. 7. The bad laser 
pointing causes the failure of the laser cleaning. Melting 
the cathode surface needs certain amount of laser shots. 
Unstable laser pointing significantly reduces the actual 
laser shots for the same location. The laser cleaning 
works again with the nominal laser shots, when the laser 
pointing stability is improved to the normal value. 
According to the observations, laser pointing stability 

x,y/ x,y is required better than 10% to make laser 
cleaning work. This laser pointing requirement can be met 
readily for laser user facilities.    
 

 
Figure 7: Laser pointing stability requirements during the 
laser cleaning. Laser cleaning fails with the bad laser 
pointing. 

Discussion of the Laser Cleaning Process and 
the QE Evolution  

Laser cleaning was thought as pure chemical 
processing to remove surface contaminations, thereby 
reducing work function and increasing the photoemission. 
During the process, the reflectivity was thought 
unchanged. Reducing work function increases the 
intrinsic emittance. Relations of QE to work function w 
and intrinsic emittance x are expressed by the following 
equations [5]: 
                     

effFeff

eff

ee

opt E
hRQE

81

1 2   

 
                                 

23mc
h eff

x

n  

 
with 0037947.0 Eweff , where R is the cathode 

optical reflectivity = 0.43, h  is the photon energy, about 
4.91 eV for 253 nm of wavelength, opt is the photon 
absorption length of 116 angstroms, e-e is electron-
electron mean-free path about 22 angstroms, Ef is the 
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Fermi energy, about 7 eV, eff is the effective work 
function, mc2 is the rest mass energy of electron, E0 is the 
applied RF electric field on the cathode, expressed by 
Epeak sin( ) in units of MV/m, Epeak is gun’s peak 
accelerating gradient, 110 MV/m,  is the gun phase from 
zero-crossing, 15  for intrinsic emittance measurement. 
Substituting these parameters into Eqs. 1 and 2, the 
intrinsic emittance should be changed by about 20% when 
the QE doubles from 6×10-5 to 1.2×10-4. For the LCLS, 
the intrinsic emittance is expected to have been changed 
from 0.9 m/mm-rms to 1.08 m/mm-rms, when the QE 
doubles from   6×10-5 to 1.2×10-4. However, no noticeable 
change of intrinsic emittance is observed at the LCLS, as 
shown in Fig. 8, when the QE is increased by a factor of 2 
following the laser cleaning. The result indicates the laser 
cleaning process may not change the work function. 
Instead, the images of LCLS [4] and ASTA cathodes 
using the white light, as illustrated in Fig. 9, suggest that 
the reflectivity for the laser cleaned areas is decreased 
after the laser cleaning. The two squares subject to the 
laser cleaning have lower reflectivity than other areas 
without laser cleaning. It is believed a change in the 
reflectivity of cathode surface is one of the major factors 
for the observed QE enhancement following the laser 
cleaning.   
 

 
Figure 8: Measured intrinsic emittance with the different 
QE following the laser cleaning at the LCLS. 
 

 

SUMMARY  
 LCLS cathodes have to be exposed to air for the 

installation in the RF gun due to the lack of loadlock 
system.   Experimental studies indicate that the plasma 
cleaning for the cathodes in the test chamber results in a 
very low initial QE in the LCLS RF gun. All four 
cathodes, without the plasma cleaning in the test chamber, 
have reliably demonstrated initial QE>4x10-5 in the 
ASTA gun. Laser cleaning procedures are improved at the 
ASTA, resulting in a better QE and emittance evolution 
than the previous cleaning at the LCLS. Physics of the 
laser cleaning process and its QE evolution is discussed. 
It is believed that the work function is not changed during 
the laser cleaning process and the QE evolution over time. 
The change of cathode surface reflectivity is considered 
as one of factors for the QE enhancement for the laser 
cleaning. A more complete picture of understanding the 
complex laser-cleaning process is under investigation. 
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Figure 9: Image of the copper cathode using the white 
light. Two square areas are processed by the laser 
cleaning.  

Proceedings of FEL2014, Basel, Switzerland THP030

Electron Bunch Generation and Manipulation

ISBN 978-3-95450-133-5

773 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



FURTHER UNDERSTANDING THE LCLS INJECTOR EMITTANCE* 
F. Zhou, K. Bane, Y. Ding, Z. Huang, and H. Loos, SLAC, Menlo Park, CA 94025, USA 

Abstract 
Coherent optical transition radiation (COTR) from the 

laser heater chicane is recently observed at the OTR 
screen used for the injector emittance measurements at 
the Linac Coherent Light Source (LCLS). The injector 
emittance measured at the OTR screen is under-estimated 
by 30% due to the COTR effect. Slice emittance upstream 
of the first LCLS magnetic bunch compressor (BC1) is 
measured, 0.45 m for a central slice beam, using a 
traditional transverse s-band radio frequency deflector. 
Slice x- and y-emittances downstream of the BC1 are 
measured using a recently developed technique. It makes 
use of a collimator in the BC1 center to select a small 
portion of beam as a time-sliced beam. The measured 
projected emittance for the slice beam is considered as the 
slice emittance. With the technique, the measured central 
slice y-emittance is 0.45 m after the BC1, similar to the 
injector emittance before the BC1, but the measured so-
called central slice x-emittance has about 20% of increase 
after the BC1. Further measurements and analyses reveal 
that the parasitic effects, including collimator wakes, 
longitudinal space charge and dispersion due to the 
introduction of the beam collimation, do not impact the 
measured slice x- and y-emittance but coherent 
synchrotron radiation (CSR) deteriorates the projected x-
emittance of the slice beam. The measured projected x-
emittance of a slice beam under the CSR condition cannot 
be considered as a slice x-emittance. The technique is 
capable of reliable measurements of a slice emittance in 
non-bending plane instead of the bending plane, when a 
beam transports through magnetic bunch compressors.  

EMITTANCE AT 135 MEV, PRIOR TO 
THE BC1 

The Linac Coherent Light Source (LCLS), located at 
the SLAC National Accelerator Laboratory, has been 
successfully operated for users for more than five years 
[1]. Accurately characterizing emittance particularly the 
injector emittance is of importance for the x-ray Free 
Electron Laser (FEL) operations. Figure 1 shows the 
major components of the LCLS injector and its first 
magnetic bunch compressor (BC1) [2]. It begins with a 
copper cathode s-band RF gun and two s-band linac 
sections producing an electron beam with energy of 135 
MeV. The 135-MeV beam then passes through a small 
laser heater (LH) chicane, followed by an s-band 
transverse RF deflector for time-resolved beam 
measurements. The 135-MeV beam is measured by the 
emittance station consisting of three optical transition 
radiation (OTR) screens or wire scanners. Then the beam 
is transported into the main linac and accelerated to 240 

MeV through the L1S before entering the BC1. Located 
between these two structures is the x-band RF structure to 
linearize the longitudinal phase space before the bunch 
compression. There are three wire scanners downstream 
of the BC1 for emittance measurements. The quadrupole 
scan is used to measure emittance for a 135 MeV beam 
with one OTR screen or wire-scanner, and for a 220 MeV 
compressed beam after the BC1 with one wire scanner. 
The bunch charge is 150 pC for all emittance 
measurement discussed in the context. 
 

 
Figure1: Schematic layout of the LCLS injector including 
the BC1. The laser heater chicane is located in between 
the L0B and the RF deflector.  

 
Figure 2: Projected emittance with the OTR screen and 
the wire-scanner for the LH chicane on and off at 135 
MeV for 150 pC. 

The LH chicane is to accommodate a short undulator 
for interaction of the laser beam with the electron beam to 
introduce an uncorrelated energy modulation of the 
electron beam to suppress the micro-bunching instability. 
The interaction of the electron beam with the laser beam 
in the LH chicane also induces micro-bunching at the 
laser wavelength and its harmonics, leading to coherent 
optical transition radiation (COTR) effects on the OTR 
screen [3] thereby impacting the accuracy of the 
emittance measurement. Therefore, the laser beam for the 
LH was always turned off but the LH chicane is normally 

 ____________________________________________ 

* The work is supported by U.S. DOE under grant No. DE-AC02-
76SF00515. 
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turned on during routine emittance measurements using 
the OTR screen. However, with the LH chicane-on, we 
recently observed that the integrated charge at the OTR 
screen is still changed by a factor of 2 during the 
quadrupole scan. The micro-bunching from the cathode 
and drive laser could be amplified through the small R56 
(5 mm) of the LH chicane itself. It makes optical 
transition radiation coherently at the OTR screen 
downstream of the chicane. The coherent optical 
transition radiation (COTR) light makes the core of 
electron beam denser thereby resulting in smaller electron 
beam. Turning off the LH chicane the integrated charge at 
the OTR screen is similar for different quadrupole 
strength. Using the wire scanner, the integrated charge for 
different quadrupole strength is similar, for both the LH 
chicane-on and –off. It indicates the wire scanner is not 
subject to the COTR light. Figure 2 shows the emittance 
comparisons for the LH chicane-on and -off using the 
OTR screen and the wire scanner for 150 pC. It shows 
that the emittance using the wire scanner is similar to the 
one using the OTR with the LH chicane-off. The OTR 
emittance with the LH chicane-on is underestimated by 
about 30%. The slice emittance is measured using the 
transverse RF deflector with the OTR screen at 135 MeV, 
prior to the BC1, as shown in Fig. 3. It shows the central 
slice beam emittance is about 0.45 μm for 150 pC with 
the LH chicane-off, and the measured slice emittance is 
underestimated by 30% with the LH chicane-on. 
Presently, the wire scanner replaces the OTR screen for 
emittance measurements at the 135-MeV LCLS injector.     

 
Figure 3: Slice emittance measured at the LCLS injector 
with the LH chicane-on and -off at 135 MeV, using the 
transverse RF deflector. 

SLICE EMITTANCE MEASUREMENTS 
AND ANALYSES FOR THE BC1 

It is crucial to measure and preserve the time-sliced 
beam emittance along the accelerator beamline 
particularly through the magnetic bunch compressors 
(BCs) for x-ray FEL operations. The transverse phase 
space volume of a slice beam may blow up, when an 
electron beam experiences non-linear fields along the 
beamline. Due to the lack of valid diagnostics for the 
time-sliced emittance measurements after the BCs at the 

LCLS, we used to assume that the slice emittance is kept 
unchanged from the injector to the undulator for 
prediction of the LCLS FEL performance. Recently, a 
simple collimation technique is developed to measure the 
time-sliced emittance at the FERMI [4] and the LCLS, 
which provides a possible solution to measure the slice 
emittances through the BCs.  

The schematic layouts of the LCLS BC1 and the 2nd 
magnetic bunch compressor (BC2) are very similar, as 
shown in Fig. 4. The BC1 is used for the following 
descriptions. The electron beam is bent in the x-plane. 
The electron beam is chirped with an off-crest RF phase 
of L1S linac before entering the BC1 chicane. In the BC1, 
the beam is time-horizontal position correlated, when the 
energy-time correlated chirped beam passes through the 
horizontally dispersive region. The nominal chirped beam 
width at the middle of the LCLS BC1 is about 11 mm for 
nominal operation with 150 pC of bunch charge. A 
horizontally-flat collimator is situated in the middle of the 
BC1 chicane to scrape the electrons by changing the 
horizontal collimator gap. Figure 5 (top) shows the full 
chirped-beam image taken at the OTR screen immediately 
after the BC1 collimator. The dispersive beam size at the 
center of the BC1 is 2.3 mm, much larger than the 
betatron beam size of 90 μm. Thus, different width of 
time-sliced beams can be selected using the horizontal 
collimator jaws shown in Fig. 5 (middle and bottom). The 
projected emittance of selected time-sliced beam passing 
through the collimator is measured at 220 MeV, with a 
wire-scanner downstream of the BC1 using a quadrupole 
scan. The measured projected emittance of a small portion 
of the full beam is considered as the slice emittance with 
this technique. 
 

 
 
Figure 4: Schematic layout of the LCLS BC1. The 
collimator is situated in the center of the BC1 chicane and 
the OTR screen is next to the collimator. L1S is the linac 
used to introduce the energy-time correlation for the 
bunch compression.  

Figure 6 shows the measured slice emittances in x- and 
y-plane through the BC1 with the collimation technique. 
The bunch charge before the collimation is 150 pC. The 
central slice beam charge is about 10 pC with 0.5 mm of 
the collimator gap. The measured central slice y-
emittance through the BC1 is about 0.45 m similar to the 
one before the BC1, while the measured so-called slice x-
emittance is increased by about 20%. Similar phenomena 
are observed at the LCLS BC2, although the relatively 
large energy jitter makes the slice measurements jittery 
with the sub-mm collimator gap. This paper focuses on 
the measurements and analyses for the LCLS BC1. The 
following sections are to evaluate the parasitic effects of 
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using the collimation technique and discuss the so-called 
slice x-emittance growth. 
 

 
Figure 5: Example of the measured full chirped beam 
image at the OTR near the BC1 center (top) and sliced 
beams with different length after beam collimation 
(middle and bottom) at the LCLS BC1 with 150 pC.  

 
Figure 6: Time-sliced x- and y-emittances measured 
downstream of the LCLS BC1 at 220 MeV. 

Impact of the X-Band Linearizer 
The x-band linearizer, located upstream of the LCLS 

BC1, is used to linearize the longitudinal phase space of 
the chirped beam.  A local x-bump is usually generated 
around the x-band cavity to reduce the wake effects, 
caused by the misalignments in the x-band structure. 
Figure 7 shows the measured projected and slice x-
emittance as a function of transverse offset in the x-band 
cavity. In the full open state (10 cm of collimator gap), 
the measured emittance is for the full beam - projected 
emittance. For the mm or sub-mm of the collimator gap, a 
small portion of the beam is transported through the 
collimator. Thus the measured projected emittance is for a 
slice beam - slice emittance. The measurements show that 
the slice emittance is very similar for 0 mm, 0.5 mm and 
1 mm of the transverse offsets in the x-band cavity, 
although the projected emittances of the full beams are 
very different with these transverse offsets. It is 
understood that the transverse wake of the x-band cavity 
generates a time-dependent head-tail force, which only 
impacts the projected emittance of the full beam, rather 
than its slice emittance.  

 

 
Figure 7: Measured projected and time-sliced x-emittance 
vs. transverse offset of the x-band linearizer. 

Collimator Wakes 
As discussed in the previous section, the typical full 

chirped beam width at the LCLS BC1 chicane center is 
about 11 mm with 150 pC for nominal operations. To 
evaluate the collimator geometrical wake effects, the 
collimator gap is set to different values, from a few mm to 
sub-mm, for emittance measurements. Figure 8 shows the 
measured emittance with variable collimator gaps. The 
slice x- or y-emittance is similar with different gaps 
below 6 mm. During the emittance measurements, the 
beam optics matching parameters are not changed at all 
for different gaps. It indicates no additional focusing is 
introduced by the collimator wake. For the case of very 
short bunches z<<b (b is the half gap of the collimator), 
valid for our case, the flat collimator wake can be 
predicted with the optical model [5-6]. With the beam 
centered between the collimator jaws, the collimator wake 
induced beam defocusing is estimated with:  

                              
eEb

eNcZ
f /24
1

2
0                         (1) 

where f is the effective optical focal length caused by the 
collimator wake (defocusing is in the plane of the 
collimation), Z0  377 , c is the speed of light, eN is the 
transmitted bunch charge through the collimator, and E is 
the electron beam energy. The focusing depends on 
position within the bunch, with the bunch head 
experiencing no effect and the tail experiencing the wake 
effect described by Eq. 1. With the LCLS BC1 
parameters, beam energy E=220 MeV, the typical 
transmitted charge eN= 10 pC through the minimum gap 
of 0.5 mm (half gap b= 0.25 mm), the focal length created 
by the collimator wake is about 90 m, much larger than 
the few meters of the focal length of the magnetic lattice 
optics. It confirms that the measured beam matching 
parameters are not changed for different collimator gaps. 
The emittance growth in the x- and y-plane due to the 
collimator’s quadrupole wake is approximately expressed 
by:  
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2

,

0,0

, 1
f

yx

nynx

nynx                      (2) 

where nx0,ny0 and nx,ny are the original and final 
emittances respectively, and x,y is the betatron function 
at the collimator. With nominal x,y=7 m, the emittance 
growth caused by the collimator quadrupole wake is <1%. 
Further calculations find that the resistive wall wake 
effect of the collimator is even weaker than the 
collimator’s geometrical wake. The measurement and 
analysis lead to the conclusion that the contribution of the 
collimator wakes to the projected x- and y-emittance of a 
slice beam is negligible. 

 
Figure 8: Measured x- and y-emittance vs. collimator gap. 
Full open means 100 mm of the collimator gap.  

Dispersion Effect 
In practice, <1 cm of the x-dispersion leakage from the 

LCLS BC1 chicane is possible. The dispersion induced x-
emittance growth is estimated by: 

                              
0

2

0 2
1

xx

Ex

x

x                          (3) 

where x is the emittance growth, x0 is the initial un-
normalized emittance, x is the betatron function at the 
emittance measurement station, x is dispersion and E is 
the rms energy spread. For the BC1 collimation 
measurements, only <5% of the full beam is selected for 
one slice beam measurement. Thus, the rms energy spread 
of a slice beam is about 0.05% for 1% of the rms energy 
spread for a full beam. Substituting the parameters into 
the Eq. 3 gives 1% of x-emittance growth for a slice beam 
with the 0.45 μm of the initial normalized slice x-
emittance. 

Longitudinal Space Charge and Coherent 
Synchrotron Radiation Effects 

The longitudinal space charge (LSC) can degrade 
longitudinal phase space and transverse phase spaces in 
both x- and y-plane simultaneously. In the collimation 
scheme, the electron beam is truncated in the dispersion 
region or energy dimension, which makes the collimated 
beam current profile to a flat-top shape but with certain 

slope on both edges. For this change, the LSC effect [7] is 
evaluated. Using the simulated temporal profile, we 
calculated the LSC and the emittance growth with the 
beam collimation and found the effects are negligible. 
The measured well-preserved slice y-emittance from the 
135-MeV injector to the BC1, as stated in the previous 
sections, verifies the LSC is not the cause of the slice x- 
and y-emittance growth.    

Short electron bunches traversing a dipole with bending 
radius  can emit coherent synchrotron radiation (CSR) 
[8-9] at wavelengths longer than the bunch length. Figure 
9 shows the measured projected x- and y-emittance and 
slice y-emittance as function of the L1S phase for 
different bunch compressions. The CSR causes significant 
projected x-emittance growth at -30 , with which the 
beam is near full compression. It also shows that the 
measured central slice y-emittance using the collimator 
technique is similar for different bunch compressions, 
close to 0.45 μm measured at 135 MeV before the BC1. 
0.5 mm of the collimator gap is used for all slice beam 
measurements. The selected slice beam length basically 
matches with FEL process in the undulator. The measured 
projected x-emittance of a collimated slice beam is grown 
by about 20% for the under-compression (-27 ). Similar 
projected x-emittance growth for a slice beam was 
observed in Ref. [4] with the same collimation technique. 
The CSR caused x-emittance growth for a collimated 
slice beam can be estimated with 1D steady-state model:  

                      
2

0
0 '2

1
x

CSR
xnxn

                   (4) 

where xn and xn0 are the final and initial emittances 
respectively,  is the bending angle, 0.1 rad, x0  is the 
original beam divergence, and CSR is the CSR caused rms 
energy spread expressed by:    

                  
3/43/23/4

0

32
532.0

z
CSR

cLZ
E
Q             (5) 

where L is the bend length, 0.2 m, and  is the bending 
radius, 2 m, E is the beam energy at the BC1, 220 MeV, 
Q and z are the bunch charge and bunch length 
respectively after the collimation, Z0 =377 , and c is the 
speed of the light. With 0.5 mm of the collimation, the 
bunch charge Q and bunch length z are about 11 pC and 
5 m rms for under-compression (-27 ). The calculations 
of the CSR for the last bend, applying above parameters 
into Eqs. 4-5, show that the projected x-emittance of the 
slice beam is grown by about 8%. The simulations using 
Elegant code predicts similar emittance growth with 
introducing 0.5 mm of beam collimation. Theoretical 
estimate and simulations verify the observed projected x-
emittance growth for a collimated slice beam due to the 
CSR effect. Further simulations show that, without 
introducing the beam collimation, the time-sliced x-
emittance is not changed for different bunch 
compressions. In the case of without beam collimation, 
the CSR only impacts the head-tail of the electron beam 
(projected emittance of the full beam), and thus the slice 
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emittance is not impacted. We conclude that under the 
CSR condition the measured projected x-emittance of a 
slice beam with the collimation technique cannot be 
considered as a slice x-emittance. 

 
Figure 9: Projected x- and y-emittance and slice y-
emittance for different bunch compressions with 150 pC.    

SUMMARY 
The LCLS injector emittance is under-estimated by 

30% using the OTR screen due to the COTR effects from 
the LH chicane. With the transverse s-band RF deflector, 
the central slice emittance at 135 MeV prior to the BC1 is 
measured, about 0.45 m for 150 pC. Emittances in the x- 
and y-plane for a slice beam through the BC1 are 
measured using a collimator located in the BC1 chicane 
center. With the collimation technique, the measured 
projected emittance for a slice beam is considered as the 
slice emittance. The measured so–called central slice x-
emittance is increased by about 20% through the BC1, 
while the measured central slice y-emittance is about 0.45 

m similar to the one before the BC1. The further 
measurements and analyses reveal that the parasitic 
effects, including collimator wakes, longitudinal space 
charge and dispersion due to the introduction of the beam 
collimation, do not impact the measured projected x- and 
y-emittance of a slice beam but CSR effect deteriorates 
the projected x-emittance of the slice beam. Under the 
CSR condition, the measured projected x-emittance of a 
slice beam cannot be considered as a slice x-emittance. 
The technique is capable of reliable measurements of a 
slice emittance in non-bending plane instead of the 
bending plane, when a beam transports through magnetic 
bunch compressors. 
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EFFECTS OF POTENTIAL ENERGY SPREAD ON PARTICLE

DYNAMICS IN MAGNETIC BENDING SYSTEMS
∗

R. Li , Jefferson Lab, Newport News, VA 23606, USA

Abstract

Understanding CSR effects for the generation and trans-

port of high brightness electron beams is crucial for designs

of modern FELs. Most studies of CSR effects focus on the

impacts of the longitudinal CSR wakefield. In this study,

we investigate the impact of the initial retarded potential

energy of particles, due to bunch collective interaction, on

the transverse dynamics of particles on a curved orbit. It is

shown that as part of the remnants of the CSR cancellation

effect when both the longitudinal and transverse CSR forces

are taken into account, this initial potential energy at the

entrance of a bending system acts as a pseudo kinetic en-

ergy, or pseudo energy in short, because its effect on particle

optics through dispersion and momentum compaction is in-

distinguishable from effect of the usual kinetic energy offset

from the design energy. Our estimation indicates that the

resulting effect of pseudo energy spread can be measurable

only when the peak current of the bunch is high enough such

that the slice pseudo energy spread is appreciable compared

to the slice kinetic energy spread. The implication of this

study on simulations and experiments of CSR effects will

be discussed.

INTRODUCTION

When a high brightness electron beam is transported

through a curved orbit in a bending system, the particle

dynamics is perturbed by the coherent synchrotron radiation

(CSR) forces, or the collective Lorentz force as a result of

the Lienard-Wiechert fields generated by particles in the

bunch. The longitudinal CSR interaction takes place when

the fields generated by source particles at bunch tail over-

take the motion of the test particles [1] at bunch head and

cause changes of kinetic energy for the head particles. For

parameters currently used in most machine designs and op-

erations, the approximation of the longitudinal CSR force

by that calculated using 1D rigid-line bunch model [2] often

gives good description of the observed CSR effects [3].

In addition to the longitudinal CSR force, the transverse

CSR force [4] can directly perturb transverse particle dy-

namics. This force features energy independence and, due to

divergent contribution from nearby-particle interaction, has

strong nonlinear dependence on the transverse (and longitu-

dinal) positions of particles inside the bunch. Meanwhile,

the potential energy change, as a result of both longitudinal

and radial CSR or Coulomb forces, can cause change of

kinetic energy of the particles and impact transverse particle

dynamics via dispersion. The joint effects of both the trans-

verse CSR force and the kinetic energy change on bunch

∗ Work supported by Jefferson Science Associates, LLC under U.S. DOE

Contract No. DE-AC05-06OR23177.

transverse dynamics have been analyzed earlier [5–7], and

it is found that their harmful effects related to the potent

feature of strong transverse dependence are cancelled. After

the cancellation, the transverse dynamics of particles is per-

turbed by the remaining driving factors such as the effective

longitudinal CSR force and the centrifugal force related to

particles’ initial potential energy.

In this study, we present the role of potential energy in

the particle transverse dynamics after the cancellation effect

is taken into account. We will show that the initial slice

potential energy spread of a bunch, which we call pseudo

slice energy spread, is indistinguishable from the usual slice

kinetic energy spread in its perturbation to the transverse par-

ticle optics via both dispersion and momentum compaction.

This effect is measurable only when the peak current of

the bunch is high enough such that the pseudo slice energy

spread is appreciable compared to the slice kinetic energy

spread. The implication of this study on simulations and

experiments of CSR effects will be discussed.

.

ROLE OF POTENTIAL ENERGY IN

BUNCH TRANSVERSE DYNAMICS

In this section the CSR cancellation effect is briefly re-

viewed. We show how a centrifugal force term, which is

related to the initial potential energy of particles, emerges

as one of the remnant of the cancellation. We also discuss

the role of initial potential energy in transverse particle dy-

namics.

Consider an ultrarelativistic electron bunch moving on

a circular orbit with design radius R and design energy

E0 = γ0mc
2. Let x = r − R be the radial offset of par-

ticles from the design orbit. The single particle optics is

determined by the configuration of the external magnetic

fields, while for a bunch with high peak current, this design

optics will be perturbed by the Lorentz force F
col result-

ing from the collective electromagnetic interaction amongst

particles within the bunch. For transverse dynamics, such

perturbation is expressed in terms of the first order equation

d
2
x

c2dt2
+

x

R2
=

∆E

RE0

+
F

col
x

E0

, (1)

with F
col
x being the radial component of the collective

Lorentz force F
col
= F

col
s es + F

col
x er , and ∆E = E − E0

being the deviation of the kinetic energy from the design

energy. The existence and effect of transverse CSR force

F
col
x were first pointed out by Talman [4] when he analyzed

F
col
x for space charge interaction of a bunch on a circular

orbit using Lienard-Wiechert fields. His study shows that
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as a result of logarithmic divergence of nearby-particle in-

teraction, this force is dominated by a term with the potent

undesirable feature of strong nonlinear dependence over par-

ticles’ transverse position within the bunch. Besides its role

in the second driving term on the RHS of Eq. (1), the CSR

force also causes change of particle’s kinetic energy

∆E(t) = ∆E (t = 0) +

∫ t

0

F
col
· vdt

′, (2)

which impacts the beam optics via dispersion as depicted

by the first driving term in Eq. (1). As an example, the case

of zero bunch charge corresponds to F
col
x = F

col
s = 0 and

∆E = E(0) − E0, when Eqs. (1) and (2) are reduced to equa-

tions for single particle dynamics. For the case of 1D CSR

model as used in ELEGANT simulation, one has (1) F
col
x = 0

and (2) F
col
s in Eq. (2) is obtained for a 1D bunch moving

along the design orbit with its line-charge density distribu-

tion obtained by projecting the actual 3D bunch distribution

(at the time of force calculation) onto the design orbit, with

the assumption that this 1D projected distribution has been

frozen as it is for all retarded times. In general, however, the

kinetic energy can be changed by the usual longitudinal CSR

force acting on the bunch as well as by the potential energy

change caused by various ways of particle-bunch interac-

tion. Examples of such particle-bunch interaction include

(1) betatron motion in the potential well set by the radial

CSR force for a coasting beam [8], (2) noninertial space

charge force related to the radiative part of the longitudinal

Lienard-Wiechert electrical field experienced by off-axis

particles interacting with a line bunch on a circular orbit [9],

(3) longitudinal space-charge interaction for a converging

bunch on a straight section right before the bunch entering

into the last dipole of a bunch compression chicane [10]. In

all these examples, the collective-interaction-induced poten-

tial energy eΦcol shares the same feature of strong nonlinear

dependence of particles’ transverse position as that shown

in the Talman’s force.

The relation between the two driving terms in Eq. (1)

becomes clear when both F
col
x and ∆E for the test particle

are written in terms of retarded potentials [5]. The Taman’s

force is written as

F
col
x = F

eff
x + F

CSCF, (3)

with the centrifugal space charge force F
CSCF term and the

effective tranverse force F
eff
x term defined respectively as

F
CSCF

=

eβs A
col
s

r
, (4)

F
eff
x = −e

(

∂Φcol

∂x
− β ·

∂Acol

∂x

)

− e
dA

col
x

cdt
. (5)

Meanwhile the change of kinetic energy for the test particle

is

∆E(t) = ∆E(0) − e[Φcol(t) − Φcol(0)] +

∫ t

0

F
eff
v (t′) cdt

′,

(6)

with the longitudinal effective force term F
eff
v defined as

F
eff
v = e

(

∂Φcol

c∂t
− β ·

∂Acol

c∂t

)

. (7)

For a bunch with phase space density distribution f (r,v, t),
the retarded potentials (Φcol,Acol) in the above expression

are given by

Φcol(r, t) = e

∫

f (r′,v′, t′)

|r − r′ |
dr

′
dv

′,

A
col(r, t) = e

∫

v
′

f (r′,v′, t′)

|r − r′ |
dr

′
dv

′ (8)

for t
′
= t − |r − r

′
|/c, and with Ne electrons in the bunch,

∫

f (r,v, t)drdv = Ne . (9)

The advantage of Eqs. (3)-(7) is that the potent term in F
col
x

of Eqs. (1) and (3), contributed from the divergent local

interactions, is now cleanly represented by the centrifugal

space charge force F
CSCF in Eq. (4), leaving the remaining

effective radial force F
eff
x free from the energy-independent

local divergence of the order of F
CSCF. Similarly, all the

local-interaction contributions to ∆E(t) are summarized by

−e[Φcol(t) − Φcol(0)] in Eq. (6), leaving the remaining con-

tributions from the effective longitudinal force F
eff
v also free

from the energy-independent local divergence. Substitut-

ing Eqs. (3) and (6) into Eq. (1), one obtains the transverse

dynamical equation

d
2
x

c2dt2
+

x

R2
=

δE (0)

R
+ Ĝ

cor (10)

with δE (0) the relative total energy deviation from design

energy

δE (0) =
E (0) − E0

E0

, for E (0) = E(0) + Eφ (0) (11)

with

Eφ (0) = eΦcol(0), (12)

and Ĝ
cor contains all the terms related to the interaction

Lagrangian [7] that has negligible energy-independent local-

interaction contributions

Ĝ
cor
=

1

E0

(

1

R

∫ t

0

F
eff
v (t′)dt

′ + F
eff
x

)

+ Gres (13)

with the residual of cancellation

Gres = −e
Φcol(t) − βs A

col
s (t)

RE0

≃ −

e
2

R

∫

γ−2
0

+ θ2/2

|r − r′ |
f (r′,v′, t′)dr

′
dv

′, (14)

for θ = [s(t) − s
′(t′)]/R being the angular distance be-

tween the test particle at the observation time and the source

particle at retarded time. As we can see, the terms with
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potent local-divergence contributions in both F
col
r /E0 and in

∆E/(RE0) of Eq. (1) are collected in Gres in Eq. (14). More-

over, since θ → 0 when r
′
→ r, the local divergence of

the two terms cancels, leaving the residual with no energy-

independent contributions from local interaction for any

bunch distribution, as indicated by Eq. (14) [7, 11, 12].

Unlike the usual longitudinal CSR force, which is the re-

sult of EM field generated by tail of the bunch overtaking the

head of the bunch [1], analyses of the radial CSR force based

on Lienard-Wiechert fields show [11,13] that F
col
x is domi-

nated by contributions from head-tail interaction that has a

sudden turn-on behavior as the bunch moves from straight

section onto a circular orbit. It can be shown the dominant

head-tail contributions in F
col
x are all included in F

CSCF of

Eq. (4), and it turns on suddenly when the bunch moves from

straight section r → ∞ to r = R. Likewise the head-tail con-

tributions are equally important for −eΦcol(t) term in ∆E of

Eq. (6). Since the perturbation of ∆E on optics in Eq. (1) is

via the driving term ∆E/(E0R) in Eq. (1), its effect on the

transverse dynamics also has a sudden turn-on behavior as

the bunch enters from straight section (R→ ∞) to a circular

arc (R finite). Consequently the two terms involved in the

cancellation in Eq. (14) share common behavior and the

residual of the cancellation is orders of magnitude smaller

than each of the two terms [12].

As the two potent terms −eΦcol(t)/(RE0) and

eβs A
col
s (t)/(RE0)—contained in the first and second

driving terms of Eq. (1) respectively—are cancelled,

a centrifugal force term eΦcol(0)/RE0 emerges as the

remnant of the cancellation. The effect of this term on

particle dynamics is the focus of this paper. One important

observation [11, 13] is that similar to features of the

centrifugal space charge force, eΦcol(0) in Eq. (11) also

contains contribution from the head-tail particle interaction

with local divergence, and its effect on the transverse

dynamics has the sudden turn-on behavior which is not

cancelled away. On the other hand, it was noted [6, 12]

that since δH (0) in Eq. (10) acts as the initial relative

energy offset, so unlike the eΦcol(t) term, here eΦcol(0) in

Eq. (11) does not cause emittance growth when the bunch is

transported through an achromatic bending system such as

a magnetic bunch compression chicane.

Another residual term left from the cancellation is Ĝ
cor

in Eq. (10). It is dominated by effects from the longitudi-

nal tail-head CSR interaction, for which 1D CSR model is

usually a good approximation. Exceptional situations occur

when the Derbenev’s criteria [5] for the validity of 1D CSR

model is violated. Such situations include CSR interaction

during roll-over compression [14] and cases of CSR-induced

microbunching instability when either the modulation wave-

length is very short or the bunch transverse size is very large.

The correct evaluation of retarded potentials/fields in such

situations requires extra care in identifying the source parti-

cles by finding the intersection of the past light cone of test

particles with the 2D/3D bunch distribution in the history

of bunch motion [14].

Let (∆xc ,∆x
′

c ,∆zc ,∆δc ) be the phase space perturbation

generated by Ĝ
cor in Eq. (10). Then after combining Eq. (10)

(for s ≃ ct ) with dz/ds = −x/R(s), one finds that the initial

kinetic energy offset and potential energy of a particle at

the entrance of a bending system always work together, as

the joint entity δE0, in causing transverse and longitudinal

chromatic effects for single particle optics, namely,








x

x
′

z

δH








=








R11 R12 0 R16

R21 R22 0 R26

R51 R52 1 R56

0 0 0 1















x0

x
′

0

z0

δH0








+








∆xc

∆x
′

c

∆zc

∆δc








,

(15)

for

δE0 = δk0 + δφ0, (16)

with δk0 = (E(0) − E0)/E0 the usual relative kinetic energy

offset, and δφ0 = Eφ0/E0. The significance of the impact

of δφ0 on beam dynamics depends on the comparison of

the initial potential energy spread with the initial kinetic en-

ergy spread. The discussion of Lorentz gauge as the natural

choice of gauge for exhibiting the CSR cancellation effect

can be found in Ref. [7].

THE SLICE TOTAL ENERGY SPREAD

FOR A GAUSSIAN BUNCH

As a simplest example, we consider the impact of Eφ on

the slice spread of total energy for an electron bunch with

an idealistic cylindrically symmetric 3D Gaussian density

distribution

P(r, z) =
1

(2π)3/2σ2
rσz

exp

(

−

r
2

2σ2
r

−

z
2

2σ2
z

)

. (17)

The bunch arrives at the entrance of a bending system at t = 0

(we drop t dependence in the following discussion) after

moving ultrarelativistically on a straight path with vs = βc
and vx = vy = 0. Here we have σx = σy = σr and

r
2
= x

2 + y
2. The probability distribution of particles over

the total energy offset ∆E = ∆E + Eφ , with ∆E,Eφ and ∆E

being random variables, is

PE (∆E) =

∫

PE (∆E − Eφ )PEφ
(Eφ )dEφ , (18)

where we assume a Gaussian distribution for the kinetic

energy

PE (∆E) =
1

√

2πσE

exp



−
(∆E)2

2σ2
E



 . (19)

In this section we summarize how the distribution of total

energy PE (∆E), for the central slice (z = 0) of the bunch,

deviates from the usual kinetic energy distribution PE (∆E)

as a result of the potential energy distribution PEφ
(Eφ ) of

the particles. We note that PE (∆E) = PE (E) when the

potential energy vanishes, i.e., PEφ
(Eφ ) = δ(Eφ ).

The potential energy distribution PEφ
(Eφ ) can be

uniquely determined from the probability distribution of
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particles in the bunch P(r, t) and the dependence of po-

tential energy on the particle spatial distribution Eφ (r, t).
For our example of cylindrical Gaussian distribution, with

(r̃ , z̃) = (r/σr , z/σz ) and w = r̃
2, the probability for parti-

cles to lie between w and w + dw for the central z = 0 slice

is deduced from Eq. (17)

Pw (w) = e
−w/2/2, with

∫

∞

0

Pw (w)dw = 1. (20)

The potential energy of a test particle at (x, t)

Eφ (x, t) = e

∫

ρ(xr , t − |x − xr |/c)

|x − xr |
d

3
xr (21)

can be obtained [15] by applying Lorentz transformation

on the scalar potential from the bunch comoving frame to

the lab frame. For our example, with α = (σr/γσz )2, this

yields

Eφ (r, z) = Eφ0 f (r̃ , z̃), with Eφ0 = mc
2
Ip/IA (22)

for the peak current Ip = Neec/(
√

2πσz ) and Alfven current

IA = e/(rec) = 17 kA, and

f (r̃ , z̃) =

∫

∞

0

dτ

(1 + τ)
√

1 + ατ
exp

(

−

r̃
2

2(1 + τ)
−

z̃
2

2(1 + ατ)

)

.

(23)

The dependence of the form function f ( x̃, ỹ, z̃) is shown in

Fig. 1.

For the central slice at z = 0, we have from Eq. (22)

Eφ (r,0) = Eφ0 U (w) (24)

for the normalized potential energy

U (w) =

∫

∞

0

dτ

(1 + τ)
√

1 + ατ
exp

(

−

w

2(1 + τ)

)

. (25)

Combining U (w) with Pw (w) in Eq. (20), one gets the prob-

ability for the value of potential energy of a particle to reside

between Eφ and Eφ + dEφ

PEφ
(Eφ ) dEφ = PU (U)dU = Pw (w)dw (26)

or

PU (w) ≡ PEφ (Eφ )Eφ0 =
Pw (w)

|dU (w)/dw |
. (27)

The semi-analytical results of probability distribution PU

on U is then obtained from the parametric dependence of

(U (w),PU (w)) on w [15], as shown in Fig. 2, which au-

tomatically satisfies
∫

PU (U)dU = 1. The probability of

distribution for the total energy of particles in Eq. (18) then

becomes

PE (∆E) =

∫

PE (∆E − Eφ0U)PU (U)dU. (28)

For the example in Fig. 1, the average and rms of particle

distribution over U are respectively < U >= 15.0 and σU =

Figure 1: Behavior of f ( x̃, ỹ, z̃) in Eq. (23) for a cylindrical

bunch over (a) the x̃ = 0 plane and (b) the z̃ = 0 plane for

α = 5.7 × 10−7 .

0.51. An estimation of the rms spread of the total energy

resulted from Eq. (18) is given by

σE ≃

√

σ2
E

+ (Eφ0σU )2. (29)

This relation shows that the rms of the total energy can be

appreciably larger than that of the kinetic slice energy spread

when

ξ ≡
Eφ0σU

σE

≥ 1 (30)

implying simutaneously both high peak current Ip and small

kinetic energy spread σE .

To quantitatively compare the slice potential energy

spread with the usual slice kinetic energy spread, and in

particular, to compute the slice spread of the total energy,

here we use the following parameters for the bunch [16, 17]

E0 = 135MeV, σz = 750µm, ǫnx,y = 1µm, βx,y = 6 m,
(31)

which corresponds to α = 5.7 × 10−7. We further choose

Ip = 120 A and thus Eφ0 = 3.6 keV. Substituting the semi-

analytical results PU (U) as shown in Fig. 2 into Eq. (28), one

gets the distribution of total energy spread PE (∆E) for cases
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< U >

12 13 14 15 16
0.0

0.2

0.4

0.6

0.8

1.0

U

P
U

PU HUL

Figure 2: Probability distribution PU (U) for the central slice

of a cylindrical Gaussian bunch with α = 5.7 × 10−7.

when the slice kinetic energy spread takes (1) the typical

value σE = 3 keV [18] when ξ = 0.6 and (2) σE = 1

keV when ξ = 1.8. The final results are shown in Fig. 3.

It confirms our expectation that when ξ ≤ 1 the potential

energy has negligible effect on the slice total energy spread

σE , as displayed by Fig. 3a, yet when ξ ≥ 1 the potential

energy spread can cause appreciable widening of the total

energy spread, as indicated by Fig. 3b in which the red

curve for PE (∆E) is much wider than the green curve for

PE (E). Numerical evaluation using PE (∆E) of Eq. (28)

yieldsσE = 2.09 keV for Fig. 3b, which agrees well with the

estimation by Eq. (29) for σE = 1 keV. The semi-analytical

results of PE (∆E), shown by the red curves in Fig. 3, are

also in good agreement with results from the Monte Carlo

approach presented by the red dots in Fig. 3. Here for the

Monte Carlo approach we populate N = 104 particles with

random Gaussian distributions in both the 2D configuration

space (in the z = 0 plane) and in the kinetic energy offset

∆E. One then evaluates the total energy ∆E i = ∆E
i + E

i
φ

of the i-th (i = 1,N ) particle by using E
i
φ

in Eq. (22), and

further obtain the histogram of particle distribution in ∆E.

DISCUSSIONS

In this paper, after a brief review of the cancellation effect

in the CSR-induced perturbation on bunch transverse dynam-

ics for an ultrarelativistic electron bunch moving through

a magnetic bending system, it is shown how, after cancel-

lation, the effective CSR forces and the potential-energy

related centrifugal force emerge as the net driving factors for

particle transverse dynamics. The behavior of longitudinal

effective CSR force for an energy-chirped Gaussian bunch

has been studied earlier [14], and in this presentation we

summarized that role and behavior of the initial potential

energy term. The main conclusion is that the initial poten-

tial energy always works together with the initial kinetic

energy in perturbing the particle transverse dynamics, and

for the example of a Gaussian bunch, we find that the poten-

tial energy effect is important only when the peak current

of the bunch is high and the slice kinetic energy spread is

small, i. e., ξ ≥ 1. Note that ξ in Eq. (30) should remain

-15 -10 -5 0 5 10 15

0.00

0.02

0.04

0.06

0.08
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0.14

E HkeV L

P
E

HaL ΣE k=3 keV

-15 -10 -5 0 5 10 15

0.0

0.1

0.2

0.3

0.4

E HkeV L

P
E

HbL ΣE k=1 keV

Figure 3: PE (∆E) for z = 0 slice of a cylindrical Gaus-

sian bunch with Eφ0 = 3.6 keV, α = 5.7 × 10−7 for (a)

σE = 3keV and (b) σE = 1 keV. Green line: Gaussian

distribution for kinetic energy PE (E); Brown line: semi-

analytical results for distribution of total energy PE (∆E);

Solid black line: Gaussian distribution using the estimated

rms in Eq. (29); Red dots: Monte Carlo results of PE (∆E).

approximately a constant when the bunch gets compressed

by a magnetic chicane with compression factor C, since both

Eφ0 in Eq. (22) and the slice kinetic energy spread σE are

increased by C. The potential energy spread for a general 3D

bunch distribution requires careful numerical calculations.

For beam and machine parameters used in present de-

signs, the 1D CSR model adopted by ELEGANT simula-

tion often gives results in good agreement with measured

CSR effects [3]. From the point of view of cancellation

effect in CSR, the explanation of such success resides in the

fact that in the 1D model both parts of the cancellation—

the radial CSR force F
col
r and the potential energy change

−e[Φcol(t) − Φcol(0)]/R—-are set to be zero, and only the

impact resulted from the dominant longitudinal CSR force

F
eff
v is being kept. The 2D/3D CSR effects are expected

to show up in experiments for the unusual cases when the

bunch distribution in x-z plane does not satisfy the Derbenev

criteria σx/(σ
2
z R)1/3

≪ 1, thence the behavior of F
eff
v will

deviate [14] from that for a 1D rigid-line bunch, and when the

bunch parameters are such that Eq. (30) is satisfied, thence

the effect ot potential energy will appear as enlargement of

the measured slice energy spread or lengthening of bunch
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length for a bunch at maximum compression as compared

to results from the 1D CSR model.

Correct modeling of the cancellation effect poses signifi-

cant challenge for 2D/3D CSR simulations, since it requires

the two parts involved in the cancellation, −e[Φcol(t) −

Φcol(0)]/R and the radial CSR force F
col
r , be calculated with

the same accuracy. Because e[Φcol(t) − Φcol(0)] is an inte-

grated effect of longitudinal and transverse CSR force on the

circular orbit or Coulomb forces on a straight path, the can-

cellation effect can be taken care automatically only when

both the CSR and space charge interaction are fully taken into

account and the dynamics are advanced self-consistently. In

addition, all the potential terms Φcol(t), Φcol(0) and A
col
s (t)

have sensitive dependence on the 3D bunch density distribu-

tion, as shown in Fig. 1. Without adequate care, incomplete

modeling could result in partial or none cancellation and

cause artificial errors. More detailed discussions can be

found in Ref. [15].
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MECHANICAL DESIGN FOR A CORRUGATED PLATE DECHIRPER
SYSTEM FOR LCLS

M. Harrison∗, P. Frigola, D.W. Martin, A. Murokh,
M. Ruelas, RadiaBeam Systems, Santa Monica, California, USA

Z. Huang, R. Iverson, T. J. Maxwell, Z. Zhang, SLAC, Menlo Park, California, USA

Abstract
RadiaBeam Systems is developing a novel passive chirp re-

moval system using corrugated plates as studied by Bane and
Stupakov [1]. Following on from low-energy experiments at
BNL-ATF [2], RBS will install a much larger and powerful
system for removing the chirp from the 3GeV beams in the
LTU section at LCLS. The larger plates will present new
challenges in the areas of manufacturing and mechanical
control. In this paper we review the requirements for the
dimensions of the corrugated plates for proper operation and
the infrastructure necessary for precisely placing the plates
so as not to adversely disrupt the beam.

INTRODUCTION
Following the successful proof-of-concept dechirper ex-

periment at Brookhaven National Laboratory [2], Radia-
Beam Systems presents here plans for a scaled-up corru-
gated plate dechirper system for use in the 3GeV Linac-To-
Undulator (LTU) section at Linac Coherent Light Source
(LCLS). The system will be designed to completely remove
the residual chirp left over from the earlier compression sec-
tions. Prior beamlines required up to hundreds of meters of
accelerating cavities running off-crest in order to lower the
energy spread of the beam bunch enough for use in undu-
lator light sources. The system described in this study will
completely remove the chirp from the LCLS beamline with
only two two-meter sections

CORRUGATED PLATES
The wakefield of a single electron is approximated by

W (z) =
(
π2

16

)
Z0c
πa2 cos

(
2πz
λ

)
, (1)

where Z0 is the impedance of free space (377 Ω), c is the
speed of light, and z is the bunch longitudinal coordinate.
The wavelength of the wakefield, λ, given by

λ = 2π

√
aδg

p
. (2)

The rest of the dimensions (a, δ, g, and p) refer to dimensions
of the corrugations, detailed in Table 1 and Fig. 1.
The total wakefield of the bunch forms a linear region

over the bunch. The slope of this region determines the
dechirping strength, h, is given by

h =
(
π2

16

)
Z0cQL
πa2l

, (3)

∗ harrison@radiabeam.com

Figure 1: Dimensions of corrugated plates. See Table 1.

Table 1: Corrugated Plate Dimensions

Length L 4.0 m
Width 12.7 mm
Period p 0.51 mm
Depth δ 0.51 mm
Gap g 0.25 mm
Plate separation a 1–30 mm
Material Aluminum

where Q is the bunch charge, L is the length of the dechirper,
and l is the bunch length. More accurate simulations of
the wakefield ([3, 4]) show this to be an overestimation by
factor of about 1.5, but Equation 3 serves to motivate the
dimensions of the corrugated plates.

From Equation 3, the most important dimension in the cor-
rugated plate dechirper is the gap between the plates and the
total length. Dechirping power scales proportionally with
L and 1/a2. Balancing beamline space and the minimum
size of the beam determines the overall size constraints. The
other dimensions—period, depth, and gap—are only con-
strained by the wakefield equations to being much smaller
than a [1]. Specifically,

δ,p � a h ≥ 0.8p t = p/2. (4)

For the LCLS dechirper, a total length of four meters (split
into two equal length sections) was chosen to have a design
gap (2a) of 1.4 mm [3]. A two-section dechirper also allows
for cancellation of unwanted transverse quadrupole effects
(to be discussed in the Other Considerations section.

The material of the corrugated plates was chosen to be
aluminum because of its light weight and easy machinability.
As long as the fundamental mode of the wakefield is dom-
inant, the conductivity of the metal is unimportant [5]. To
ease manufacturing and installation, the corrugated plates
will bemade in several sections each 0.5meters long. Numer-
ous simulations have been run to determine the tolerances
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on manufacturing and they are within range of convention
CNC machines with end mills and slit saws [6].

IN-VACUUM ASSEMBLY

Figure 2: Drawing of the in-vacuum dechirper system.

The machined corrugated plates will be attached to
2meter long aluminum rails which will also serve to keep
the plates aligned with each other and the beamline (see
Fig. 2). The plates will be held with clips to facilitate in-
stallation and replacement in case of damage to one plate.
The rail will be attached to support shafts by means of at-
tachment plates that will be slightly flexible to allow for
the adjustment of the parallelism of the plates. The entire
system will be housed in 6 inch (150mm) diameter vacuum
nipples. The support shafts are attached to flanges mounted
on edge-welded bellows for motion feedthrough.

MOTION

Figure 3: Drawing of dechirper system showing the vacuum
chamber than will contain the corrugated plates, stepper
motors, and bellows.

The edge-welded bellows are actuated by by NEMA 23
stepper motors, two per rail. The stepper motor nearest the
vacuum chamber (middle of Fig. 3) controls the separation
of the plate, while the far motor (right of Fig. 3) adjusts the
parallelism of the plates. The stepper motors will act through
a gear-reducer to lessen the torque required, reduce the linear
travel per step, and provide a natural brake in case of power
or motor failure. Position feedback will be provided by

Daytronic DS2000LC LVDTs, two per rail, with an accuracy
of 50 µm. An Aerotech Epaq MR motion controller will
control the actuation of two of these dechirper systems. Two
cameras mounted on viewports at either end of the vacuum
chamber will provide visual assessments of the separation
and alignment of the corrugated plates.

OTHER CONSIDERATIONS
One of the consequences of using flat plates instead of

the cylindrical geometry as originally proposed in Bane and
Stupakov’s paper [1] is that additional transverse wakefield
components will be generated by the passing beamwith mag-
nitude that scales as 1/a4 [3]. Dipole wakefields, which have
a similar effect to transverse deflecting cavities, arise due to
the beam being off-center between the plates. This can be
mitigated through careful positioning and alignment of the
plates during installation and with the motors. Quadrupole
wakefields can be greatly reduced in magnitude by operating
two dechirpers, one with horizontal actuation (vertically-
oriented corrugated plates) as in Figs. 3 and 2, and one with
vertical actuation (horizontally-oriented plates). This ar-
rangement is similar to a FODO arrangement of quadrupole
magnets and minimizes the effect of the induced quadrupole
wakefield.

The beam to be used in the commissioning of the new
dechirper system at LCLS is described in Table 2.

Table 2: LCLS Beam Parameters

Beam energy 6.6 GeV
Beam charge 250 pC
Peak current 1.2 kA
Rep rate 120 Hz

In case of beam loss that hits the dechirper plates, the up-
stream sides of the dechirper rails will be fitted with shields
of tungsten or lead.

While an active cooling system will not be necessary for
the LCLS system, it will almost certainly be necessary for
high-power CW systems like the planned LCLSII. Radia-
Beam is studying methods of actively cooling the dechirper
plates as they may have to dissipate kilowatts of power.

CONCLUSION
RadiaBeam Systems plans to install this dechirping sys-

tem at LCLS in August 2015. There, it will undergo a battery
of tests to determine its dechirping efficacy as well as its
transverse effects on the beams transverse profile, motion,
and emittance.
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FURTHER ANALYSIS OF CORRUGATED PLATE DECHIRPER
EXPERIMENT AT BNL-ATF

M. Harrison∗, G. Andonian, P. Frigola, M. Ruelas, A. Murokh,
A. V. Smirnov, RadiaBeam Systems, Santa Monica, California, USA

M. Fedurin, BNL, Upton, Long Island, New York, USA

Abstract
RadiaBeam Systems successfully completed testing

of a proof-of-concept corrugated plate dechirper at the

Brookhaven National Laboratory Accelerator Test Facil-

ity. [1] Such passive devices should prove indispensable

for the efficient operation of future XFEL facilities. These

experiments demonstrated a narrowing of the energy spec-

trum in chirped beam bunches at 57.6 MeV. In this paper, we

compare these results with results from Elegant simulations

of the BNL-ATF beam. We also compare GdfidL simula-

tions of the wakefield with the analytic results of Bane and

Stupakov. [2]

GdfidL WAKEFIELD SIMULATION
The analytic equation for the wakefield [2] used to deter-

mine the dimensions of the corrugated plates is given by

convolving the bunch charge density with the single electron

wakefield:

W (z) =
π2

16

Z0c
πa2

cos
(
2πz
λ

)
, (1)

where Z0 is the impedance of free space (377 Ω), c is the
speed of light, z is the bunch longitudinal coordinate, λ is
the wavelength of the wakefield given by

λ = 2π

√
aδg

p
. (2)

The other variables describe the dimensions of the corru-

gated plates and are listed in Table 1.

To check the accuracy of the analytic equations used in

designing the plates, a numerical simulation of the wakefield

was run using the program GdfidL. A 500-pC, 1-ps beam

bunch with Gaussian longitudinal profile was simulated pass-

ing through the corrugated structure defined in Table 1 and

the resulting wakefield calculated. A comparison between

these two calculations is seen in Fig. 1. The GdfidL simu-

lation reports a wakefield about 64% the magnitude of the

analytic equations inside the electron bunch. This factor will

be used in simulating the effect of the bunch’s wakefield as

it passes through the corrugated structure. Note that this fac-

tor matches field-matching simulations performed by SLAC

with F
(
h
a = 1,

p
a = 1

)
. [3]

ELEGANT SIMULATION
Using the beam simulation software package Elegant, a

bunch was propagated through ATF’s beamline to the cham-

ber housing the dechirper. Bane and Stupakov’s analytic

∗ harrison@radiabeam.com

Figure 1: Comparison of the wakefield given by the analytic

equations [2] and GdfidL simulations. The bunch charge

density is also plotted for longitudinal position reference.

expression of the wakefield with the correction factor deter-

mined by the GdfidL simulation was directly applied to the

bunch to determine the total dechirping power. Represen-

tative phase space plots at various plate gaps are shown in

Fig. 2.

Table 1: Corrugated Plate Dimensions

Length L 181 mm

Width 38.1 mm

Period p 1.15 mm

Depth δ 1.15 mm

Gap g 0.77 mm

Plate separation a 1–30 mm

Material Aluminum

Table 2: BNL ATF Beam Parameters

Beam energy E 57.6 MeV

Bunch charge Q 340 pC

Initial chirp 400 keV/mm

Transverse beam size 100 microns

Pulse length (full width) l 3.4 ps

Longitudinal profile Rectangular
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Figure 2: Longitudinal phase space plots at various plate gaps as simulated in Elegant. Note that the smallest gap causes an

overdechirp that results in a larger energy spread.

BROOKHAVEN LAB EXPERIMENT
RESULTS

To demonstrate the efficacy of a passive corrugated plate

system, RadiaBeam Systems installed an 18 cm long test

piece in the BNL ATF and ran beam through it with prop-

erties given in Table 2. The dimensions of the corrugated

plates are given in Table 1 and illustrated in Fig. 3.

The experiment consisted of running the beam through

the corrugated plates at various gaps while measuring the

energy spread of the bunch with a downstream dipole spec-

trometer. The dechirping power, defined as the difference in

energy spread before and after the dechirper divided by the

bunch length, was calculated and plotted in Fig. 4 along with

the predicted dechirping power calculated from the Elegant

simulations.

CONCLUSION
RadiaBeam Systems has successfully demonstrated a pro-

totype dechirping system that requires no power or RF input.

The simple device made of machined aluminum reduced

and even reversed the longitudinal energy chirp of the BNL

ATF beam. The agreement between the measurements and

simulations in this experiment is an encouraging sign that

scaling this system up to meters in length for GeV-energy

systems such as LCLS, SwissFEL, PAL-XFEL, and many

others.

In light of the success of this experiment, RadiaBeam Sys-

tems is currently designing a larger, multi-module dechirper

for installation at LCLS. [4] The corrugated structures will

be two meters long and there will be two sections: one with

Figure 4: Comparison of measured and theoretical dechirp-

ing power of corrugated plates.

horizontal plates and one with vertical plates. The differing

orientations will limit the unwanted quadrupole focusing

effects seen in simulations. [3]
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RELATIVISTIC EFFECTS IN MICRO-BUNCHING 
Vladimir N. Litvinenko, Stony Brook University, Stony Brook, USA 

Gang Wang, Brookhaven National Laboratory, Upton, USA 

Abstract 
In this paper we present our theoretical studies of limits 

on bunching using magnetic systems. We discuss the 
connection of this limit with plasma oscillations in 
electron beams and present simple formulae for an 
additional limit of micro-bunching amplification. 

INTRODUCTION 
Bunching and microbunching are very popular beam 

manipulation techniques. They are used (or planed to be 
used) for creating high peak current beams for X-ray 
FELs [1-4], for controlling or amplifying the shot noise in 
electron beams [5-12], or even using it for cooling of 
hadron beams [13-14].  

Majority of these applications rely on magnetic 
bunchers providing time-of-flight dependence on particle 
energy, which is usually described by the R56 coefficient 
of the transport matrix. One underlying assumption in 
many of these papers is that the bunching parameters are 
limited by kinematics of the motion, e.g. by R56 and the 
beam energy spread. For example, there is no assumed 
limit on the maximum amplification of the shot noise 
(micro-bunching) in electron beam. 

On other hand, it is known from plasma physics that in 
ballistic compression case the energy oscillates between 
the space charge and the kinetic energy of the particles. 
Specifically, it is shown in [15,16], placing an external 
point charge q into a cold plasma (an electron beam) or 
warm plasma with -2 velocity distribution [16] will 
cause oscillations of the screening charge with maximum 
value not exceed -2q. This limit does not depend on the 
value of R56 or beam energy spread. It also means that in 
such system the shot noise can not be amplified. 
Nevertheless, the micro-bunching using magnetic 
chicanes with gain exceeding unity was both predicted 
theoretically and demonstrated experimentally [5-12]. 

Hence, there are fundamental questions about the 
attainable bunching in electron beam: 
 

(a) what energy is available to compensate for the space 
charge energy acquired during the process? 

(b) what is the maximum attainable microbunching 
gain? 
 

In this paper we show that this is purely relativistic 
effect and are given a simple answer on the maxim 
amplification for micro-bunching.  

We are not considering here any dynamic issues related 
to bunching such as coherent synchrotron radiation and 
focus only on the fundamental limit. 

STANDARD APPROACH 
Standard approach used on modern theory of micro-

bunch (see for example [11]) uses the bunching and 
energy modulation factors, defined as follows: 

bk
1
N

e ikzn

n 1

N

; k
i
N ne

ikzn ; n
n 1

N
n

o

,    (1) 

to describe the microbunching process using matrix 
formalism [7]: 

bk (s2 )

k (s2 )
R s1 s2

bk (s1)

k (s1)
             (2) 

Propagation through a straight section is described as a 
simple (plasma) oscillation between the bunching and the 
energy modulation, which is a good approximation: 

R s1 s2

cos p sin p

sin p cos p

;

p kp s2 s1 ; kp 4 rene / 3 ; k / 2kp .

 (3) 

The other, and much stronger approximation, is used 
for propagating the beam through a chicane (buncher) 
with longitudinal compaction factor, R56, yielding in case 
of longitudinally cold e-beam [7]: 

Rb
1 kR56

0 1
.                 (4) 

Taking into account Gaussian energy spread, yields an 
exponential suppression factor, which is well know from 
theory of optical klystron [17,18]: 

Rb 1 kR56 e
1
2

kR56
2

0 1
.            (5) 

formally limiting amplification to gmn / e . With 
high quality e-beam having / ~ 10 3 10 4 , Eq. (5) 
predicts a possibility if very high microbunching gain. 
Hence, standards treatment assumes that the bunching 
amplification in a chicane is determined by the values of 
R56 and is limited by the relative energy spread in the 
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beam. We will show that there is a fundamental 
limitation, which require reconsidering the use of Eqs. (4) 
and (5). 

A SIMPLE CHICANE MODEL 
Let’s simplify the buncher into a chicane with short 

magnets, as illustrated in Fig.1. In this case interaction 
between particles and the bunching occurs in the legs of 
the chicane where their trajectories are straight. The later 
allows to simplify the model and to get an analytical 
expression for limits of attainable compression.  

 
Figure 1: A simplified schematic of a chicane buncher 
with short dipole magnets, R56 L 2 , where L  is the 
length of each leg of the chicane. Some distances, sizes 
and angles are exaggerated for visibility: for example, in 
practice 1, z L . 
 

Let’s also choose magnets with translation symmetry in 
x-direction whose the magnetic field can be represented 
by a simple one-component vector potential (see Fig. 2): 

Ax (x,0, z)

Ao; 0 z L
Ao; L l z 2L l

0; z 0, z 2L l
L z L l

; Ao
poc
e

sin ;
 (6) 

where we took into account that electron has negative 
charge e . For the rest of the paper we are interested in 
plane trajectories and, unless specified otherwise, we 
assume y=0. Since the vector potential (and the 
Hamiltonian) does not depend on x, in the absence of 
other forces the x component of the canonical momentum 
is an invariant. It gives us a change of the horizontal 
momenta when electron passes each dipole  

Px px
e
c

Ax inv;

px (0 ) px (0 ) eAo

c
po sin ; 0 L

px (2L l ) px (2L l ) po sin .

  (7) 

Our model uses a very short kicks and drifts whose  
length much longer than the distance between charges. 
Hence, we neglect the interaction of the charges at the 
corners of the trajectory. We intentionally the conse-

rvation law (7) at the boundaries of the vector potential 
dependence, with 0 L , to identify the change 
imposed by the dipole magnet, and to separate it from the 
EM fields induced by beam itself. Specifically, Eq. (7) 
states, that the change of the horizontal momentum by a 
dipole does not depend neither on particle’s energy nor its 
horizontal position.  

 

 
Figure 2: Sketch of beam trajectory and horizontal 
component of the vector potential of a simplified chicane.  
 

We are using simple energy conservation law for 
deriving our limit. Naturally, we use the fact that 
magnetic field does not changes neither energy of the 
particle not the energy of the beam. It also applies to the 
total particle momentum. It means that changes of the 
horizontal momentum will cause corresponding change in 
the z-component of the momentum:  

pz p2 p2
x .                    (8) 

Quite naturally, we focus on a second leg of chicane, 
where the bunch becomes shorter and the beam-induced 
field is increased. 

CM ENERGY 
To illustrate the method, we start from a simple model 

of two identical charged particles (electrons) interacting 
with each other. The idea is to find how close particles 
can approach each other (e.g. a minimum z) with a given 
energy deviation ). In other words, when “space charge” 
stops “the bunching”? 

The simplest way of finding this is use the center of 
mass system where the total momentum of two particles 
is zero and they approaching each other: 

1.2 c cmc; c cmc2 .  (9) 

Then the total kinetic energy  

Ek 2 c mc2 2 c 1 mc2            (10) 

can be transferred into the potential energy, when 
electrons approach each other to the distance in c.m. 
frame of: 

z 

x 

o
zo

v
o

2R56

c

zo z

1

o

1 2

o

1

L L

z 

x, Ax 

L Ll 
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rf
re

2 c 1
, re

e2

mc2 ,         (11) 

and stop. Here we neglect initial electrostatic energy 
assuming rf ri

. The exact solution is 

1
rf

2 c 1
re

1
ri

rf
re

2 c 1 re / ri

. 

We note that since we are considering momentum along 
z-axis, this distance is compressed by factor o. 

Let’s start from the case of ballistic compression, when 
the in c.m. two electrons have equal and opposite 
momenta along z-axis. Generally, their motion in c.m. is 
non-relativistic, but here we will use exact notations in 
order not to miss possible high order effects. In the lab 
frame boosted along the momenta of the electrons with 

(1 2 ) 1/2 we have: 

p1,2 o ( c )mc; E1,2 o (1 c )mc2;

o c; c;
2
o

2
c
2 2.

(12) 

Hence, the total energy available for “bunching” is  

Ek 21 1 2 / 2

1 2 / 2
mc2      (13) 

which for small relative energy deviations 1, typical 
for example in microbunching, becomes: 

Ek

2

2 mc2 .       (14) 

We note that for relativistic beams, which are of interest 
for this paper, 1 1, e.g. for ~10-3 we would have 
only about quarter of eV of kinetic energy per electron 
available for bunching. When the bunching is completed 
both electrons stop in the c.m. frame, and their energies in 
the lab-frame become equal:  

p1,2 mc; E1,2 mc2; 0.           (15) 

The “beam” of two electrons then looses some energy, 
which can be calculated by subtracting Eq. (15) from Eq. 
(12): 

E 2mc2
c 1 ,            (16) 

which is naturally equal to the energy of electrostatic field 
(potential energy) of electrons, Eq. (11), boosted into the 
lab-frame – hence the factor . Thus, as expected the total 
energy of the system is conserved. 

Let’s now consider how the chicane changes this 
situation. The processes in the both legs are similar to a 
degree, but bunching of interest is happening in the 
second leg where particles come closer in both the 
transverse and longitudinal directions. As we discussed in 
previous section, the translation invariance in x direction 
preserves the x-component of the Canonical momentum: 

Px px
e
c

Ax (z) 

Let’s start from the same initial conditions as in Eq. (12) 
and propagate particles through first dipole to get (using 
Eq. (8)): 

p x̂ eAo

c
ẑ p2 eAo

c

2

;

p1,2

mc
x̂ eAo

mc2 ẑ o
2 ( c )2 eAo

mc2

2

,

   (17) 

with energies unchanged. The c.m. energy of the system 
is easiest to calculate using standard 4D product to the 
systems 4-momentum [19]: 

Ec.m.
2 c2 pi p

i p1 p2
2 2 mc2 2

2c2 p1 p2;

c2 p1 p2 E1E2 c2 p1 p2,
(18) 

where we used know 4D product [19] p1
2 p2

2 m2c2 . 
Using Eqs. (12) and (17), o c and c :  

E1E2 omc2 2
1 2 ;

p1p2 omc 2

eAo

omc2

2

( c )2 eAo

omc2

2

( c )2 eAo

omc2

2
;

 

yields final 
 

E1E2 c2 p1 p2

omc2 2 1 2 ao
2

o
2 2 ao

2 2
4 2 ;

Ec.m. mc2 2 2 o
2 1 2 ao

2
o
2 2 ao

2 2
4 2 .

 

(19)  

where we used  and introduced dimensionless vector 
potential (see (6)): 

ao
eAo

omc2 o sin  .               (20) 
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Expanding (19) with 
o 1,  2 1 to the leading order 

we obtain: 
Ec.m.

mc2 2 2 1 2tg2 .     (21) 

with the kinetic energy available for the bunching of 

Ek

mc2

Ec.m.

mc2 2 2 1 2tg2

           
(22) 

For ballistic bunching with 0 we get already known 
result (14) Ek mc2 22 . In a chicane it is amplified by a 
factor of 1 2tg2 ~ 1 22 . It is well known in 
accelerator theory is that factor K= tg  is a measure of 
the relativity of the transverse motion: 

px

mc
sin ~ . 

For ultra-relativistic particles K-factor can be large even 
for modest bending angles. Hence, using a buncher with 
K 1 will boost by (1+K2) -fold the energy 
available to compensate the space charge potential energy 
accrued during the bunching.  

Repeating similar calculations for an ensemble of 
particles gives an expected result:  

Ek 1 2
n
2

n 1

N

mc2 ,               (23) 

where n is a relative energy deviation of nth particle. 
Thus, the available kinetic energy available in an 
ensemble of particles is also amplified by the same factor.  

DISCUSIIONS AND CONCLUSIONS 
From analogy with plasma oscillation during ballistic 

transport (where microbunching gain of shot noise can 
not exceed unity), one should expect that a buncher could 
provide a shot noise gain ~ K. Qualitatively this can be 
concluded from following observations:  
(a) in case of ballistic motion  after a half of a plasma 

oscillation any unshielded electric charge will be 
surrounded by a cloud of electron with about twice 
the external charge with the cloud size defined by 
Debye radius [15,16]. The potential energy of such 
cloud is naturally proportional to the square of its 
charge. At this moment all kinetic energy is 
exhausted and electrons starting moving in opposite 
direction. In terms of the bunching factor, it is the 
same a gain not exceeding unity; 

(b) since the potential energy if a charge collected in a 
given pattern is proportional to the square of its 
value, means that its maximum value is proportional 
to the square root of the available kinetic energy; 

(c) since the chicane amplifies the available kinetic 
energy (K2+1) fold when compared with the ballistic 

motion, the charge which can be collected in the 
similar pattern could be K 2 1 ~ K -fold larger than 
in a case of ballistic compression.  

 
Hence, the conservation of the energy gives us a very 

straightforward way of limiting micro-bunching gain in a 
single chicane. First, we should notice that in the drift 
section the bunching is oscillating and “maximum gain” 
is simply equal 1. In the chicane, the available kinetic 
energy is amplified and hence the microbunching gain 
can exceed unity. Since the potential energy is 
proportional to the square of the bunching factor, the 
maximum micro-bunching gain (per chicane) must be 
limited by:  

gmax 1 2 ~ ,                (24) 

We want to underline that this boost has pure 
relativistic nature and depends on the product of the 
Lorentz factor and the bending angle, but not on the value 
to R56.  

Overall, Eq. (24) represents an additional, frequently 
overlooked, limit on micro-bunching amplification. 
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BENCHMARK AND SIMULATION DESIGN OF A LOW ENERGY BUNCH
COMPRESSOR

A. He, F. Willeke, L.H. Yu, L. Yang BNL, Upton, NY 11973, USA
J. Qiang LBNL, Berkeley, CA 94720, USA

Abstract
In the electron beam slicing method [1], a low energy

bunch with very short and focused beam size is required to
interact with the storage ring bunch. We have designed a low
energy bunch compressor with BNL photo-cathode electron
RF-gun [2] by applying simulation code PARMELA [3].
In this paper, in order to confirm the simulation result,

we benchmark the simulation result from PARMELA with
that from IMPACT-T [4] for our compressor with BNL RF-
gun. In order to increase the repetition rate of the electron
beam slicing system, and change the compressor’s RF gun
from BNL RF-gun to LBNL’s VHF gun [5] to redesign the
compressor by applying IMPACT-T with both space charge
effects and CSR effects considered. The benchmark between
PARMELA and IMPACT-T has produced excellent agreement.
The comparison of the CSR effects also shows the bunch can
be compressed and focused to our desired size after optimiza-
tion using code IMPACT-T with CSR effects turned on. The
new compressor with high repetition rate still works in space
charge dominated domain and the bunch with a negative
energy chirp at the entrance of the chicane is compressed by
a chicane with positive R56. After the optimization, we have
achieved a low energy bunch with the 128 fs RMS bunch
length, 42 µm and 25 µm RMS beam size in the vertical and
horizontal directions respectively, at 22 MeV with 200 pC
charge.

INTRODUCTION
The electron beam slicingmethod [1] generates ultra-short

x-ray pulses using focused short low energy (∼20 MeV)
electron bunches to create short slices of electrons from
the circulating electron bunches in a synchrotron radiation
storage ring. When a low energy electron bunch crosses
from top of a high energy storage ring electron bunch, its
Coulomb force will kick a short slice from the core of the
storage ring electron bunch. The separated slices, when
passing through an undulator, will radiate ultra-short x-ray
pulses at about 100 fs. In order to minimize the cost of
the electron beam slicing system and to explore the lower
limit of the compressor’s bunch energy, a low energy bunch
compressor [2] without acceleration after the RF-gun exit
has been designed to achieve the desired bunch compression
and focusing. The RF gun used in this compressor is BNL
RF-gun and the simulation code applied is PARMELA with
space charge effects considered. Some optimized results for
the BNL RF-gun compressor are given in Table 1.
In this paper, to verify the simulation results, we bench-

mark the simulation results from PARMELA with the results
from IMPACT-T for the low energy compressor with BNL

RF-gun. To study the coherent synchrotron radiation (CSR)
effects, we compare the simulation results when CSR effects
is turned on with those when CSR is turned off in IMPACT-T.
In order to increase the repetition rate of the electron beam
slicing system, we change the compressor’s RF gun from
BNL RF-gun to LBNL’s VHF gun [5] and redesign the com-
pressor by applying IMPACT-Twith both space charge effects
and CSR effects considered.

BENCHMARK AND CSR EFFECTS
Both Linac tracking codes PARMELA [3] and IMPACT-

T [4] can track relativistic particles taking into account space
charge effects in the 6D space, whereas the space-charge
solver is 2D r-z or 3D depending on the code. IMPACT-T also
considers the coherent synchrotron radiation (CSR) effects
which are not included in PARMELA.

To verify our simulation results from PARMELA, taking
the compressor of case 3 in Table 1 as an example we bench-
mark the results with PARMELA against those with IMPACT-
T. By applying IMPACT-T, we also discuss CSR effect which
is not considered in code PARMELA. The CSR effects are
related to the bunch energy, bunch charge and bunch length.
To check the CSR effects, we compare the simulation results
when CSR effects being turned on with the results when
CSR effects being turned off in IMPACT-T. The results of the
benchmark and comparison is shown in Table 2, Fig. 1 and
Fig. 2.
Data in Table 2 show the RMS bunch length difference

between PARMELA and IMPACT-T with CSR off is less than
6%. The difference of the transverse RMS beam size be-
tween the two codes is larger than 20% when all the results
are calculated for 90% particles, with 10% longitudinal tails
cut-off. If the transverse RMS beam size are calculated for
100% particles as shown in Fig. 1, the difference of those
between the two codes decrease to ∼10%. Fig. 1 show the
6-D phase space at the final focus point for the three simula-
tion results: PARMELA (the 1st row), IMPACT-T with CSR
effects off (the 2nd row) and IMPACT-T with CSR effects on
(the 3rd row). The color bar indicates the particle density.

Due to the space charge forces the particle energy is no
longer constant, and the dispersion function and beta func-
tions both lose their original meaning. We redefine the
equivalent dispersion and the equivalent beta functions as
described in [1]. To show the agreement between the two
codes and the difference of the calculations with and with-
out the CSR effects considered, we plot the evolution of the
newly defined beta functions and the dispersion function
along the dispersive chicane section of the compressor for
the three simulation results in Fig. 2. Although the exact

Proceedings of FEL2014, Basel, Switzerland THP036

Electron Bunch Generation and Manipulation

ISBN 978-3-95450-133-5

795 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Table 1: Performances of Compressors with Different Charge and Different Energy

compressora RF-gun accelerate length Charge Energy σL
b σH

c σV
d

case cavity [m] [pC] [MeV] [fs] [µm] [µm]
1 BNL no 6.75 50 5 166 31 28
2 RF-gun yes 6.75 100 12 110 34 31
3 yes 6.75 150 12 145 35 24
4 LBNL yes 8.5 150 18 130 47 28
5 VHF-gun yes 8.5 200 20 148 46 25
6 yes 8.5 200 22 128 42 25

a The simulation results for the BNL RF-gun compressor come from PARMELA with CSR effects ignored. The simulation results for the LBNL’s VHF
gun compressor come from IMPACT-T with CSR effects considered.

b the longitudinal RMS bunch length at final focal point
c the horizontal RMS beam size at final focal point
d the vertical RMS beam size at final focal point

value of these functions in Fig. 2 lose their original meaning
with space charge effects increasing, these function curves
still can be used to compare the simulation results.
The simulated results of IMPACT-T with CSR off (green

curve) show good agreement with those of PARMELA (red
curve) with slightly difference in the newly defined RMS
beam size. The agreement between the two codes (the red
and green curve) in the newly defined dispersion is excellent.
The green curves (CSR off) and the blue curves (CSR on)
are completely overlapped before the chicane’s third bending
magnet which is located at 4.6 m of the beamline. The green
and blue curves appear separated after the third dipole. The
separation indicates the CSR effects and also shows the CSR
effects mainly take place at the 3rd and 4th dipole of the
chicane. Analysis show the bunch length is significantly
compressed from 800 fs to 300 fs when passing through the
3rd dipole and the bunch length has been compressed to
235 fs at the entrance of the 4th dipole. Although the CSR
effects induce some minor difference, the results in Table 2
indicate it is promising that the final bunch can be further
optimized.
The benchmark between PARMELA and IMPACT-T has

produced excellent agreement. The comparison of the CSR
effects also shows the bunch can be compressed and focused
to our desired size after optimization using code IMPACT-T
with CSR effects turned on.

Table 2: Benchmark Results of PARMELA Against IMPACT-
T and Comparison of CSR Turning Off with CSR Turning
On in IMPACT-T

code CSR effects σL
a σH

a σV
a

[fs] [µm] [µm]
PARMELA off 145 35 24
IMPACT-T off 137 45 32
IMPACT-T on 157 41 26

a σL , σH , σV are the longitudinal RMS bunch length, the horizontal
RMS beam size, the vertical RMS beam size at the final focal point
respectively.

Figure 1: The histograms of bunch’s 6-D phase space at
the final focus point of the compressor. Data come from
different simulation codes for the same compressor of case 3
in Table 1: PARMELA (the 1st row), IMPACT-T with CSR off
(the 2nd row), IMPACT-T with CSR on (the 3rd row). The
color bar shows the particle density.

HIGH REPETITION RATE LOW ENERGY
COMPRESSOR

In order to increase the repetition rate of the electron beam
slicing system to increase the photon flux, we change the
RF gun of the compressor from BNL photo-cathode RF
gun to LBNL’s VHF gun which operates at 186 MHz with
repetition rate of 1 MHz [5] and redesign the compressor by
applying simulation code IMPACT-T with both space charge
effects and CSR effects considered.

Matching by Manual Adjustment
We use the simulation result for the benchmarked com-

pressor with BNL RF gun at 13 MeV as a starting point to
study the compressor with VHF gun. First, we keep the same
magnet sections as those of the benchmarked compressor
which include the matching magnets, chicane magnets and
final focusing magnets. We change the gun from BNL RF
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Figure 2: The evolution of the newly defined beta functions
and the newly defined dispersion function along the disper-
sive section of the compressor. The red, green and blue
curves correspond to the simulation results by PARMELA,
IMPACT-T with CSR off, IMPACT-T with CSR on respec-
tively.

gun to LBNL VHF gun and we also add several RF cavities
between the gun and the matching magnets to accelerate
the bunch. Then with the space charge effects turned on,
we adjust the gun and the accelerating section to make the
bunch’s energy chirp and the transverse beam size after the
acceleration to match with those at the entrance of the first
matching quadruple of the benchmarked compressor.
At the photocathode, we set the bunch longitudinal dis-

tribution as flat-top with linear ramp at two ends and the
total length from head to tail is 8 ps. The bunch transverse
distribution is a uniform ellipse with hard cut edge and the
diameter of the ellipse in x and y is 1.5 mm. The 3-Dmomen-
tum distribution of the bunch is Gaussian. The bunch charge
is set at 150 pC. Simulation shows the beam energy after
LBNL’s VHF gun is 730 keV. In order to avoid large betatron
oscillation and beam blowing up, we move the accelerating
cavity very close to the photocathode gun.

While keeping the bunch energy at 13 MeV after acceler-
ation, we adjust the phases and gradients of the RF cavities
manually to match the energy chirp of the bunch after ac-
celeration with the energy chirp at the entrance of the first
matching quadruple of the benchmarked compressor. At the
same time, We adjust the intensity of focusing coils manu-
ally to make the bunch’s transverse beam size match with
those at the entrance of the first matching quadruple of the
benchmarked compressor. We iterate the adjustments of the
focusing coils and the RF cavities to optimize the matching.
After the matching, the total length of the compressor system
consisting of the LBNL’s VHF gun, two focusing coils, two
RF cavities and the matching, dispersive and focusing mag-
nets section is 8.5 m. At the entrance of the first matching
quadruple, the bunch’s energy spread is increased to ±9%
and the longitudinal bunch length is about 25 ps.

Global Optimization by Genetic Algorithm

With the previous matched compressor of LBNL VHF
gun, we carry out a multi-objective optimization proce-
dure [6] using a genetic algorithm to optimize the compressor
with the bunch energy fixed at 13 MeV. After optimization,
the RMS bunch length is still larger than 1 ps and the trans-
verse RMS beam size are also very large around 150 µm.
Analyzing the longitudinal phase space of the final focused
bunch colored by the initial emmitance after acceleration
and the initial energy spread after acceleration shown in
Fig. 3 (I,II), we find the bunch length increase is not directly
related to the initial emmitance, but is related to the initial
energy spread. If we artificially cut off those bunch particles
with the initial energy spread larger than ±2%, the RMS
bunch length at the final focal point decreases from 1.26 ps
to 0.38 ps as shown in Fig. 3 (III).

Figure 3: The longitudinal phase spaces at the final focal
point for one optimized result of the VHF-gun compressor
at 13 MeV. Simulation code is IMPACT-T with both space
charge effects and CSR effects being turned on.

Based on the previous observation, in order to reduce the
final bunch length, we increase the bunch energy to decrease
the relative energy spread after the RF cavity acceleration.
At the same time, in order to increase the kick angle and
shorten the slice width in electron beam slicing method [1],
we also increase the bunch charge. Using IMPACT-T with
CSR effects turning on, we iterate to carry out the global
optimization and gradually increase the bunchŠs charge and
energy. Some optimized results are shown in Table 3. For
example in Table 3, the 22 MeV, 200 pC charged bunch is
longitudinally compressed from 6.8 ps head to tail bunch
length at photocathode to 128 fs RMS bunch length by the
8.5 m compressor. The transverse beam size are focused
from the diameter ellipse of 2 mm at photocathode to 42
µm and 25 µm for horizontal and vertical RMS beam size
respectively. Figure 4 shows the histograms of 6-D phase
space at the final focus point of the 22 MeV compressor with
the color bar indicating the particle density.
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Table 3: Performances of the 8.75 m LBNL’s VHF Gun
Compressor

bunch performance initial focuseda

bunch bunch
longitudinal bunch length [fs] 6783b 128c

horizontal beam size [µm] 1994b 42c
vertical beam size [µm] 1971b 25c
energy spread [%] 0.0014d/0.98e 1.38
average kinetic energy [MeV] 0.73d/22e 22
horizontal emittance [µm] 59d/0.143e 0.71
vertical emittance [µm] 58.5d/0.142e 0.19
charge [pC] 200 200
current [A] 30 1563

a be calculated for 90% particles, with 10% longitudinal tails cut-off.
b at cathode
c RMS value
d at gun exit
e after RF acceleration

Figure 4: The histograms of 6-D phase space at the final
focus point of the 22 MeV compressor with VHF gun. The
color bar shows the particle density. Simulation code is
IMPACT-T with both space charge effects and CSR effects
being turned on.

CONCLUSION

The benchmark between PARMELA and IMPACT-T has
produced excellent agreement. The comparison of the CSR
effects also shows the bunch can be compressed and focused
to our desired size after optimization using code IMPACT-T
with CSR effects turned on. Our simulation shows that elec-
tron bunch with high charge can be compressed to very high
current bunch at very low energy with both space charge ef-
fects and CSR effects included. This low energy compressor
with repetition rate about 1 MHz significantly increases the
repetition rate of the electron beam slicing system, and hence
increases the photon flux of the ultrashort x-ray source.
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BEAM PERFORMANCE OF THE PHOTOCATHODE GUN FOR THE
MAX IV LINAC

J. Andersson∗, F. Curbis, D. Kumbaro, F. Lindau, S. Werin
MAX IV Laboratory, Lund University, Lund, Sweden

Abstract
TheMAX IV facility in Lund (Sweden) is under construc-

tion and conditioning of the electron guns for the injector is

ongoing. There are two guns in the injector, one thermionic

gun for storage ring injection and one photocathode gun

for the Short Pulse Facility. In this paper we report on the

beam performance tests of the photocathode gun. The mea-

surements were performed at the MAX IV electron gun test

stand [1] during spring 2014. Parameters that were studied

includes quantum efficiency, emittance and emittance com-

pensation. Results from the measurements are also com-

pared to particle simulations done with ASTRA.

INTRODUCTION
The MAX IV facility [2] is under construction in Lund,

Sweden and includes two storage rings for production of

synchrotron radiation and a short pulse facility (SPF) [3].

Both storage rings and the SPF are injected from a full en-

ergy LINAC and the injector for the LINAC has two differ-

ent guns, a thermionic gun and a photocathode gun. The

thermionic gun is used for ring injection but due to the re-

quirements of short bunches and the long tail of low energy

electrons, the thermionic gun is unsuitable for injection to

the SPF. A 1.6 cell photocathode gun will be used instead,

based on the FERMI@Elettra [4] gun operating at a fre-

quency of 2.9985 GHz.

One part of the commissioning of the facility is condi-

tioning of the photocathode gun and measurement of basic

beam properties to find the performance of the gun. The

gun was conditioned during last part of 2013 and the mea-

surements of beam parameters were done during the first

half of 2014. In this article the results from these measure-

ments will be presented and we compare some of them to

simulated values. The goal of these measurements is to ver-

ify that the gun can perform well enough for the commis-

sioning of the LINAC and the SPF operations. The require-

ment of the SPF is a beam energy of 3 GeV and a transverse

normalised rms emittance of 1 mm mrad at the undulator

entrance.

GUN TEST STAND
The photocathode gun was operated in the gun test stand

at MAX IV. Measurements of beam energywere performed

using a magnetic energy filter installed at the end of the test

stand. The magnetic energy filter consists of two dipoles

that bend the beam 120◦. The setup in the gun test stand

∗ joel.andersson@maxlab.lu.se

used for measurements of spot size, emittance and phase-

charge curves is displayed in Fig. 1. The pepperpot used for

the emittance measurements is installed between the beam

viewers YAG1 and YAG2, at a distance of 1.45 m from the

cathode.

Figure 1: Schematic overview of the gun test stand.

The gun is powered by a klystron with a connected SLED

cavity at 2.9985 GHz. The laser system is based on a

Ti:Sapphire laser and the pulses are stretched, split and

tripled to give a FWHM laser pulse length of 8 ps at 263

nm wavelength. The laser oscillator is locked to the 3 GHz

signal of the RF system and the energy of the laser pulse

can be changed during operation. The transport of the laser

beam from the laser hutch to the cathode is done through air,

the beam is then focused on the cathode through an aperture

of 2 mm diameter. The laser is triggered to hit the cathode

when the RF pulse has lasted long enough for the cavity to

be filled, the precise injection phase is then controlled using

a motorized optical delay stage.

SIMULATIONS
Simulations were made using ASTRA [5] with 10 000

particles, and the fields used to describe the gun and the

solenoid are based onmeasured fields. The beam properties

depend on the laser phase, the spot size, the electric field in

the gun, as well as other parameters, so a number of differ-

ent simulations were run for different settings to understand

the behavior of the gun. The results for simulations of beam

energy as function of the electric field for an injection phase

of 10◦, corresponding to the setting for the energy measure-

ment, can be seen in Fig. 2.

To understand the phase-charge relation for the gun, sim-

ulations were made with a maximum electric field strength

at the cathode of 90MV/m to determine the charge as a func-

tion of the injection phase. ASTRA was used to determine

the number of accelerated electrons as a function of the in-

jection phase and this result combined with a field depen-

dent charge curve gives an estimate of the phase-charge re-

lation. These simulations do not fully account for the Schot-

tky effect and shielding effects, so the amount of charge is
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Figure 2: Simulated beam kinetic energy as function of

cathode electric field.

an approximation. One result from the simulation for 90

MV/m and 100 μJ laser energy can be seen in Fig. 5 to-

gether with the results from the measurements.

To investigate the emittance dependence on the injection

phase, simulations were made with an electron beam corre-

sponding to a gaussian transverse symmetric beam size with

a FWHM of 0.8mm. These simulationsweremadewith the

same setting for the solenoid field strengths as the measure-

ments, 0.198 T at 90 MV/m and 0.190 T at 86 MV/m, to

be able to compare the results. The results at two different

beam charges can be seen in Fig. 3 and Fig. 4.
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Figure 3: Simulated transverse normalised rms emittance

for 90 MV/m and 100 pC charge.
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Figure 4: Simulated transverse normalised rms emittance

for 90 MV/m and 300 pC charge.

MEASUREMENTS
Charge is measured using 250 MHz integrated current

transformers (CT1 and CT2) connected to an oscilloscope,

or using a Faraday cup. The beam viewers used were YAG

crystals and CCD cameras and all measurement devices

were triggered by the same signal and individual delays.

Energy
The energy of the electrons was measured using the mag-

netic energy filter. For a given RF power to the gun [setting

of the modulator], the corresponding beam energy could be

found by the current provided to the dipoles in the energy

filter. The results are in Table 1 at an injection phase of

approximately 10◦.

Table 1: Energy Measurements

Modulator Kinetic Max E-field

voltage [kV] energy[MeV] at cathode [MV/m]

22 3.4 77

23 3.8 82

23.5 4.0 86

24 4.2 90

The maximum electron energy in these measurements

was 4.2 MeV. The total energy spread is about 0.6 MeV in

all measurements but it is uncertain to what degree dark cur-

rent electrons contribute to this energy spread. Compared

to simulations this matches to a maximum electric field in

the main cell for 23.5 kV of around 100 MV/m and for 24

kV of around 105 MV/m. This corresponds to a maximum

electric field on the cathode of 86 MV/m and 90 MV/m.

Laser Phase - Charge
The injection phase is set using an optical delay stage in

the laser system. To calibrate this setting a step-charge scan

was made, the charge was measured using CT1 for different

injection phases. The result can be seen in Fig. 5.
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Figure 5: Measured charge as function of laser phase.

Comparing the measurements with simulations, they cor-

respond with an offset of about 10 ◦. The phase setting

where beam charge is first measurable is approximately an

injection phase of -10◦, +/- 2◦. Since the laser pulse is
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about 10◦ in length, the phase where charge is first mea-

sured should correspond to an injection phase of around -

10◦. These settings for the laser trigger could then be used

to set the phase for the following simulations. It was noted

during the experiments that this setting is not stable over

time, it seems to be moving +/- 2◦ over a period of 5-10

minutes, so the calibration was remade for each new mea-

surement to keep it as close as possible to the correct values.

Quantum Efficiency
Scans of the beam charge as a function of laser energy

were performed for different electric field strengths in the

gun to determine the quantum efficiency. The result is dis-

played in Fig. 6, for four different field settings.
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Figure 6: Measured charge as function of laser energy.

The emitted charge from the cathode will shield the cath-

ode, and the lower electric field on the cathode leads to

lower emission. This can be seen from the non-linear be-

havior of the charge in Fig. 6, the dependence of emitted

charge of laser energy should in principle be linear without

the effect from the space charge limitation.
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Figure 7: Measured quantum efficiency as function of laser

energy.

The quantum efficiency is plotted in Fig. 7 for different

field strengths. As can be seen the QE seems to be depen-

dent both on the field in the gun and on the laser energy.

The dependence of the QE on the electric field is the result

from the Schottky effect. The Schottky effect will reduce

the work function of the material in the cathode. A more

detailed discussion can be found for example in [6].

On average the QE for the cathode turns out to be around

2 · 10−5 for an electric field on the cathode in the 86 - 90

MV/m range.

Emittance
The beam transverse normalised rms emittance was

measured using the pepperpot technique, using a with the

mask set at 1.45 m from the cathode and 0.47 m from

YAG2. The pepperpot used in the measurements had a grid

size of 1 mm, a hole diameter of 100 μm and a thickness

of 0.5 mm. Pepperpots with finer masks and holes were

manufactured but could not be used due to inadequate

quality.

The solenoid field was adjusted so the image of the pep-

perpot on YAG-2 contained a at least 9 beamlets from the

pepperpot. Due to the large grid size of the available pepper-

pot we had to set the solenoid to give a spot size of around

4 mm at the pepperpot plane, this is a non-optimal working

point. This means the emittance measured is not properly

optimized. The charge is kept constant for each measure-

ment, that is the laser energy is adjusted for each injection

phase setting in the measurements to keep the charge inde-

pendent of the injection phase.

The background was subtracted from the images, though

the signal was still quite noisy after filtering. There were

also quite large shot to shot fluctuations in the images,

and to minimize this effect the images chosen for the

analysis have a good number of beamlets. The analy-

sis was made using the method presented in Zhang [7],

where beamlets are summed in the x- respective y-direction.

The dependence of the emittance on the injection phase

was measured for two different fields and two different

charges. The emittance is measured at electric fields on

the cathode of 86 MV/m and 90 MV/m, corresponding

to a maximum electric field amplitude of 100 MV/m and

105 MV/m in the main cell. The results can be seen in

Figs. 8, 9 and 10.
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Figure 8: Measured emittance as function of injection phase

for a maximum electric field on the cathode of 86 MV/m

and 100 pC charge.
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Figure 9: Measured emittance as function of injection phase

for a maximum electric field on the cathode of 90 MV/m

and 100 pC charge.
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Figure 10: Measured emittance as function of injection

phase for a maximum electric field on the cathode of 90

MV/m and 300 pC charge.

These measurements show little similarities with the sim-

ulations in Figs. 3 and 4. There might be many causes for

this for example uncertainty of the effective laser spot size,

energy and emission properties of the cathode. Future ex-

periments and measurements will be done to try to match

the simulations and measurements.

SUMMARY
The gun can provide a beam of around 4 MeV energy

with an non-optimized emittance at likely injection phases

of 1.5 - 2.5 mm mrad. We believed that the emittance at

the optimized setting will be below 1 mm mrad. The quan-

tum efficiency for the cathode in the gun with electric fields

at the cathode between 85 and 90 MV/m is approximately

2 · 10−5.
There are large shot to shot fluctuations in the measure-

ments, affecting among other things the emittance measure-

ments. These fluctuations are probably caused by fluctua-

tions in the laser energy or timing issues.

FUTUREWORK
For the current gun design the next planned step is to put

an existing emittance meter [8] into operation to character-

ize the emittance along the injector. The goal is to be able

to measure the emittance and the spot size along the first 2-

3 meters of the injector to be able to match the gun settings

to the Ferrario working point [9].

The slits in the emittance meter have smaller dimensions

than the pepperpot used in these measurements so the new

setup will be able to measure the emittance at a more opti-

mal working point of the gun.

Parallel to the work with the emittance meter, the collec-

tion and analysis of the measured data will be improved. It

will also be investigated if there are possible ways to limit

the shot to shot fluctuations in the setup and if so, how to

implement these.

The models used in the simulations will be reviewed to

see if there is anything that can be improved, and once the

emittancemeter is operational data frommeasurementswill

be used to improve the matching to simulations.
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COMISSIONING OF THE PHOTO-CATHODE RF GUN AT APS* 

Y. Sun#, J. Dooling, R. Lindberg, A. Nassiri, S. Pasky, H. Shang, T. Smith, A. Zholents 
Advanced Photon Source, ANL, Argonne, IL 60439, USA 

Abstract 
A new S-band Photo-Cathode (PC) gun is recently 

commissioned at the Advanced Photo Source (APS), 
Argonne. In this paper we report the high-power RF 
conditioning process of the gun. Dark current is 
monitored during the RF conditioning. Following the RF 
conditioning, photo-electron beams are generated from 
the gun. The quantum efficiency of the copper cathode is 
monitored. Normalized beam emittance at different drive-
laser sizes is measured as a function of solenoid strength, 
RF gradient and phase. Beam energy is also measured in a 
spectrometer.  

THE APS PC GUN 
The APS PC gun is a LCLS type gun [1-3] fabricated 

by SLAC. The gun is delivered to APS Oct. 2013 and 
installed at the Injector Test Stand (ITS) Dec. 2013.  

 

Figure 1: The S-band photo-cathode RF gun and solenoid 
as installed at the ITS.   

HIGH POWER RF CONDITIONING 
High power RF conditioning of the PC gun started on 

March 5, 2014. Forward RF power of 12 MW, pulse 
length 2.5 μs and 30 Hz repetition rate were successfully 
achieved on March 20, 2014.  

To protect the gun from damaging during RF 
conditioning, three types of interlocks are implemented:  
reflected RF power, vacuum pressure and arc detector 
installed on the view port of the cathode cell. 

The waveforms of the forward and reflected RF at the 
gun waveguide are saved at different RF power levels. An 
example is shown in Figure 2. Furthermore, waveforms of 
the field probes of the half-cell and full-cell are also 
collected, see Figure 3.  

 

Figure 2: The forward and reflected RF waveforms at the 
gun waveguide. 

 

Figure 3: The cathode half-cell and the full cell field 
probe waveforms. 

Dark currents are measured using the ICT at different 
solenoid strengths and RF power levels. A set of ICT 
measurements at 12 MW forward RF power, solenoid 
current ranging [20 ~ 240] A are plotted in Figure 4. 

The total charge is calculated from integrating the 
current monitor waveforms. At different RF repetition 
rate, the dark current collected by the ICT varies as the 
solenoid current is changed, see Figure 5. The maximum 
dark current per RF pulse observed during the RF 
conditioning is less than 150 pC. 

 ___________________________________________  
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Figure 4: ICT waveforms as solenoid current is varied 
from 20A to 240A in 20A steps. 

 
Figure 5:  Dark current measured during RF conditioning 
of the PC gun. 

ELECTRON BEAM COMMISSIONING 

Following the successful high power RF conditioning, 
photo-electron beam commissioning of the PC gun in ITS 
started on April 10, 2014.  

The ITS Beamline 
The ITS beamline starts with the photocathode RF gun, 

followed by its main solenoid embedded with its 
quadrupole and dipole corrector magnets [4]. The major 
components of the beamline elements are illustrated in 
Figure 6. Three quadrupoles and three horizontal/vertical 
steering magnets, an integrated current monitor (ICT), a 
YAG screen and a Faraday cup are available in the 
straight-ahead beamline. The transverse emittance is 
measured by scanning one or two of the three quadruple 
strengths and measure the beam size on the straight line 
YAG screen. Photo-electron bunch charge as well as dark 
current are measured by the calibrated ICT. The Faraday 
cup signal is used to maximize the beam transmission to 
the end of the beamline.  

A spectrometer dipole magnet bends the beam by 45º 
and forms the bend line for beam energy and energy 
spread measurements. The bend line consists of two 
quadrupoles, a YAG screen and a Faraday cup. 

 
Figure 6: Layout of the Injector Test Stand photo-cathode 
RF gun beamline. 

Cathode Quantum Efficiency 
On the optical table inside the ITS, the drive-laser goes 

through a splitter, 85% of the laser is transported to 
photo-cathode and the rest is used for laser beam 
diagnostics including transverse profile monitoring on a 
virtual cathode, and laser energy measurement on a 
calibrated energy meter (EM3); see Figure 7. 

 
Figure 7: PC gun drive laser path on the optical table 
inside the ITS room. 
 
As the gun RF phase is scanned, the photo-electron 
charge emitted is recorded to form a phase scan curve. 
Varying RF power s from 1 ~ 11 MW, the phase scan 
curves in Figure 8 are obtained. We see from Figure 8 
that at RF power above 4.9 MW, the Schottky 
enhancement of the quantum efficiency is very 
pronounced. 

The quantum efficiency (QE) is the number of emitted 
electrons per photon. In practical units for 263 nm drive-
laser wavelength, the QE of cathode can be calculated via 
Eq. (1), 

    6x10x
μJሻ

 7.4
)(

QE
ሺU

pCQ ,                                 (1) 

where Q is the bunch charge in pC, U is the UV energy 
on cathode. For example, for 10 µJ UV laser, 21 pC 
bunch charge, the QE is 1x10-5. The measured QE as a 
function of the accelerating gradient is shown in Figure 9. 
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Figure 8: RF phase scan of the gun. Horizontal axis is the 
RF phase of the gun klystron, and vertical is the bunch 
charge measured by the ICT.  

 

 

Figure 9: Quantum efficiency at different accelerating 
gradients on the cathode, UV laser energy at 16 µJ. 

A quantum efficiency mapping of the cathode in a 2.5 
mm by 2.5 mm square area was performed. The drive-
laser position is controlled by a stepping motor and its 
location on the virtual cathode is recorded. The QE ranges 
from 3.2×10-5 to 3.8×10-5, see Figure 10. 

 

Figure 10: Quantum efficiency mapping of the cathode. 

Transverse Emittance 

The transverse emittance is measured using a 
quadrupole scan technique. The strengths of one or two 
quadrupoles in the straight beamline are varied while 
transverse beam size is measured on the YAG screen.  The 
YAG screen is a 100 µm thick YAG crystal with a 0.5” 
diameter holder.  

Emittances are measured for different bunch charges 
and drive-laser spot sizes, as the gun accelerating 
gradient, phase and solenoid current are varied 
systematically.  The laser spot size is controlled by 
inserting a pinhole in the laser path. Images of the drive-
laser on the virtual cathode are shown in Figure 11. 

 

Figure 11: Virtual cathode images of the photo-cathode 
drive-laser. In the left image, the rms spot size is ~ 
0.6mm; on the right image, a 0.8 mm pin hole and a 
focusing telescope are used to create an rms sport size of 
92 µm by 179 µm. The cause for the asymmetry in the 
right image is under investigation. 

The best emittance obtained for bunch charge ~25 pC is 
~0.8 µm; see Figure 12 for measured emittances at 
different RF power and phase as the solenoid current is 
varied. 

 
Figure 12: Normalized emittance measured for bunch 
charge ~ 25 pC.  

To get higher bunch charge, the 0.8 mm pin hold was 
replaced by a 1.0 mm pin pole. An UV attenuator is used 
to control the drive-laser intensity to further control the 
bunch charge. At a bunch charge of ~ 100 pC, the 
smallest normalized emittance measured is ~2.1 µm with 
0.6 mm rms drive laser size; see Figure 13. 
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Figure 13: Normalized emittance measured with the 1 
mm diameter pin hole inserted in the drive laser path. 

Energy and Energy Spread 
Beam energy is measured using a 45º sector 

spectrometer dipole magnet. Beam-based alignment if 
performed to ensure that the beam goes through the 
electrical and magnetic center of the PC gun, solenoid and 
the quadrupole upstream of the spectrometer dipole.  At 
proper current of the spectrometer dipole, the beam goes 
through the center of the quadrupoles downstream of the 
dipole in the bend line, and beam centroid location on the 
bend line YAG is recorded.  

As we change the gun gradient and phase, the beam 
energy is can be obtained from the magnetic field given 
the excitation current of the spectrometer dipole.  Beam 
energy > 6 MeV is achieved. An example of measured 
beam energy at different RF phase and 10MW forward 
power is shown in Figure 14; corresponding energy 
spread is shown in Figure 15. 

 
Figure 14: Measured beam energy at 10 MW forward 
power as the gun rf phase is varied 
 

 

Figure 15: Measured relative energy spread for a ~35 pC 
bunch charge at 10 MW forward power as the gun rf 
phase is varied. 
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STATUS OF PUMP-PROBE LASER DEVELOPMENT 
FOR THE EUROPEAN XFEL 

 
L. Wißmann#, M. Emons, M. Kellert, K. Kruse, G. Palmer, M. Pergament, G. Priebe, J. Wang, 

U. Wegner, and M. J. Lederer, European XFEL GmbH, Notkestrasse 85, 22607 Hamburg, Germany
 

Abstract 
The European XFEL is under construction and is de-

signed to become a multi-user facility. Three SASE beam 
lines with two experimental areas each are foreseen to 
guarantee a high user throughput. In order to enable the 
full scientific potential of the facility, optical laser pulses 
for either pumping or probing samples will be deployed 
regularly. 

We are presenting the pump-probe laser concept and 
the current status of the development, showing some 
experimental results of the prototype laser, achieved to 
date. The main emphasis of the presentation lies on the 
integration of the laser system into Karabo, the emerging 
control system of the European XFEL. 

INTRODUCTION 
The requirements for the pump-probe laser system (In 

the following: ‘PP laser’) are given by the XFEL accel-
erator (burst repetition rate 10 Hz, intra-burst pulse repeti-
tion rate 4.5 MHz, burst length 600 μs, high arrival time 
stability) and the needs of experimentalists (pulse energy, 
pulse length, arbitrary pulse picking, wavelength tunabil-
ity). Machine operation demands a high uptime while 
long-time planning and different experimentalists’ needs 
require high flexibility of the design. The general concept 
relies on a burst-mode, ps-pumped non-collinear optical 
parametric amplifier (NOPA), which draws on commer-
cially available components where possible, and utilizes 
collaborative or in-house developments where needed. 

The most important subsystems of the PP laser are de-
scribed first, as depicted in Fig. 1. In the second half of 
this paper the integration of the laser into the control 
system is outlined, covering the necessary hardware, 
software, and machine timing issues. 

PP LASER SUBSYSTEMS 
A stable seed oscillator (OneFive Origami10), which is 

locked to the XFEL laser master oscillator via the optical 
synchronization system, emits a 54 MHz pulse train at 
1030 nm. The timing jitter of the oscillator itself is speci-
fied to be <20 fs (rms, [1kHz-10Mhz]). The endpoint-to-
endpoint stability of the synchronization systems is envi-
sioned to reach 20 fs after XFEL commissioning [1]. 
Passive and active measures are taken to maintain this 
arrival time stability unto the exit of the PP laser. 

For laser/x-ray overlap search, a long delay stage is im-
plemented (Feinmess PMT 240). It supports a travel range 
of 400 mm (5 ns, quadruple pass) with an encoder resolu-
tion of 100 nm (stable 200 nm or 2.5 fs steps shown). 
Coupling the laser pulses into a single mode fiber for 
front end seeding has been successfully tested and yields 
less than 3% deviation over the full travel range.  
The All-Fibre Front-End has multiple tasks [2]. It consists 
of several fibre amplifier stages, pulse picking devices, 
chirped fiber bragg gratings for dispersion management 
and extensive timing and control electronics. The laser 
pulse train from the seeder is split after pre-amplification 
and pre-stretching into two paths, XF1 (for power ampli-
fication and NOPA pumping) and XF2 (for supercontinu-
um generation and NOPA seeding). The output of the 
XF2 path is a 5 ms long burst with 4.5 MHz intra-burst 
repetition rate and a burst power of 20 W. An acousto-
optic modulator (AOM) enables the selection of arbitrary 
pulse patterns inside the burst, before the pulses are com-
pressed to 300 fs for supercontinuum generation. 

In the XF1 path, the front-end output pulse train can be 
chosen to have different intra-burst repetition rates at 
constant burst power (of 4 W). This constant power mode 
enables different working points of the whole PP laser 
(incl. burst mode pump-pulse amplifiers). The tested 
repetition rates are 4.5 MHz, 1 MHz, and 0.2 MHz. The 
output burst length is again 5 ms, the pulse duration being 
1.3 ns, and the spectral properties are optimized for the 
subsequent power amplifiers. 

Further down the XF1 path, an InnoSlab multi-pass 
amplifier enhances the burst power to 400 W [3]. Two 
double-pass booster stages are planned to sequentially 
reach power levels of 7 kW and 20 kW. The currently 
achieved performance includes burst powers of 600 W 
(400 W specified), and with settable intra-burst frequen-
cies of 0.2 MHz to 4.5 MHz this corresponds to 0.09 mJ 
to 2.1 mJ at 400W. The spectral width of the output puls-
es is measured to be Δλ = 2.5 nm, the beam quality factor 
M2 equals 1.5, and the constancy of the pulse energy over 
the burst (in a 600 μs window) is better than 1%. Intra-
burst variations of beam shape and pointing have been 
measured to be negligible. 

A Pockels cell arrangement, suited for high laser ener-
gies, is used to enable arbitrary pulse picking also in the 
pump path. Alternative, user selectable, beam exits before 
the XF1 compressor (pulse length ~ns) and after the XF1 
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Figure 1: The planned PP laser system. The prototype is equipped with only 2 NOPA stages and one 400 W amp. 

 

compressor (pulse length ~800 fs) are foreseen to enable 
the use of the 1030 nm, high power beam as alternative to 
the 800 nm short pulse output from the NOPA. To pump 
the NOPA with 515 nm light, frequency doubling is in-
stalled with an efficiency of ~65%. 

In the XF2 path, following supercontinuum generation 
in YAG, the pulses have a spectral content ranging from 
600 nm to 1000 nm, and an energy of 7.2 nJ under stable 
conditions. Pairs of compensated chirped mirrors imprint 
a negative chirp on the pulses to enable fused silica for 
compression after parametric amplification. With differ-
ent setups of the chirped mirrors and usage of the two 
available NOPA stages, a range of output pulse parame-
ters is accessible. The shortest pulses, compressible to 
14.9 fs, have a spectral bandwidth of 155 nm at 10% of 
maximum and are centered at 810 nm. At 200 kHz, a 
pulse energy of 180 μJ was achieved, corresponding to 34 
W burst power. In the long pulse mode (up to 75 fs), only 
a fraction of the white light is selected through dispersive 
amplification filtering, allowing a wavelength tuning over 
100 nm by shifting the seed temporally against the pump 
pulse. A detailed overview is given in [4]. 

For power scaling to a pump pulse energy level of 100 
mJ, the envisioned booster amplifier have already been 
installed and are being commissioned at this time. With 
the first booster, beam characterization at a power level of 
up to 4.5 kW is taking place. In order to exploit the pump 
power of the booster amplifiers, further NOPA stages 
need to be set up. 

ACTIVE AND PASSIVE STABILITY 
Environmental influences will impact on the pulse arri-

val time stability of the seed and pump pulses in the 
NOPA stages. This temporal stability is crucial as other-
wise the NOPA output becomes unstable. Typical causes 
for drifts are temperature and humidity changes. Passive 
means to ensure stability include choice of materials and 
the use of sound principles. Nonetheless, due to the long 
optical paths, drifts of >100 fs are to be expected, which 
call for active means of stabilisation. For instance, highly 

stable air conditioning (+/- 0.1°C, +/-2.5% rel. hum.) for 
the laser table area and active timing drift compensation 
are implemented. The latter consists of two optical bal-
anced cross correlators, which measure the arrival time 
drift between the seeder and XF2 as well as XF2 and 
XF1, respectively at the input of the NOPA. A clocked 
and triggered readout of the arrival time change of single 
pulses in the burst is fed to a control loop which acts on 
piezo delay stages (see below). 

Furthermore, active beam pointing stabilisation (TEM) 
has been implemented yielding pointing deviations as low 
as 1/40 of the beam divergence.  

PP LASER INTEGRATION 
The PP laser is not a stand-alone R&D laser system. 

Three copies of it shall be installed in three laser hutches 
to serve six experimental areas as laser source. Experi-
mentalists will have the control over crucial parameters of 
the laser system remotely (output power, pulse pattern, 
pulse arrival time). To this end and to receive status info  
of this XFEL subsystem, full integration of the PP laser 
into the emerging XFEL control system Karabo is desired. 
The installation of a diagnostic & control rack has been 
completed to host the required hardware (see Fig. 2). Its 
contents are, from top to bottom:  

 A Beckhoff programmable logic controller (PLC)  
controls motors of differing kind and also features 
analogue and digital in- and outputs. This hardware 
is used for slow data exchange, as it is neither 
clocked nor triggered. 

 A piezo driver to amplify the signals from the ana-
logue PLC outputs before they are fed to piezo actua-
tors (pulse arrival time stabilisation and oscillator 
locking to an RF reference). 

 The driver for the seeder oscillator. 
 The controller for the beam pointing stabilisation. 
 Two delay generators to multiply triggers. 
 A large rack mounted PC serving control purposes. 
 A multi-purpose laboratory DC power supply. 
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 For fast data taking and computing, a μTCA.4 crate 
has been set up, equipped with a card for timing pur-
poses and a fast ADC (Struck SIS8300, 125 MS/s, 10 
channels), beside the standard components (power 
supply, CPU, MCH). The μTCA.4 standard has been 
developed to support extended backplane features 
(clock and trigger support) and flexible designs for 
rear transition modules (RTMs), of which full use is 
made. 

 A  HV driver for the Pockels cell, some RF circuitry 
and network switches. 
 
  

 

Figure 2: Fully equipped control and diagnostics rack. 

KARABO 
Karabo, the emerging control system of the photonic 

part of the XFEL, is a modular software framework de-
signed for control, data acquisition, data management, 
and scientific computing [5]. The PP laser integration is 
quite advanced and serves as a test bed for the software 
stability and performance. Karabo devices as plug-in 
modules form the interface to any hardware or software. 
Many devices exist already, tested or regularly used are 

 The remote client for front-end control 
 An imaging tool for small CCD cameras (Basler), 

with a computing tool extracting beam positions 
 A spectrometer and an energymeter tool 
 Motor devices for small linear and rotary stages 
 A motor control device for the long delay stage 
 Analogue and digital I&O devices, among these also 

temperature sensors 
 A sophisticated ADC firmware interface to allow for 

data reduction in the arrival time stabilisation 
 A generic PID device to create control loops. 

On the way are more software devices, allowing 
 Remote control of the beam stabilisation (TEM) 
 Interfacing the InnoSlab amplifiers 
 Computing pulse lengths from single-shot autocorre-

lator images 
 Use of a large CCD camera (36 x 24 mm sensor). 

For Karabo, a graphical and a command line interface 
exist, the latter featuring full iPython compatibility. The 
GUI allows for distributed and remote access, use of 
individualised panels, access to history data, and project 
definition (easy device handling, process control). 

TIMING 
The PP laser has to be fully synchronised to the XFEL. 

A sophisticated μTCA.4 based machine timing system 
has evolved from the system used at FLASH [6]. It relies 
on length stabilised optical fibre links between timer 
cards (x2 timer) to synchronise the distributed 1.3 GHz 
clocks. Before every burst the clocks in every timer board 
are reset. With this resync pulse, information on the burst 
filling at each PP laser position is spread, as well as the 
request for a PP laser pulse for each possible position in 
the burst. Each timer card has 6 front trigger outputs with 
settable delay, width, and internal trigger source. Also 
each card features an extension slot (RTM) with 6 more 
independent trigger outputs. Beside the network based 
modes, a timer card can also be operated stand-alone. 
Currently, the reference clock of the prototype system is 
derived from the seed laser oscillator. All triggers (ampli-
fiers, diagnostics, ADCs) are then created inside the timer 
card. Varying pulse patterns have been realised remotely 
using the full capabilities of the timer card. 

CONCLUSION  
   A fully operational prototype system of the envisioned 
PP laser has been set up. Extensive measurements of the 
system performance have shown all desired parameters 
can be reached. An upgrade to scale power to the final 
specifications is under way. 
   The hardware assembly needed for the integration of the 
PP laser into the emerging control system is completed. 
Corresponding software devices are largely available.  
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Figure 1: Normalized rms emittance of single-gate FEAs. 
The shaded area corresponds to the rms beam divergence 
of 20-30°. The broken line is the upper boundary of the 
target emittance with double-gate FEAs equal to 0.1 mm-
mrad with the FEA diameter of 1 mm. 
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Abstract
Design, fabrication, and characterization of all-metal 

double-gate field emitter array cathodes at the Paul 
Scherrer Institute are reported. The beam characterization
at low beam energies, combined with the neon gas 
conditioning for improving the beam uniformity indicated 
more than an order of magnitude reduction of the 
emittance. A combination of the proposed double-gate 
structure with the surface-plasmon-enhanced near infrared 
laser-induced field emission for ultrafast, high charge 
bunch generation is discussed.

INTRODUCTION
Realization of a high current and high brightness 

cathode using field emission has been proposed based on 
an array of metal nanotip emitters [1,2]. Comparing with 
conventional etched-wire needle-shaped field emitters, 
field emitter arrays (FEAs) produced by micro- and 
nanofabrication methods with an on-chip electron 
extraction electrode are advantageous for high 
acceleration gradient operation since the switching of the 
electron emission can be controlled independently from 
the acceleration gradient by applying a electron extraction 
potential in the order of 100 V to the electron extraction 
gate electrode Gex. Using the all-metal single-gate FEAs 
developed at PSI, stable operation of FEAs in a combined 
diode-RF cavity electron gun with gradient up to 30 
MV/m [3,4], and electrical pulsing of the FEAs down to 
~200 ps [5] were demonstrated. Generation of 5 ps 
electron bunches was also demonstrated by exciting the 
FEAs by 50 fs near infrared laser pulses [6]. Although the 
curved shape of the emitter tip apex leads to a relatively 
large angular beam spread [7], the transverse emittance of 
array beam can be reduced by collimating the individual 
beamlet with a second beam collimation electrode Gcol
fabricated on top of Gex [1,2]. One of the challenges to use 
double-gate FEAs for practical applications has been the 
large reduction of the emission current with the 
application of the beam collimation potential [8]. This 
was however in part solved with the recently reported 
double-gate structures with large collimation gate 
aperture diameters [9,10]. Such double-gate FEAs are 
promising for advanced accelerator applications including 
the compact X-ray free-electron lasers (FELs) when an 
extremely low emittance below 0.1 mm-mrad is required
[11] or by utilizing the spatial beam structure combined 

with the emittance exchange [12]. Double-gate FEAs with 
low emittance can also be key to realize compact THz 
vacuum electronic oscillators and amplifiers [13]. Our
recent report showed the fabrication of up to 4×104 tip 
stacked-double-gate FEAs and their excellent beam 
collimation characteristics at low current level [14]. Here 
we report recent progress of the double-gate FEAs and the 
numerical study of the emission characteristics for a high 
density FEAs excited by near infrared laser pulses for X-
ray free electron laser applications [15,16].

BEAM CHARACERISTICS OF SINGLE-
AND DOUBLE-GATE FIELD EMITTER 

ARRAYS
The FEAs used in the experiments consist of pyramidal 

shaped molybdenum nanotip emitters with the height of 
~1 µm and the tip apex radius of curvatures of 5-10 nm. 
The emitter pitches are equal to 5 µm or 10 µm. The 
emitters are supported on metal substrates and equipped 
with Gex and Gcol electrodes. The gate electrodes and 
emitters are insulated each other by 1.2 µm-thick SiON 
layers [14,17,18]. Electron emission characteristics of the 
all-metal single-gate FEAs have been studied previously 
[3-6,15,17] including the intrinsic transverse emittance.
In Figure 1, we summarize the experimentally observed 
emittance of single-gate FEAs with the FEA diameters 
between 0.2 and 2.3 mm. The upper boundary of the 
target emittance with the double-gate FEAs equal to 0.1 
mm-mrad with the FEA diameter of 1 mm is also 
indicated in Figure 1. 
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Figure 3: Beam characteristics of a double-gate FEA (a) 
Field emission current I vs Vge at zero Vcol. The curve is a 
fitting by Fowler-Nordheim equation, I = A (Vge/B)2 exp(-
B/Vge). (b) Variation of the rms beam radius R-rms and 
the emission current with kcol equal to Vcol/Vge at Vge of 
100 V (marked by the vertical line in (a)). The horizontal 
broken line indicates the rms FEA radius. (c) Beam image 
for three kcol values with Vge equal to 100 V. 

Figure 2: (a) SEM image of all-metal double-gate FEA 
with 10 µm pitch. The inset is the magnified view of 
single emitter  (the scale bar is 2 µm). (b) Schematic 
diagram of beam characterization experiment. 

The emittance of the single-gate devices FEA1 and 2
was measured using a pulsed diode gun [3] with a beam 
energy of ~200 keV and an emission current of ~100 µA. 
The emittance was evaluated from the fitting of the 
solenoid scan. Other single-gate FEAs, FEA3 and Spindt-
FEA, were measured in the dc teststand [5,19] with a
beam energy of 50 keV and an emission current of ~1
mA. For these experiments, a FEA holder compatible 
with the pulsed-diode gun and the dc teststand under high 
gradient conditions was developed [3-5]. Emittance 
values in the range of 2-3 mm-mrad for 1 mm diameter 
FEAs were observed. This corresponds to a rms beam 
divergence of 20-30° (shaded area in Fig. 1) of the field 
emission beam at the emitter tip apex [16, 19]. The here 
observed values are in the same order of magnitude as the
emittance of the diamond FEAs without gate electrode
[20]. The beam images of FEA1 and 2 are granular due to 
the emission from the sharpest emitters caused by the 
non-uniform tip apex radius. The beam uniformity can be 
significantly improved by applying in-situ neon gas 
conditioning [5,21] as demonstrated by the uniform beam 
image of FEA3. Since the emittance values of FEA2 and 
3 are approximately the same, the beam non-uniformity 
appears to be not important in the present experiment [7]. 

Figure 2 shows the SEM of a double-gate FEA and its 
schematic operation principle. Application of a positive 
electron extraction potential Vge to Gex with respect to the 
emitters (Em) produces a field emission current. When a 
negative beam collimation potential Vcol is applied to Gcol
with respect to Gex, the field emission beamlets are 
individually collimated. Figure 3 (a) shows, the relation 
between the field emission current and Vge at zero Vcol
after the FEA was in-situ conditioned for 30 min in the 
neon gas environment with a pressure of 1×10-4 mbar
[5,21]. The field emission current increases exponentially 
with Vge, following the Fowler-Nordheim characteristics
[22].

We observed the field emission beam by a phosphor 
screen at the potential of 2.5 kV separated from the FEA 
by 50 mm. Figure 3 (c) shows the beam images at three 
different Vcol values at Vge equal to 100 V. Vcol is indicated 
by the collimation parameter kcol equal to |Vcol|/Vge. The 
reduction of the rms beam radius Rrms and the increase of
the beam brightness with the increase of kcol are visible.
At the maximally collimated condition with kcol equal to 

0.98, Rrms approached the rms FEA radius R0 (equal to 
0.56 mm indicated by the broken line in Fig. 3(b) upper 
panel) and the beam brightness was enhanced by a factor 
of ~10. At kcol equal to 0.98, the emission current was ~60 
µA and approximately 20% of the emission current of 0.4 
mA at zero kcol was retained. Assuming free propagation 
of the electrons in the transverse direction, we evaluated 
the rms transverse velocity ut from (Rrms – R0) and found 
ut to be equal to ~3×10-4 c (c is the light velocity) at kcol
equal to 0.98; the estimated emittance is below 0.1 mm-
mrad for a 1 mm-diameter FEAs [23]. Recently, the ame
beam collimation characteristics was also observed using 
single-tip double-gate device [24]. The adaptation of the 
single-gate FEA holder for the double-gate FEAs and the 
emittance measurement of the double gate FEAs using the 
dc teststand is under way. 

SURFACE-PLASMON POLARITON 
ENHANCED TIP-LASER INTERACTION
Next we discuss the strategy and design to realize a 

double-gate FEA compatible for X-FEL applications that 
can generate short electron pulses with high charge and 
low emittance. Experiments [6] with 5 µm-pitch single-
gate FEA indicated that one can generate short high 
current pulses by exciting the FEA with the excitation of 
near infrared laser pulses. The observed electron yield 
was in the order of 10-7. Therefore to generate high charge 
electron pulses e.g. 200 pC of the nominal bunch charge 
of the SwissFEL at the Paul Scherrer Institut, an order of 
magnitude increase of the electron yield is required. A
possible strategy is to reduce the array pitch to sub-
micron range by scaling down the double-gate structure
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Figure 4: (a) Schematic of sub-micron-pitch double-gate 
FEAs with Mo emitters and Cu gates excited by near 
infrared laser pulses at 7° incident angle. (b) Optical 
electric field distribution calculated for the resonant 
wavelength equal to 800 nm. (c) Particle tracking 
simulation of the same structure at 100 MV/m external 
gradient with Vge equal to 70 V and Vcol equal to -76 V. 
(d) Tip current dependence of the rms transverse 
velocity. 

described in the previous section, that can however reduce 
the tip excitation efficiency because of the concomitant 
reduction of the gate aperture diameters to sub-
wavelength dimension for the excitation of near infrared 
pulses. We therefore proposed [15,16] to use copper as the 
gate material and to utilize the surface-plasmon-polariton
(SPP) excitation of the gate electrode and the associated 
extraordinary optical transmission (EOT) of the 
plasmonic nano-aperture arrays [25]. Figure 4 (b) shows 
the optical electric field distribution of a 0.75 µm-pitch 
copper double-gate FEAs calculated by a finite element 
electromagnetic simulation tool with periodic boundary 
conditions in the lateral direction at the EOT resonance 
condition with 1.6 eV incident photon energy. We found 
that not only the EOT resonance is preserved in the 
presence of the molybdenum nanotip in the aperture 
cavity, but the optical electric field at the emitter tip apex 
is nearly a factor of 10 enhanced when the Gex is shifted 
from the axis of the emitter tip by 5 nm [15,16].
Interestingly, with the normal incident excitation with the 
field along the lateral direction, the enhanced tip optical 
field is in the direction perpendicular to the tip apex 
surface. To extract electrons, it is however practical to 
irradiate the laser pulses at an angle slightly tilted from 
the surface normal direction. Although such oblique 
incidence angle excites SPP at a difference resonance 
photon energy [25], we found that when the incident 
angle is limited within ~10°, see Figure 4 (b), the shift of 
the resonance photon energy is below ~10 meV, and not 
relevant for the present application [26].

To evaluate that the impact of the Gex shift on the beam 
characteristics, we calculated the rms transverse velocity
by a particle tracking simulator (CST Particle Studio)
with the same double-gate emitter structure as the one 
used for the electromagnetic simulation in Figure 3. We 
assumed Vge of 100 V, Vcol of -76 V, the acceleration 
gradient of 100 MV/m, and the tip current between 1 and 
200 µA. The initial current distribution at the emitter apex 
was calculated from the optical intensity obtained from 
Figure 4 (b) and assuming the field emission of the 
excited electrons that absorbed one photon with the 
energy of 1.6 eV [16]. The result is shown in Figure 4 (c) 
and (d). We found that despite the shift of Gex, the field 
emission beam is well collimated with the rms transverse 
velocity below 2×10-4 c for the tip current below ~100 
µA.

These results show the capability a 106-tip, 1 mm-
diameter sub-micron-pitch double-gate FEA to generate 
200 pC, electron pulses with the emittance well below 0.1 
mm-mrad by exciting the FEA with 0.1 mJ near infrared 
laser pulses. The near infrared photon electron yield is 
increased to ~2×10-6 by using the SPP enhanced tip-laser 
coupling. 

Test sub-micron-pitch FEAs fabricated by using the 
high-through-put electron beam lithography method 
[17,27] showed that the accuracy of the lithography and 
the sample uniformity are compatible to the proposed 
double-gate device, Figure 4 (a). Fabrication of the test 
device to demonstrate the SPP enhanced field emission is 
under way.
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Abstract 

The new LCLS-II project will construct a 4 GeV 

continuous wave (CW) superconducting linear accelerator 

to simultaneously feed two undulators which will cover 

the spectral ranges 0.2-1.2 keV and 1-5 keV, respectively.  

The injector must provide up to 300 pC/bunch with a 

normalized emittance < 0.6 µm and peak current > 30 A 

at up to 1 MHz repetition rate.  An electron gun with the 

required brightness at such high repetition rate has not yet 

been demonstrated. However, several different options 

have been explored with results that meet or exceed the 

performance requirements of LCLS-II. 

The available technologies for high repetition-rate 

guns, and the need to keep dark current within acceptable 

values, limit the accelerating gradient in the electron gun.  

We propose a CW normal conducting low frequency RF 

gun for the electron source due to a combination of the 

simplicity of operation and the highest achieved gradient 

in a CW gun, potentially allowing for lower beam 

emittances.  The high gradient is especially significant at 

the 300 pC/bunch charge where beam quality can suffer 

due to space charge.  This paper describes the design 

challenges and presents our solutions for the LCLS-II 

injector. 

INTRODUCTION 

LCLS-II [1] is a proposed FEL user facility driven by a 

4 GeV CW superconducting linac under construction at 

SLAC.  The injector must simultaneously deliver high 

repetition rate up to 1 MHz and high beam brightness 

with normalized emittance of < 0.6 µm at 300 pC/bunch 

and peak current > 30 A.  An injector capable of 

delivering the desired parameters has not yet been 

demonstrated.  This paper describes one possible design 

for the LCLS-II injector. 

The preferred LCLS-II electron gun is a normal 

conducting, CW, rf gun operating at 186 MHz (7
th

 sub-

harmonic of 1.3 GHz) like the APEX gun at LBNL [2].  

Multiple gun technologies with different advantages and 

disadvantages were considered and the APEX gun was 

ultimately adopted for LCLS-II largely due to the high 

achieved gradient of 20 MV/m and the demonstrated 

reliable CW operation. The gradient is especially 

important at 300 pC/bunch where beam quality can suffer 

due to space charge.  The nominal values as well as the 

range of all the injector parameters are listed in Table 1.  

Parameters are specified at the injector exit unless 

otherwise indicated.  The layout of the full injector is 

shown in Figure 1 including the gun, buncher, 

superconducting accelerator, laser heater for 

microbunching instability suppression and diagnostics.  

The accelerator is comprised of a single standard TESLA 

cryo-module with eight 9-cell SRF cavities which 

accelerates the beam from < 1 to approximately 100 MeV. 

 

 

Figure 1: Injector layout. 

GUN TECHNOLOGY 

Three gun technologies, each with distinct advantages 

and disadvantages, were considered for LCLS-II.  

1. DC guns 

2. VHF rf gun at linac sub-harmonic 

3. Superconducting high gradient multi-cell gun 

The DC gun at Cornell has nearly demonstrated the 

nominal LCLS-II parameters as shown in Figure 2 [3].  

These results were obtained with the DC gun operating at 

350 kV corresponding to about 4 MV/m at the cathode 

but the gun will need to be operated at closer to 500 kV to 

meet the LCLS-II emittance requirements at 300 pC.  The 

Cornell DC gun has recently been operated at 400 kV but 

no DC gun has yet demonstrated reliable e-beam 

operation at 500 kV including guns with segmented 

insulators.  One advantage of the DC gun is to allow for 

arbitrary pulse separation which can fill adjacent linac 

buckets and is desired for multi-bunch operation.  

However, LCLS-II is currently designed to operate with 

only a single bunch. 
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Table 1: LCLS-II Injector Specifications 

Parameter Nominal Range Units 

Electron energy at gun exit 750 500-800 keV 

Electron energy 98 95-120 MeV 

Bunch charge 100 10-300 pC 

Bunch repetition rate 620 0-929 kHz 

Dark current  0-400 nA 

Peak current 10 5-30 A 

Average current 0.062 0-0.3 mA 

Average beam power 6.1 0-36 kW 

Normalized slice emittance (rms) 0.4 0.2-0.6 µm 

Bunch length (rms) 1 0.3-10 mm 

Slice energy spread (rms) 1 1-5 keV 

Vacuum pressure in gun 1 0.1-1 nTorr 

Cathode quantum efficiency 2 0.5-10 % 

Laser (UV) energy at cathode 0.02 0-0.3 µJ 

Laser (IR) energy at laser heater 1 0-15 µJ 

Average CW RF gradient 16 15-18 MV/m 
 

 

 

Figure 2: Cornell DC gun phase space measurements and 

comparison with GPT simulations at three charges.  

Emittances listed are for 90% of the particles. 

 

The low frequency rf guns can reach high gradients 

including 20 MV/m for normal conducting and over 30 

MV/m for superconducting [4].  While neither technology 

has demonstrated the desired brightness it is expected that 

they will perform similar to the DC guns because these 

guns operate near crest and the transit time plus laser 

pulse length is much shorter than the rf period.  While the 

superconducting guns can produce higher gradient they 

have not yet demonstrated reliable operation and thus 

were not yet considered suitable for a user facility.  

The multi-cell superconducting rf guns operate similar 

to the existing LCLS rf gun at GHz frequencies and high 

gradient.  This combination produces shorter pulses 

requiring less compression downstream.  Like the DC 

guns they permit multi-bunch FEL operation because they 

can fill every linac bucket.  However, problems such as 

optimizing emittance compensation due to magnetic field 

locations, multi-pacting and cathode exchanges still exist 

and require additional R&D.  While we believe the 

superconducting guns (both low and high frequency) have 

the greatest potential to deliver the brightest beams due to 

the high gradients achievable, they are not yet ready for 

operation in a user facility requiring > 99% injector 

reliability.  A SRF gun is considered an upgrade path in 

the future. 

Based on the technology reliability and potential for 

high charge operation, we concluded the best candidate 

for the LCLS-II injector was the low frequency normal 

conducting rf gun.  The gun cross-section is shown in 

Figure 3 and the basic parameters are listed in Table 2. 

 

 

Figure 3: Cross section of the APEX CW rf gun. 

 

  

data

GPT
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Table 2: Measured APEX Gun Parameters 

Parameter Value 

Frequency 186 MHz 

Gap Voltage 750 kV 

Field at Cathode 19.5 MV/m 

Q0 26500 

Shunt Impedance 6.5 MΩ 

RF Power 100 kW 

Peak Surface Field 24 MV/m 

Peak Wall Power Density 25 W/cm
2
 

Accelerating Gap 4 cm 

Diameter 69.4 cm 

Length 35 cm 

Operating Pressure 0.1-1 nTorr 

CHALLENGES 

The primary challenge for the LCLS-II injector is the 

demonstration of the desired brightness at MHz repetition 

rate.  Other challenges include the laser and cathode 

performance, dark current generation and preservation of 

the high brightness beam as the beam is accelerated to 

higher energies.  Each of these challenges and our 

proposed mitigation is briefly described below. 

High Brightness Demonstration 

SLAC is collaborating with both Cornell and LBNL to 

demonstrate high repetition, high brightness beams with 

up to 300 pC/bunch charges at up to 1 MHz rate in 2015.  

The Cornell gun will be operated at a maximum energy of 

400 keV and the APEX gun will operate at a maximum of 

800 keV.  Beam characterization will be performed at 10 

and 30 MeV respectively.  Layouts of the two machines 

are similar but not identical.  Details on the optimization 

of various layouts and performance over a range of gun 

energies are reported elsewhere [5]. 

Laser and Cathode 

The laser and cathode are extremely important 

components of the injector.  We have adopted the 

conservative approach using a Cs2Te cathode operating in 

the UV with QE > 0.5%.  This leads to the spec of 0.3 µJ 

of laser energy at the cathode assuming the maximum 

charge of 300 pC.  The measured lifetime as a function of 

QE is shown in Figure 4.  The lifetime is especially 

important for user facilities and this measurement shows 

cathodes can easily deliver QE > 0.5% for more than the 

required 7 days.  Alternative cathodes operating in the 

visible such as K2CsSb and NaKSb will be considered in 

the future as they are further characterized and developed. 

At 1 MHz rate and assuming 10% IR to UV conversion 

plus 90% losses in the transport and conditioning 

components leads to a 30 W IR laser power specification.  

The best candidate for the required laser system is a fiber 

oscillator/amplifier. They have the combination of 

average power scalability, beam quality, power and timing 

stability. Fiber-based laser systems with >10 W output 

power, MHz repetition rate, and high transverse and 

longitudinal beam quality are commercially available [6].  

We anticipate improvements in commercially available 

systems in the next few years prior to ordering the LCLS-

II laser.  However, some R&D may be necessary to 

simultaneously deliver temporal and transverse shaping 

with the desired power and pointing stability. 

 

 

Figure 4: Measured Cs2Te lifetime versus QE. 

The laser also needs the capability to switch 

continuously between single shot and 1 MHz in order to 

allow different machine operation modes. A pulse picker 

system such as an Electro-Optic Modulator or Acousto-

Optic Modulator will be used to vary the rate. 

Dark Current 

Dark current can be detrimental to the performance of a 

SRF based FEL due to possible quench of SRF cavities 

and radiation damaging of permanent magnet undulators.  

The dark current from the APEX gun has been 

characterized [7] with roughly 350 nA measured at the 

location of the first LCLS-II SRF cavity as shown in 

Figure 5.  The dark current is dominated by field emission 

around the cathode plug outer diameter where the plug 

meets the gun “nose”.  The “nose” has a small radius 

which enhances the field and generates the majority of the 

dark current.  Figure 6 shows an image of the cathode on 

a downstream screen clearly showing the dark current 

dominated at the plug to gun boundary. 

  

 

Figure 5: Measured Dark Current at location of first 

LCLS-II superconducting accelerator cavity. 
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Figure 6: Measured dark current imaged onto a screen at 

left and the cathode plug on the right.  The diameter of the 

ring of dark current matches the diameter of the plug. 

 

Although the measurements shown already meet the 

LCLS-II spec we realize the dark current can increase 

with time and cathode exchanges so we have developed 

several methods for mitigation.  An obvious method to 

reduce dark current is to reduce the gradient at the 

cathode.   Figure 5 shows nearly an order of magnitude 

reduction is possible by operating at 650 keV instead of 

750 keV.  This method will clearly work but at the 

expense of beam quality so other methods are preferred.  

One method will be to clean the cathode and gun surface 

with CO2 snow as demonstrated on the PITZ L-band gun 

[8] which resulted in an order of magnitude reduction in 

dark current.  This method is effective at removing 

particulates and will be tested shortly on the APEX gun.  

Another possibility is to use a collimator to scrape the 

dark current electrons emitted from the gun “nose” since 

they originate at a much larger diameter than the photo-

electrons.  This method can potentially decrease the dark 

current an order of magnitude without scraping photo-

electrons.  A collimator will be tested soon and is 

described in more detail in reference 7. 

Emittance Preservation 

The standard TESLA SRF cavities include one Higher 

Order Mode (HOM) coupler at the upstream and 

downstream ends to damp higher order mode power plus 

the rf power feed coupler at the downstream end.  These 

couplers produce field perturbations that break the field 

symmetry and cause beam deflection and emittance 

growth.  The perturbation strength is largest at large 

radius and thus predominantly impacts the high charge 

cases.  Figure 7 shows the emittance for both transverse 

planes at 300 pC with perfectly symmetric fields (no 

couplers), the standard TESLA cavity case with 2 HOMs 

and a single power coupler and a TESLA cavity modified 

to eliminate only the upstream HOM.  The emittance for 

the standard TESLA cavity is approximately 30% larger 

than the symmetric case but most of the emittance is 

recovered by eliminating the upstream HOM.  The 

difference between x and y plane emittances in the figure 

are due to a small quadrupole term that can be corrected.  

Additional information and discussion is included 

elsewhere [9]. 

 

 
Figure 7:  Horizontal  and vertical  emittance  for  300 pC 

as a function of distance from the cathode for three cases; 

1) ideal case with perfectly symmetric cavity fields, 2) 3-

D fields from standard TESLA cavity including HOM 

couplers and 3) 3-D fields from standard TESLA cavity 

with upstream HOM coupler removed. 

 

While it would be desirable to minimize the 

perturbations from all the couplers in the injector, the 

simulations show that only the first SRF cavity requires 

modification to the upstream HOM coupler to preserve 

the emittance since the beam energy increases an order of 

magnitude in the first cavity.  Modification of the 

couplers existing design requires significant effort and 

expense so we are planning to modify only the first 

cavity. 

We have considered three methods for eliminating the 

upstream HOM.  The first method moves the upstream 

HOM to the downstream end so there are two HOMs and 

one power feed downstream.  The couplers are arranged 

to minimize dipole and quadrupole perturbation terms.  A 

second method is to add a second HOM at the upstream 

end approximately 180 degrees apart to minimize the 

dipole term.  A third method completely eliminates the 

HOM and instead uses a coaxially symmetric beam 

absorber as described in reference 3.  Simulations indicate 

that all three methods are equally effective.  We are 

currently evaluating the engineering implications and 

other potential risks and benefits for the three options and 

will adopt a final choice in the near future. 

Optimizing the brightness will require diagnostics to 

characterize the full 6-D phase space.  Thus we plan to 

include transverse rf deflectors as shown in Figure 1 to 

measure the time dependent transverse phase space as 

well as longitudinal phase space.  A pulsed kicker will 

operate up to 100 Hz to divert single pulses onto the 

diagnostic beamline.  Continuous monitoring of the 

injector beam quality will allow implementation of 

feedbacks as necessary.  Diagnostics will be critical to 

deliver the emittance values described here and in 

reference 5. 

1 pC “good” beam
Dark current

Dark

current

Dec. 6, 2013
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CONCLUSION 

Simulations show the APEX gun, a normal conducting, 

186 MHz rf gun, can deliver the desired LCLS-II electron 

beam parameters including <0.6 µm normalized 

emittance with 300 pC/bunch at 1 MHz repetition rate.  

Demonstrations of high repetition, high brightness beams 

with up to 300 pC/bunch charges are expected at both 

APEX and Cornell in 2015.  In addition the APEX gun 

with Cs2Te cathode has demonstrated reliable CW 

operation, with the required dark current, QE, thermal 

emittance and lifetime.  Additional R&D may be needed 

for the laser to simultaneously deliver the desired 

temporal and transverse pulse shapes with the required 

pulse energy and stability.  In order to preserve the 

emittance downstream of the gun, modification of the rf 

HOM coupler in the first superconducting rf cavity will 

be necessary. 

REFERENCES 

[1] T. Raubenheimer et al., “The LCLS-II, a New FEL 

Facility at SLAC,” WEB01 these proceedings, 

FEL’14, Basel, Switzerland (2014). 

[2] D. Filippetto et al., “APEX: A Photo-injector for 

High Average Power Light Sources and Beyond,” 

TUA01 these proceedings, FEL’14, Basel, 

Switzerland (2014). 

[3] C. Guilliford, et al, PRST-AB 16, 073401 (2013). 

[4] J. Bisognano et al., “Wisconsin SRF Electron Gun 

Commissioning,” NAPAC’13, Pasadena, USA, p. 

622 (2013); http://www.JACoW.org   

[5] C. Papadopoulos et al., “RF Injector Beam Dynamics 

Optimization for LCLS-II,” THP057 these 

proceedings, FEL’14, Basel, Switzerland (2014). 

[6] See for example IMRA website: 

http://www.imra.com/products/product-lines/fcpa-

microjewel/   

[7] R. Huang et al., “Dark Current Studies at the APEX 

Photoinjector,” THP054 these proceedings, FEL’14, 

Basel, Switzerland (2014). 

[8] A. Brinkmann et al., “Various Applications of Dry-

Ice Cleaning in the Field of Accelerator Components 

at DESY,” LINAC’08, Victoria, Canada, p. 803 

(2008).  

[9] A. Vivoli et al., “Effect of Cavity Couplers Field on 

the Beam Dynamics of the LCLS-II Injector,” 

THPP060 proceedings of Linac’14, Geneva, 

Switzerland (2014). 

 

 

Proceedings of FEL2014, Basel, Switzerland THP042

FEL Technology and Hardware: Gun, RF, Lasers

ISBN 978-3-95450-133-5

819 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



MODEL-BASED KLYSTRON LINEARIZATION IN THE SwissFEL TEST
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Abstract
An automatic procedure is developed to provide the opti-

mal operating point of a klystron. Since klystrons are non-

linear with respect to the input amplitude, a model-based

amplitude controller is introduced which uses the klystron

characteristic curves to obtain the appropriate high voltage

power supply setting and amplitude, such that the operating

point is close to the saturation. An advantage of the pro-

posed design is that the overall open-loop system (from the

input to the RF station to the klystron output amplitude) is

linearized. The method has been successfully tested on a

full scale RF system running at nominal power.

INTRODUCTION
The Swiss Free Electron Laser is currently being con-

structed at PSI [1]. The SwissFEL injector and the Linac

Radio Frequency drives operate in a pulsed mode at the rate

of 100 Hz. The pulse-to-pulse stability of the electron beam

characteristics, such as beam energy, are crucial for the qual-

ity of laser pulses. As the RF phase and amplitude stability

plays a significant role in this goal, an automatic procedure is

developed to obtain the operating point of a klystron such that

the output amplitude is close to its saturation level so that the

pulse-to-pulse amplitude jitter is minimized. The procedure

is model-based, using the klystron (AM/AM) characteristic

curves. The major advantage of the design is that the overall

system from the Low Level RF input to the vector modulator

to the output of the klystron is linearized. Moreover, from

the system dynamics standpoint, the closed-loop system can

be treated as a linear system. A recent contribution [2], uses

a third order polynomial function to correct the nonlinearity

of the klystron. The method is open-loop and for constant

high voltage.

Throughout this paper, the klystron and the upstream RF

and LLRF subsystems such as the pre-amplifier and the

vector modulator are referred to as the “drive chain”. The

high voltage power supply setting and the input amplitude

to the klystron are automatically determined according to

the desired output power and the predefined headroom to

the saturation. For the case where the demand power is

obtainable via slight change in the input amplitude, the high

voltage is kept unchanged. For precise control, a pulse-to-

pulse feedback loop is closed around the operating point.

∗ aminre@ee.ethz.ch

In the following section, we discuss the klystron

amplitude-to-amplitude (AM/AM) modeling, followed by a

pulse-to-pulse amplitude feedback scheme.

KLYSTRONMODELING
For fixed and constant high voltage, the klystron can be

characterized by Rapp’s model used for solid-state power

amplifiers (SSPA) [3] (which was initially introduced by

Cann in 1980 [4]). The model is suitable for systems that are

approximately linear with gradual saturation. We generalize

the formulation of the model as follows,

y(ain ) =
p1 ain + p2√
1 + ( ain

p0
)2
+ p3, (1)

where, y denotes the output amplitude of the klystron, ain is

the input amplitude and pi’s are constant parameters. This
model describes the saturation and over-saturation charac-

teristics of a klystron for constant high voltage.

Figure 1 illustrates the data of a klystron in the SwissFEL

test facility and the fitted model from (1). In the original

form [3,4], the p2 term is zero which does not capture the
power drop in the over-saturation region.
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Figure 1: The klystron input-amplitude to output-amplitude

(AM/AM) conversion curve. The output amplitude is nor-

malized to themaximum amplitude. The regression of fitting

is R2 = 0.999.

According to the experiments, the output amplitude

change is approximately linear with respect to high voltage

changes. Therefore, the following formulation is introduced,

connecting the input, output amplitude and the high voltage
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value.

y = f (ain ,h) �
p1ain + p2h + p3ainh + p4√

1 + ( ain

p0
)2

+ p5h + p6,

(2)

where y is the output amplitude, h denotes the high voltage
power supply value, and pi ’s are constant parameters. Figure
2 shows the characteristic curves of the same klystron for

different high voltage levels of h. The fitted curves are plotted

in red. The output power, P, is directly calculated from (2)
by squaring the output amplitude and multiplying by a power

factor.
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Figure 2: The klystron output power, P, for different input
amplitudes and high voltage power supply levels, h (num-
bers in blue). The models are depicted in red. The fitting

regression is R2 = 0.9996. The standard deviation of the
error between the fit and the data for the saturating powers

is σ � 0.19MW which corresponds to 0.65% headroom.

OPERATING POINT DETERMINATION
The operating point of the klystron is defined by the output

power, P∗, the high voltage power supply setting, h∗, and
the drive chain input amplitue, a∗in (see Fig. 3 ).
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Figure 3: The operating point definition of the klystron.

For output amplitude stability (repeatability), it is prefer-

able to operate the klystron very close to its saturation. The

amount of the headroom to saturation level is given in per-

cent and it is normally around 1 to 5 %. The maximum

output amplitude, ymax , can be readily determined from

(2):

ymax =

√
(p2h + p4)2 + p2

0
(p3h + p1)2 + p5h + p6. (3)

Since the desired headroom is specified, the desired output

amplitude can be expressed in terms of ymax ,

y∗ = (1 − η)ymax , (4)

where y∗ is the desired output amplitude which corresponds
to P∗, and where η denotes the headroom.
From Eqs. 3 and 4, the corresponding setpoint value for

high voltage power supply, h∗, can be easily calculated. In
practice, equation (3) is close to linear with respect to the

high voltage power supply, h.
Once h∗ is determined, the calculation of the correspond-

ing input amplitude, a∗in , is straightforward. Substituting h∗
and y∗ into the model defined in (2), leads to,

y∗ =
p1a∗in + p2h∗ + p3a∗inh∗ + p4√

1 + (
a∗in
p0

)2
+ p5h∗ + p6. (5)

Equation 5 is a simple quadratic algebraic equation with re-

spect to a∗in , and it has two solutions. Since over-saturation
is not permitted, only the smaller solution is considered. Fig-

ure 4 depicts the schematic of open loop operation of the

klystron. Since the model is not exact, the actual output am-

plitude, y, differs from y∗. Hence, a pulse-to-pulse feedback
is needed to achieve the desired amplitude more precisely.

The properties of the feedback are discussed in the following

section.

y O
P
D

Klystron

*

in y

h*

a*

Figure 4: The schematic of open-loop operation of a

klystron. The OPD-box denotes the operating point determi-

nation.

PULSE-TO-PULSE FEEDBACK
The term “pulse-to-pulse” refers to the fact that the system

runs in a pulsed mode and there is no intra pulse feedback to

compensate the error. The closed loop diagram of the system

is illustrated in Fig. 5. The controller is an integrator with the

gain C. For slight changes of the setpoint, the high voltage
remains constant and the desired amplitude is reached by
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varying the headroom and thus the input amplitude, a∗in .
This threshold of the amplitude setpoint is determined by

the allowed range of the klystron output, which is defined to

be ±η around the operating point (i.e. from the saturation
level down to 1 − 2η below the saturation, where η is the
specified headroom). For the case where the setpoint change

is beyond the threshold, a new set value for the high voltage

power supply is determined with the default headroom, η,
and the integrator resets, which leads to u = 0.

y
Klystron

*
in

y

h*

a*

+ vue
-

+ C
1-z-1

OPD

Figure 5: The schematic of closed loop operation of a

klystron.

For the output y, we have the following expressions,

yk = f (vk ,h∗) = f (a∗in + uk ,h∗), (6)

where f is model of the system response defined in (2), and
where subscript k denotes the pulse index.

Approximating by Taylor’s expansion implies,

yk � f (a∗in ,h
∗) +

∂ f (ain ,h∗)
∂ain

����ain=a
∗
in

uk , (7)

For simplicity in notation, we define

f
′
:=

∂ f (ain,h
∗)

∂ain

����ain=a
∗
in

and f0 := f (a∗in ,h
∗).

The controller signal, uk is generated as follows,

uk = uk−1 + C(y∗ − yk−1)

= uk−1 + C(y∗ − f0 − f
′
uk−1),

(8)

with a certain upper bound, to prevent excessive control-

output and over-saturation of the klystron. In the case where

the actuator hits the limit, a∗in and h∗ are recalculated for
slightly larger headroom.

Substituting Eq. 8 into (7) leads to,

yk = (1 − C f
′
)yk−1 + f

′
Cy∗. (9)

Taking the term C f
′
constant and neglecting higher order

terms in the Taylor series approximation, make the klystron

system linear from the setpoint y∗ to the output y. Notice
that f

′
is a function of a∗in , which itself is a function of y

∗.
For fast transient response, the controller gain is chosen

such that C = 1
f
′ . However, in practice, the model is not

exact, therefore the local gain of the actual system, g
′
=

∂yk
∂ain

,

differs from f
′
. Thus, the system dynamics are,

yk = (1 − g
′

f ′
)yk−1 +

g
′

f ′
y∗. (10)

To ensure the stability of the closed-loop [5], we have the

following constraint,

|1 − g
′

f ′
| ≤ β < 1, (11)

which implies that the error decays at a rate of βk .
The stability criterion in (11), leads to

1

1 + β
<

f
′

g
′ <

1

1 − β , (12)

which indicates that the derivative of the model, f
′
, should

be within a limit with respect to the true system.

EXPERIMENTAL RESULTS
In the following experiment which is done on a klystron

in a C-band RF station, different power setpoints are applied

and the headroom is set to be η = 3% from the saturation
level.
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Figure 6: Closed-loop experiment result of applying differ-

ent power setpoints. The high voltage power supply value is

determined by the OPD unit and the pulse-to-pulse feedback

gain, C, is modified accordingly. The dashed lines indicate

the maximum power (saturation level).
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Figure 7: The input signal, v, to the klystron and the power

setpoint, P∗. The dashed line denotes the maximum drive
chain input.

Figure 6 illustrates the output power and high voltage

power supply of the klystron for a series of step changes in the

THP043 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

822C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology and Hardware: Gun, RF, Lasers



setpoint. At time k = 16 the setpoint jumps to P∗ = 40MW.
The OPD provides the new integrator gain, C, as well as the

corresponding high voltage power supply set value for the

modulator which is 972V. The high voltage setting of the

modulator responds relatively quickly, but it may take one

or two pulses to reach the set value. During this time, the

integrator value is set to zero and the feedback is still inactive.

At time k = 36 the setpoint is slightly increased by 1MW.
Since the new setpoint can be reached within the current

headroom, the high voltage is kept unchanged and only the

input amplitude is increased (by reducing the headroom to

1%).

At time k = 56, the setpoint drops almost to half of the
power, 25MW, and the corresponding high voltage power

supply value is set to 832V. At time k = 76, the headroom
is manually reduced to η = 1% to observe the accuracy of
modeling and the setpoint is set to 30MW. Because of model-

mismatch, and specifically due to the small headroom, the

klystron saturates and the actuator signal, v, hits the limit

of the drive chain input (see Fig. 7). In this case, the OPD

unit is notified and the new operating point is determined

with a new larger headroom. As we can see, at k = 85 a
new high voltage power supply set value is introduced with

a new headroom (as default 3%) and the output power has

reached the setpoint of 30MW.

CONCLUSION
This paper has illustrated the klystron AM/AM model-

ing and its applicability in the model-based automation of a

klystron. Using the klystron models also gives an opportu-

nity to operators to monitor the operating point of klystrons,

as well as the saturation levels. As a result of such automa-

tion, the open-loop drive chain from the vector modulator to

the klystron output is linearized, and the closed-loop system

reaches the setpoint more quickly. The minimum amount of

headroom to the saturation is limited by the error between

the models and the data as given in Fig. 2 . A model-based

pulse-to-pulse feedback is tested successfully on the Swiss-

FEL full scale C-band RF system. The feedback approach

is based on an integrator with an adaptive gain, depending

on the setpoint.
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RF PULSE FLATTENING IN THE SWISSFEL TEST FACILITY BASED ON
MODEL-FREE ITERATIVE LEARNING CONTROL∗

Amin Rezaeizadeh†, Paul Scherrer Institut, Villigen, Switzerland
and Automatic Control Laboratory, ETH, Zürich, Switzerland
Thomas Schilcher, Paul Scherrer Institut, Villigen, Switzerland

Roy Smith, Automatic Control Laboratory, ETH, Zürich, Switzerland

Abstract
This paper introduces an iterative approach to produc-

ing flat-topped radio frequency (RF) pulses for driving the
pulsed linear accelerators in the Swiss free electron laser
(SwissFEL). The method is based on model-free iterative
learning control which iteratively updates the input pulse
shape in order to generate the desired amplitude and phase
pulses at the output of the RF system. The method has been
successfully applied to the klystron output to improve the
flatness of the amplitude and phase pulse profiles.

INTRODUCTION
The SwissFEL project at PSI will develop a Free Electron

Laser capable of generating extremely bright and short X-
ray pulses [1]. The SwissFEL injector and linac RF drives
operate in a pulsed mode at the rate of 100 Hz, using normal
conducting RF accelerating structures. The input RF pulse
length is relatively short (in the order of 1-3µs) and there
is no RF digital feedback running within a pulse. In the
two-bunch operating mode of the SwissFEL, each electron
bunch is separated by 28 ns, and it is often required that
the two bunches see the same amplitude and phase in the
accelerating structure. To achieve this goal, an Iterative
Learning Control (ILC) technique is introduced to generate
a flat-topped (or generally any desired shape) RF pulse.
Iterative Learning Control is a method for controlling

systems that operate in a repetitive, or trial-to-trial mode
[2,3]. In this method, the measured trajectory is compared to
the desired trajectory to give an error estimate which is then
used to update the input for the next trial. Amodel-based ILC
algorithm has been previously introduced in [4] which uses
an intra-pulse state feedback and it has been implemented
in several systems [5] including accelerators [6]. However,
this approach is not applicable in the SwissFEL since no
intra pulse digital feedback is feasible. A new version of
ILC has been recently developed which is not based on the
model of the system and thus the usual system identification
procedure is not required [7]. The recent method has been
modified and successfully tested on a C-band RF station in
the SwissFEL test facility.

RF STATION LAYOUT
The RF and low-level RF layout of the SwissFEL C-band

station is illustrated in Fig. 1. The discrete waveforms of
∗ Work supported by Paul Scherrer Institut.
† aminre@ee.ethz.ch

the in-phase, I, and quadrature, Q, components of the RF
signal are fed into the vector modulator to be up-converted to
the carrier frequency (5.712GHz). Each waveform contains
2048 samples with the sampling time of Ts = 4.2 ns. The
RF signal drives the klystron which delivers high power RF
at the output. In C-band stations, an RF pulse compressor
(Barrel Open Cavity) is placed after the klystron, followed
by four accelerating structures.

  Master 
oscillator 

Vector 
modulator

C-band module 
structure
     4x

LO

A
D

C

D
A

C

D
A

C

I            Q

Iterative Learning 
      Controller

Klystron

BOC

I Q

QI

0 0

...

        IQ
 demodulator

Figure 1: The RF layout of the SwissFEL C-band station.

For our experiment, we take the output of the klystron as
the measured pulse whose shape is to be controlled. The
signal is measured by a directional coupler and then down
converted to the intermediate frequency (IF) of 39.67 MHz.
The resulting signal is then sampled at the rate of 238 MHz,
followed by a demodulation algorithm to obtain discrete
waveforms of I and Q. The measured waveforms are com-
pared to the desired ones and the ILC controller generates
the next I and Q inputs to the DAC.

ITERATIVE LEARNING CONTROL
SCHEME

The ILC is a technique to manipulate the input pulse shape
iteratively until the output pulse shape fulfills the require-
ment. Model-free ILC methods are rarely investigated in
literature, in contrast to a variety of model-based methods.
Model-free ILC algorithms have the advantage that no sys-
tem identification experiments are required. The idea behind
our approach was developed by Janssens et al. [7].

Figure 2 illustrates the initial output signals of the klystron
as a response to a rectangular input pulse. The colored area
which is after filling time of the structures, denotes the region
in which the electron bunches are fired. We refer to it as
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the “flat-top” region, where ideally the pulse amplitude and
phase should be constant.
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Figure 2: A typical pulse generated by the klystron. The
measurement window consists of 2048 samples with sam-
pling time of Ts = 4.2 ns. The electron-bunches are fired
after filling time of the structures somewhere in the colored
area, which we refer it to as the flat-topped region. The
amplitude is normalized with respect to the saturation level
(with 5% headroom).

For the notation throughout this paper, subscript i denotes
the iteration counter, whereas index k captures the discrete
time instants within one RF pulse. The following input
update law is considered for an LTI SISO system,

ui+1(k) = ui (k) + ulc, i (k) ∗ αi (k), (1)

where ui (k) ∈ R, k ∈ {1,2, ...,N }, and ulc, i denotes
any linear combination of the previous trials’ input signals
u0(k),u1(k), ...,ui (k), and where αi (k) is a trial-varying but
LTI FIR filter of length N. The asterisk denotes convolution.
Since the system is assumed to be LTI, the corresponding
output yi+1(k) is predicted to be

ŷi+1(k) = yi (k) + ylc (k) ∗ αi (k), (2)

where ylc represents the corresponding linear combination
of the previous trials’ output signals y0(k), y1(k), ..., yi (k).
Equation 1 can be extended to MIMO systems by using

the lifted system representation,

ui+1 = ui +Ulc α̃i , (3)

where
ui :=

(
uI i

uQi

)
, uI i ,uQi ∈ R

N ,

and where,

uI i =

*.....
,

uI i (1)
uI i (2)
...

uI i (N )

+/////
-

, uQi =

*.....
,

uQi (1)
uQi (2)

...
uQi (N )

+/////
-

, (4)

and N denotes the number of samples in the flat-top region.
Moreover,

Ulc =

(
Ulc I UlcQ 0 0

0 0 Ulc I UlcQ

)
, α̃i =

*....
,

αI I i

αIQi
αQI i
αQQi

+////
-

where Ulc I and UlcQ denote the lower-triangular Toeplitz
matrices of ulc I (k) and ulcQ (k), respectively.
A similar relationship can be derived for y,

ŷi+1 = yi + Ylc α̃i , (5)

where,

Ylc =
(

Ylc I YlcQ 0 0
0 0 Ylc I YlcQ

)
,

and similarly, Ylc I andYlcQ are the lower-triangular Toeplitz
matrices of ylc I (k) and ylcQ (k), respectively.
Model-free ILC begins with the following optimization

problem to determine the optimal filter α̃i ,

minimize
α̃i

‖ ŷi+1 − yd ‖
2
2 + r ‖α̃i ‖

2
2

subject to ŷi+1 = yi + Ylc α̃i

(6)

where r is a weight on the input changes, and where yd
denotes the desired output vector which is expressed in terms
of the desired I and Q waveforms:

yd =

(
yd I

ydQ

)
=

(
ad cos ϕd
ad sin ϕd

)
, (7)

where ad and ϕd are respectively the desired output ampli-
tude and phase trajectories in the flat-topped region (colored
area in Fig. 2). We choose a smoothed amplitude trajectory
as follows,

ad (k) = a0e−(k−1)/k0 + are f
(
1 − e−(k−1)/k0

)
, (8)

1 ≤ k ≤ N,

where are f is the desired amplitude at the flat-top, and a0
and k0 are constants. A similar trajectory is defined for the
phase. The reason for selecting such smooth trajectories is
to avoid discontinuity which may result in large actuation to
obtain flatness. The limits on the input signals are excluded
from the constraints since they are inactive and can be treated
separately.

As stated in [7], the following specific linear combination
reduces the prediction error and allows Ylc to be of full rank
at every trial throughout the learning process,

Ulc = Ui −Ui−1 + γU0, (9)

and the linear combination matrix for the output would be

Ylc = Yi − Yi−1 + γY0, (10)
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where γ is a tuning factor, and where Ui and U0 are Toeplitz
matrices of ui and u0, respectively, with u0 denoting the
initial input signal. Similar definitions apply for Yi and Y0.

The explicit solution to the optimization problem (6) can
be readily calculated,

α̃∗i = (r I + YT
lcYlc )−1YT

lc (yi − yd ). (11)

Therefore, the input I and Q sequences are updated as

ui+1 = ui +Ulc α̃
∗
i , (12)

with defined bounds on the inputs.

EXPERIMENTAL RESULTS
As stated at the beginning, the control objective is to

generate flat pulses at the klystron output. The actuation and
measurement are based on I and Q waveforms, however we
are mostly interested in amplitude and phase due to their
physical meaning. Before running the ILC, the loop phase
of the RF system was calibrated and set to zero, such that I
and Q channels were approximately decoupled. Since the
klystron is nonlinear with respect to amplitude, the inputs ui
are small signals around the operating point of the klystron.
The algorithm begins with slightly exciting the input I and
Q channels by small steps uI 0 and uQ0, respectively, which
are constant over the whole pulse length.
Figure 3 shows the RF amplitude and phase waveforms

after 30 iterations compared to the initial waveforms. The
variance of the pulse over the flat-topped region is used as
a measure of flatness. Figure 4 illustrates the standard de-
viation of the amplitude and phase pulses as the iteration
advances. The iteration number “0” corresponds to the ini-
tial waveforms. The flatness has been improved by a factor
of 3 and 5 for the amplitude and phase pulse, respectively.
After around 20 iterations, the tracking error converges to
the residual error which comes from the pulse to pulse noise
through the system. The corresponding generated input
waveforms are depicted in Fig. 5. As we can see, the result-
ing input signal is different from the nominal rectangular
pulse.

SUMMARY
Formulti-bunch operation of a pulsedmode FEL, in which

several electron bunches are accelerated within an RF pulse,
it is often required that the amplitude and phase remain
constant over the pulse length so that the bunches achieve
the same energy level. For pulsed mode machines, like the
SwissFEL, where the pulse length is relatively short and no
intra-pulse digital feedback is feasible, Iterative Learning
Control is applicable to achieving the control objectives. In
this paper, we investigated a model-free ILC approach and
its application in RF pulse flattening of the klystron output.
The proposed algorithm is applicable to RF waveform con-
trol in the other parts of the system, such as the RF pulse
compressor and the Cavity pickups.
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Figure 3: The klystron output amplitude and phase wave-
forms after 30 iterations (in red). The blue signal denotes
the initial output waveforms (iteration #0).
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input waveforms (iteration #0).
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DEVELOPMENT OF PHOTOCACHODE DRIVE LASER SYSTEM  

FOR RF GUNS IN KU-FEL* 

H. Zen
#
, S. Suphakul, T. Kii, H. Ohgaki, Institute of Advanced Energy, Kyoto University, Gokasho, 

Uji, Kyoto, 611-0011, Japan  

R. Kuroda, Y. Taira, National Institute of Advanced Industrial Science and Technology (AIST),  

1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan  

Abstract 
A photocathode drive laser system has been developed 

for RF guns in Institute of Advanced Energy, Kyoto 
University. Those RF guns require single-bunch and 
multi-bunch operation. Therefore, single-pulse and multi-
pulse performances of the drive laser system have been 
examined for our laser system. As the result of test 
experiment, we have succeeded in generating UV laser 
pulses with micro-pulse energy of 205 J/micro-pulse in 
the single-pulse condition. On the other hand, in the 
multi-pulse condition, UV pulse lasers having flat macro-

pulse shape with micro-pulse energy of 3.9 J and macro-

pulse duration of 5 s were successfully generated. Those 
values satisfy our target value required for the 
photocathode drive laser system and developed drive laser 
system will be used for electron beam generation. 

INTRODUCTION 

We have been developing an oscillator type mid-

Infrared free electron laser (MIR-FEL) to contribute 
energy related sciences in Kyoto University [1]. The 
facility utilizes a 4.5-cell thermionic RF gun for its 
electron source. The gun can provide us high energy 
(~9 MeV) and multi-bunch electron beam with relatively 
long macro-pulse duration (~7 s). However, the bunch 
charge is limited to less than 40 pC because of serious 
backbombardment effect [2]. Even with the limited bunch 
charge, we could provide MIR-FEL beam in the 
wavelength region from 5 to 20 m. In addition to the 
MIR-FEL, development of THz-FEL has been started [3]. 

Two upgrade projects of MIR-FEL by modifying the 
thermionic RF gun have been carried out as well. One is a 
triode RF gun project [4] and the other is a photocathode 
project [5]. The triode RF gun uses a thermionic cathode 
and additional small cavity around the cathode. A 
numerical simulation predicted that the backbombardment 
effect could be solved by the proposed triode 
configuration [4]. The photocathode project is much 
simpler than the triode one. The photocathode RF gun 
driven by pico-second laser is completely free from the 
backbombardment effect and can produce electron beams 
with higher bunch charge and longer macro-pulse 
duration than the thermionic one. Initially we planned to 
install a modified BNL-type 1.6-cell RF gun to upgrade 
the MIR-FEL [6]. The gun cavity was manufactured in 
2008. However, because of growing scientific interest in 

THz region, we changed our plan and decided to use the 
manufactured 1.6-cell gun as an electron source of 
compact single pass THz-FEL [3]. 

For the photocathode upgrade project of existing MIR-

FEL device, we need to develop multi-pulse laser for 
oscillator FEL. On the other hand, single-pulse laser is 
enough for single pass THz-FEL. Our early work on the 
multi-pulse laser system was reported in the proceedings 
of FEL2012 [7]. At that time, we tried to develop a four-
pass amplifier using a laser diode (LD) pumped amplifier 
module. In this scheme, however,  we suffered from a 
self-oscillation of the amplifier module. Therefore we 
modified the amplifier configuration to have two double-

pass amplifiers and installed nonlinear crystals for second 
harmonic generation and fourth harmonic generation. In 
this paper we will report the performance of our 
photocathode drive laser system.  

PHOTOCATHODE DRIVE LASER 
SYSTEM 

In this section, target values of our photocathode drive 
laser system and system configuration are described.  

Target Values 

There are so many choices for photocathode material 
and then the required performance of its drive laser 
strongly depends on the quantum efficiency (QE) of the 
photocathode. In this work, we assume usage of high QE 
photocathode (e.g. Cs-Te: QE > 1  10-2) for the RF gun 
of multi-bunch operation and copper photocathode (QE ~ 
1  10-4) for the RF gun of single-bunch operation. Then 
we set the target bunch charge as 1 nC for both cases. 
Therefore the target micro-pulse energy of drive laser can 
be calculated as 0.47 J for the multi-bunch case and 47 J for the single-bunch case at the laser wavelength of 
266 nm. The main parameters are shown in Table 1. 

The maximum repetition rate of macro-pulse is given 
by the maximum repetition rate of RF power source used 
to drive the RF gun, which is 10 Hz in KU-FEL. The 
repetition rate of micro-pulse must be harmonics of 
29.75 MHz which is a roundtrip frequency of optical 
cavity used for MIR-FEL. The number of micro-pulse 
determines the number of FEL amplification in the FEL 
optical cavity. A numerical simulation predicted that very 
high FEL gain (~ 300%) could be achieved with 
photocathode operation of 4.5-cell RF gun [5]. Therefore, 
not so large number of amplification is required but here 
we set the target number of micro-pulse to have more  ___________________________________________  
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than 100 FEL amplifications in the cavity even it may be 
too much for MIR-FEL experiment. 

 
Table 1: Target Values of Photocathode Drive Laser 
System 

Bunch Charge 1 nC/micro-pulse 

Laser Micro-

pulse Energy 

@266 nm 

Multi-bunch 0.47 J (QE > 0.01) 

Single bunch 47 J (QE ~ 1  10-4
) 

Macro-pulse Repetition Rate ≤ 10 Hz 

Micro-pulse Repetition Rate n  29.75 MHz 

Number of Micro-pulse 

(Multi-bunch case) > n  100  

System Configuration 

We used a mode-locked Nd:YVO4 laser (GE-100-

VAN-89.25MHz-CLX-Flexible AOM, Time-Bandwidth) 

as a laser oscillator. This laser’s specifications are 

summarized in Table 2. The repetition frequency 

89.25 MHz is one thirty second of the RF frequency of 

KU-FEL linac (2856 MHz) and third harmonics of 

roundtrip frequency of the FEL resonator cavity. The 

laser system was designed to synchronize the phase 

timing between the RF signal of KU-FEL and the 

repetition frequency of the drive laser by controlling the 

resonator length of the mode-locked laser. This oscillator 

has a built-in Acousto-optic modulator (AOM) for multi-

pulse laser generation. The amplitude of pulse train 

generated from the oscillator can be arbitrary modulated 

by the AOM combined with an arbitrary waveform 

generator (AFG3251, Tektronix).  

A beam alignment feedback system (Aligna4D, TEM) 
has been installed in the downstream of the AOM to 
stabilize both the laser beam position and angle whose 
drift can be caused by temperature drift of the AOM [7]. 
After that, two double-pass amplifier using a laser diode 
(LD) pumped amplifier (REA5006-2P1, CEO) which 
contains a Nd:YAG rod (5 mm × 12.6 cm) is employed. 
Finally, amplified laser pulses are injected to nonlinear 
crystals for second harmonic generation (SHG) and fourth 
harmonic generation (FHG). In this work, we used KTP 

crystal for SHG and KDP crystal for FHG. The 
photographs and schematic diagram of the multi-bunch 
laser system are shown in Fig. 1 and 2, respectively. 

 

Wavelength 1064 nm 

Repetition Rate of Micro-pulse 
89.25 MHz 

(3  29.75 MHz) 

Average output power ~600 mW 

Pulse Duration 7.5 ps-FWHM 

M2 value < 1.13 (x and y) 

 

 

 

Figure 1: Photographs of the developed drive laser system. 

(a) Upstream side including the Nd-YVO4 oscillator and 

the beam alignment feedback system. (b) Downstream 

side including the double-pass amplifiers and harmonic 

generation crystals. 

 

Figure 2: Configuration of photocathode drive laser system. 

PBS

PBS

ISOISO

HWPHWP

HWPHWP

QWP

QWP

0deg. 
Mirror

0deg. 
Mirror

Periscope

HWP

KTP
(SHG)

KDP
(FHG)

Iris

Beam Stop

Beam Stop

Beam Aligner

ISO

HWPHWP
Periscope

Nd:YVO  Oscillator

HWP
(@266 nm)

To Cathode

Beam Stop

4

AMP
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AOM

Iris

HWP: Half-wave plate
QWP: Quarter-wave plate
ISO: Faraday Isolator
PBS: Polarized Beam Splitter Cube
AMP: REA5006-2P1

Pellicle
Beam
Splitter

GE-100-VAN-89.25MHz-CLX-
Flexible AOM

Pos. Angle

Feedback
Controller Harmonic Separator Mirrors

    AR@1064 nm, 532 nm
    HR@266 nm

Dielectric Mirrors
   HR@266 nm
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(b) 

            Table 2: Specification of Laser Oscillator 

Proceedings of FEL2014, Basel, Switzerland THP045

FEL Technology and Hardware: Gun, RF, Lasers

ISBN 978-3-95450-133-5

829 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



PERFORMANCE TEST 

The performances of developed laser system were 

tested under the single-pulse and multi-pulse conditions. 

Single- ulse Condition 

Single optical pulses were selected by AOM from 89.25-

MHz pulse train generated by the mode-locked oscillator 
and sent to the two double-pass amplifiers. Figure 3 
shows the observed laser pulse energy after two double-

pass amplifiers as a function of LD current of 2nd 
amplifier with fixed LD current of 1st amplifier (80A). 
The laser pulse energy was measured by pyroelectric 
energy meter (PE10BB, Ophir). At the low LD current 
condition up to 65 A, the laser pulse energy exponentially 
increased on the LD current and its gain was 
3 times/10 A. With the higher LD current than 65 A, the 
laser pulse energy shows saturation tendency, i.e. 
departure from exponential curve. The maximum 
fundamental pulse energy recorded was 2.5 mJ/micro-

pulse. At the same time, the pulse energies after the 
second and the fourth harmonic generation crystals were 
measured. The results plotted with SHG and FHG 
conversion efficiencies are shown in Fig. 4.The maximum 

pulse energy after SHG and FHG were 686 and 205 J, 

respectively. The highest conversion efficiencies of SHG 

and FHG in this system were 38% at the fundamental 

pulse energy of 890 J and 38% at the second harmonic 

pulse energy of 338 J, respectively. The maximum 

overall conversion efficiency from IR to UV was around 

14% at the fundamental pulse energy of 890 J. The 

achieved maximum pulse energy after FHG was much 

higher than our requirement, 47 J/micro-pulse. Here we 

conclude that the developed laser system has enough high 

performance for single bunch operation with copper 

photocathode whose quantum efficiency is around 110
-4

. 

 

 

Figure 3: Laser pulse energy after two double-pass 

amplifiers as a function of LD excitation current of 2nd 

amplifier in case of single-pulse condition. The excitation 

current of LD in the 1st amplifier is fixed to 80 A. 

 

 

 

Figure 4: Laser pulse energy after SHG and FHG plotted 

with their conversion efficiencies as a function of incident 

laser pulse energy to the crystals. (a) Pulse energy after 

SHG and conversion efficiency of SHG. (b) Pulse energy 

after FHG and conversion efficiency of FHG.  

Multi-pulse Condition 

We tried to generate multi-pulse UV laser with a 

rectangular macro-pulse shape by modulating the built-in 

AOM. The macro-pulse structure and the macro-pulse 

energy was measured by an ultrafast photodetector (UPD-

300-UD, ALPHALAS) and the pyroelectric energy meter 

(PE10BB, Ophir), respectively. A result is shown in 

Fig. 5. The pulse shape of UV laser is plotted with the 

control voltage of the AOM. As shown in Fig. 5 (a), 

almost flat macro-pulse could be generated by providing 

optimized control voltage to the AOM. The macro-pulse 

energy and the macro-pulse duration were 1.75 mJ and 5 s, respectively. Then the micro-pulse energy was 

calculated as 3.9 J from those values and micro-pulse 

repetition rate of 89.25 MHz. The micro-pulse energy and 

macro-pulse duration satisfy our target values which 

listed in Table 1. With this condition, we can generate 

electron beam with bunch charge of 1 nC from a 

photocathode having QE of 1.2  10-3. In order to show 
the importance of optimization of the AOM modulation 
pattern, a result of UV pulse shape measurement under 
the condition of rectangular AOM modulation pulse is 
shown in Fig. 5 (b). Since the micro-pulse energy of IR 
laser pulses in the second amplifier module were very 
high, the optical pumping power given by the LD in 
amplifier module was insufficient to maintain laser gain 
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during the macro-pulse. Therefore the micro-pulse energy 
after second amplifier rapidly decreased during the 
macro-pulse. Therefore we need to optimize the 
modulation of AOM for generating UV laser pulse train 
having the rectangular macro-pulse structure.  

In the optimized condition, the overall conversion 
efficiency from IR to UV can be estimated as 3% from 
the achieved UV micro-pulse energy (3.9 J/micro-pulse) 
and result of conversion efficiency measurement in single 
pulse condition shown in Fig. 4. By adding focusing 
optics before the nonlinear crystals and reducing the laser 
beam size on the crystals, the conversion efficiency in the 
multi-bunch condition can be increased. If we cannot use 
high QE photocathode, we need to optimize the laser 
beam size on the nonlinear crystals to have higher UV 
micro-pulse energy in the multi-pulse condition. 

 

 

 

Figure 5: Measured UV pulse train with optimized 

amplitude modulation of AOM (a) and rectangular 

modulation of AOM (b). The periodic oscillation of peak 

value seen in figure (a) was caused by insufficient 

sampling speed of oscilloscope. 

CONCLUSION 

A photocathode drive laser system has been developed 

for photocathode RF guns in Institute of Advanced 

Energy, Kyoto University. The developed system consists 

of an Nd:YVO4 mode-locked oscillator with a built-in 

AOM, beam position stabilization system, two double-

pass amplifiers and nonlinear crystals for harmonic 

generation. Performance tests have been conducted with 

single-pulse and multi-pulse conditions. In case of the 

single-pulse condition, the maximum IR micro-pulse 

energy and maximum UV micro-pulse energy were 2.5 

mJ and 205 J, respectively. In the experiment, the 

maximum overall conversion efficiency from IR to UV 

was around 14%. In case of multi-pulse condition, we 

have succeeded in generating UV laser pulses having flat 

macro-pulse shape with 3.9-J micro-pulse energy and 5-s macro-pulse duration by applying optimum control 

voltage to the built-in AOM. Those values satisfies our 

requirements, i.e. generation of electron beams having 1-

nC charge per bunch, and the developed laser will be used 

as the photocathode drive laser of RF guns in Institute of 

Advanced Energy, Kyoto University. 
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Cu AND Cs Te CATHODES PREPARATION AND QE HISTORY AT THE 2
SwissFEL INJECTOR TEST FACILITY 

J. Bossert, R. Ganter, M. Schaer, T. Schietinger, PSI, Villigen, Switzerland 

Abstract 
The installation of a load-lock chamber attached to the 

RF photoinjector gives the possibility to carefully prepare 
the metallic cathodes under vacuum and also to use 
semiconductor cathodes like Cs2Te cathodes which cannot 
be transported through air. An annealing procedure of 
copper cathodes to desorb water guarantees a good 
reproducibility of the initial quantum efficiency (QE) 
above 10-4. Cs2Te cathodes were tested in the same gun 
and showed that they also fulfill the emittance 
requirements of SwissFEL but with a much higher QE (1-
2%). In order to better understand and improve the 
deposition procedure at PSI (based on a CERN recipe), 
surface analysis were performed and are discussed in the 
paper (SEM, EDX, interferometry, microscopy). 

INTRODUCTION 
The main advantage of semi-conductor cathodes (like 

Cs2Te) over metallic cathodes (copper) is the increase in 
quantum efficiency by several orders of magnitudes (QE). 
The laser energy required for photoemission can then be 
reduced and invested elsewhere like in a better shaping 
(which always consumes laser power) or in multi bunch 
operation. The main drawbacks of Cs2Te cathodes is 
however the increase in slice emittance and the short 
lifetime (rapid decrease of QE). At SwissFEL we would 
like to have both cathode options (Cu and Cs2Te) ready 
for the future operation. In this paper we present the 
preparation procedures for both cathode materials 
together with their QE performances.  

EXPERIENCE WITH COPPER 
CATHODES AT THE SITF 

The SwissFEL Injector Test Facility (SITF) is a 250 
MeV accelerator to test components and beam quality for 
SwissFEL. SITF produces beam since 2009 using copper 
cathode plugs installed in a RF photo-injector [1]. 
Cathodes are illuminated with laser pulses at 262 nm with 
a duration of t=4 ps rms (Gaussian), a nominal diameter 
of r=250µm (flat top transverse profile) and a repetition 
rate of 10 Hz. The electric field at the cathode surface 
during illumination is about 52 MV/m.  

Until 2013, SITF was operated without any load-lock 
system and the QE directly after cathode installation was 
not reproducible and sometimes below the specification 
threshold of QEmin ~ 7.e-5, see for example Cu_7 and 
Cu_8 in Fig. 1. Only cathode Cu_3 has behaved 
exceptionally well for a very long period. After the 
installation of the load-lock chamber in july 2013, we 
have established a cleaning and annealing procedure with 
temperature as high as 250 C [1] which guarantees a 

starting QE always above 10-4. This could be 
demonstrated on more than 5 cathodes. The duration until 
the QE decreases below 7.0.10-5, is between 50 and 150 
days (see Cu_19 and Cu_17 in Fig. 1). 

 

Figure 1: Evolution of the QE of copper cathodes 
installed in the injector since 2009. The load-lock 
chamber has been installed in July 2013. 

The future laser system of SwissFEL (Yb:CaF2 crystal) 
will be more powerful so that the minimum required QE 
will be as low as 4.10-5. In view of Fig. 1, this would 
mean that the duration between two consecutive cathode 
exchanges should exceed 100 days. This would 
correspond to one shift shutdown every 100 days. Indeed, 
the exchange of cathodes with the load-lock takes only a 
few minutes but the RF conditioning of a new cathode 
still takes several hours.  

Cs2Te PREPARATION AND 
PERFORMANCES AT THE SITF 

Cs2Te Cathode Preparation  
The deposition procedure used at PSI is copied from a 

CERN [2,3] recipe where 15 nm of tellurium and 25 nm 
of caesium are successively evaporated directly on the 
copper cathodes [4]. The copper cathodes undergo 
beforehand the same annealing procedure as for operation 
with pure copper cathode. An aperture mask limits the 
deposition area to a disc of 1cm diameter (Fig. 2). The 
cathodes can then be transferred from the evaporation 
chamber to the gun load-lock via a vacuum suitcase. The 
initial pressure in the evaporation chamber is around 3.10-

10 mbar going up to 1.10-8 mbar during evaporation. The 
base pressure in the gun during operation is around 1.10-9 
mbar when RF is powered.  
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Figure 2: Evaporation chamber with the cathode holder 
and micro balance on the left and the Cs evaporation 
source on the right. (Top); Two cathodes with a 1 cm 
diameter disc of Cs2Te (Bottom).

Cs2Te Cathode Performances 
Five Cs2Te cathodes were prepared at PSI based on the 

above mentioned procedure. The two cathodes tested in 
the SITF gun started with a QE above 1% (Fig. 3). The 
laser energy had to be attenuated from typically 5 - 15 
microjoules (in the case of normal copper cathode) to few 
tens of nanojoules showing the enormous spare potential 
in terms of laser energy. This laser energy could then be 
invested in a better shaping of the transverse and 
longitudinal profile of the laser pulses.

Two Cs2Te cathodes were tested in the gun during one 
week with a few months interval. The first cathode 
produced and tested in the RF photoinjector 
(Cu(Cs2Te)_13) had already a drop of the QE after 50 
hours operation which might be related to a local surface 
contamination. For the second cathode (Cu(Cs2Te)_8) the 
level of vacuum during deposition was improved and the 
QE stayed above 2 % during the whole week of operation. 

The main goal of these tests was to compare the slice 
emittance obtained with Cs2Te to the one obtained with 
copper in the same RF photoinjector. In fact, for both 
Cs2Te cathodes the measured slice emittance increased 
only by 20 to 30% in comparison to what is typically 
obtained with copper cathodes. These results are 
presented in a companion paper [5].

Figure 3: Evolution of the QE of Cs2Te cathodes installed 
in the RF photo injector of the SITF in two different 
periods. (262 nm; 200 pC; t,laser=4 ps rms; 10 Hz).

Cs2Te SURFACE ANALYSIS
The QE maps taken during the tests of Cu(Cs2Te)_13 

and Cu(Cs2Te)_8 present non uniformities as shown in
Fig. 4 (bottom). Such non-uniformities are not good for 
beam quality and might be related to the deposition 
procedure. 

Figure 4: QE map of Cu(Cs2Te)_13 measured in the gun
by scanning small laser spots with constant energy (Top).
SEM picture (with secondary electrons) of the same
cathode after exposure to air (Bottom).
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In order to better understand what causes these non-
uniformities a series of surface analysis of the cathode 
were performed. As soon as the cathode is brought to air 
for surface analysis the oxidation is changing the surface 
so that the interpretations given below are only 
hypothesis. The scanning electron microscope picture of 
Fig. 4 exhibits many structures present on the surface 
with about the same size as the non-uniformities seen on 
the QE map. 

Figure 5: EDX analysis of Cu(Cs2Te)_13 cathode 
showing the distribution of Cs (caesium), O (oxygen) and 
Te (Tellurium). The SEM reference picture (with back 
scattered electrons) is in the upper left corner.

EDX analysis (energy dispersive X-ray spectroscopy) 
revealed that these bright structures observed in Fig. 4 top 
picture correspond to high concentration of caesium Cs 
and oxygen. Indeed the structure indicated by the arrow 
on Fig. 5 corresponds to Cs and oxygen. Oxygen is just 
going preferentially to the area with high Cs content when 
cathode is brought to air. At the difference of Cs the Te is 
much more spread over the entire area (see upper right 
picture of Fig. 5). This is consistent with the way Cs2Te 
layer grows on copper substrate (island type of 
formation) [6].

Further SEM analysis of Cs alone deposited on copper 
and Te alone deposited on copper (Fig. 6) confirm this 
tendancy that Cs does not spread over copper surface but 
rather grow by island on specific nucleation sites (see 
Fig. 6, center). Te is much more uniformly distributed 
even if some granularity is also visible (Fig. 6, Top). The 
SEM picture of the Cs2Te layer is then a combination of 
the island with granularity (Fig. 6, Bottom).

These SEM pictures were however taken after exposure 
to air and it is not clear what comes from the air oxidation 
and what was the Cs non uniformity just after deposition 
in vacuum.

Finally, interferometry analysis of the Cs2Te deposited 
layer where performed to quantify the increase in 
roughness in comparison to the copper substrate. In fact 
we observed a rise of the dark current from 1.5 nC to 1.6 
nC when going from copper to Cs2Te. This increase can 
either come from a lowering of the work function or from 
the increase of the surface roughness. 

Figure 6: SEM pictures of 15 nm Te deposited on Cu 
(Top), 25 nm of Cs deposited on Cu (middle) and 40 nm 
of Cs2Te compound on copper.

The interferometry analysis have shown that the 
average roughness Ra went from Ra ~ 3 nm for pure 
copper to Ra ~ 15 nm once Cs2Te was deposited (Fig. 7). 
It is however not clear which part of the roughness is due 
to oxidation due to exposure to air and what was already 
present under vacuum. Nevertheless an increase of the 
roughness could well explain the observed increase of 
dark current.

Cs2Te LIFETIME AND REJUVENATION
In order to be compatible with SwissFEL operation the 

Cs2Te cathodes need to maintain a QE above 0.1 % for at 
least one week and this at a repetition rate of 100 Hz.
Exchanging the cathode every week (4 cathodes can be 
stored in advance) should be possible for standard 
operation. The measurements done in the SITF gun and 
shown in Fig. 3 were for 10 Hz repetition rate. Cs2Te 
cathodes are much more sensitive to contamination than 
copper, especially to oxygen contamination [6] [7].
Lifetime measurements were done in a test chamber 
where the applied electric field was only 1 kV/cm so that 
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space charge limited regime was already observed for 
charges above a few pC. 

Figure 7: Interferometry measurements of a copper 
cathode surface (top) and of the Cs2Te layer surface 
(bottom).

That is to say for laser energies above 1 nJ, the QE 
started to decrease due to space charge screening effect
(Fig. 8). In addition the Schottky effect which influences 
the QE by lowering the barrier of potential is much less 
important for 1 kV/cm than in the RF gun where the 
extracting field is around 52 MV/m.

Nevertheless Fig. 8 shows that a QE of 0.1% is reached 
after 200 hours of operation at a pressure of 1.4e-8 mbar 
(the initial QE was around 1%). After 200 hours, an 
annealing procedure of 10 hours at 250 C has been 
applied to the cathode. This had the effect to bring back 
the QE to its initial value. This treatment was tested on a 
second cathode with the same result so that such 
annealing could be a sort of rejuvenation procedure to 
retrieve QE. It is however not clear what is the effect of 
annealing on the QE map and also how many times it 
could be applied. Most probably, the heating of the 
cathode helps to remove contaminants (oxygen based) 
present in vacuum and which accumulate on the cathode 
surface. 

CONCLUSION
With the load-lock chamber installed at the RF photo-

injector of SITF, one could clean copper cathode under 
vacuum and get QE above 1.e-4 and prepare Cs2Te with 
QE above 1%. Using Cs2Te photocathodes instead of 
copper improves the QE by a factor 100 at the cost of 
20 % emittance increase which is still within the 
requirements of SwissFEL operation. QE maps of Cs2Te 

cathodes showed however non uniformities which might 
be explained by non-uniform spreading of Cs over the Te 
layer. Lifetime test at 100 Hz still need to be carried out
but Cs2Te is a valid cathode candidate for SwissFEL 
operation.

Figure 8: QE versus illuminating laser energy (266 nm, 
Fcathode=1 kV/cm DC; annealing temperature = 250 C, 
P=1.4e-8 mbar).
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PHOTOEMISSION STUDIES OF NIOBIUM AND LEAD 
PHOTOCATHODES USING PICOSECOND UV LASER* 

R. Xiang #, A. Arnold, P. Lu, P. Murcek, J. Teichert, H. Vennekate, HZDR, Dresden, Germany 
R. Barday, HZB, Berlin, Germany  

 

Abstract 
We present the results of our investigations on 

superconducting photocathodes for supercondcuting rf 
injectors. Bulk niobium and lead film on niobium have 
been considered as the best candidates. The quantum 
efficiency (QE) at room temperature has been measured 
with 258 nm UV laser pulses of 14 ps duration. A QE of 
10-4 has been obtained for the lead film.  In order to 
improve the photoemission yield of niobium, new 
treatment methods, like Cs-activation and implantation 
with alkali metals, have been applied and the results are 
reported. 

INTRODUCTION 
In the past two decades, superconducting RF 

photoinjectors (SRF gun) have drawn a lot of attention 
because of their continuous-wave (CW), low emittance 
and high bunch charge operation. Different research 
projects have been launched at a growing number of 
accelerator laboratories [1-3]. A lot of efforts have been 
spent on solving the conflict between the normal 
conducting photocathodes and the superconducting 
cavity. The most direct and easiest way is to use 
superconducting materials as photocathodes. Previous 
experimental results showed that lead and niobium are the 
most promising candidates [4,5].  

At HZDR, Cs2Te is the standard photocathode material, 
and the drive laser has the wavelength of 258 nm in CW 
mode with adjustable repetition rate 100-500 kHz, and the 
pulse length is 14 ps FWHM. In this work, we used the 
present drive laser to investigate the photoemission 
properties of lead layer and bulk niobium, and tried to 
find a new recipe to improve the QE for niobium 
photocathode.  

THIN LEAD LAYER 
Lead is an attractive option for a low to moderate 

average current source. Arc deposition technique has been 
proved to be the best choice for coating [5]. QE 
investigation was done with the SRF gun drive laser for 
the lead layer produced at National Centre for Nuclear 
Research (NCBJ) of Poland [6].  
Experimental Setup 

The vacuum chamber used to measure the QE of 

cathodes is shown in Fig. 1. It consists of an anode ring 
and a cathode in a parallel geometry with a spacing of 
10 mm. The anode ring can be biased up to 400 V. The 
cathode is connected to a picoammeter Keithley6485 for 
the photocurrent measurement. The laser used for 
photoemission was focused on the cathode surface with a 
diameter of 1 mm, illuminating at normal incidence 
through the anode ring. A turbo-pump was used to keep 
the vacuum inside the chamber at a level of 10-7 mbar.  

Preparation Progress 
The 2 µm thick lead layer was coated on polycrystal 

niobium plugs. The mirror-like Ø 10 mm Nb plugs were 
mechanically polished with diamond suspension, 
resulting in a mean roughness of 25 nm.  

The lead layer deposition was done at NCBJ (Swierk) 
using an UHV arc device equipped with a 30o bent plasma 
duct for droplets filtering  at a deposition rate of 200 
nm/min. Sample #C2 was additionally treated with three 
Ar plasma pulses in the IBIS rod plasma injector at 
NCBJ. Energy-dispersive X-ray spectroscopy (EDX) 
measurement showed 86 – 93 % lead in the 2 µm layer 
[6].  

For all samples, the lead layers were briefly exposed to 
air between deposition, post-processing, SEM studies and 
QE measurement.  

QE Measurement and Laser Cleaning 
The QE of the layer was determined by measuring the 

laser power on the cathode and the current leaving the 
cathode. The bias on anode was adjustable from 30 V to 
400 V.   

 
Figure 1: The experimental setup for QE measurement. 
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For the sample #C1 the initial QE before laser cleaning 
was measured as 2×10-5 at 258nm (4.8 eV). Then a 
serious laser cleaning was performed with various laser 
power for different positions on the surface (Fig.  2). The 
maximum QE reached 1×10-4 after laser cleaning with 
laser intensity up to 1.2 μJ/mm2. This is lower than the 
QE for the arc deposited Pb in the former work [5], where 
the authors obtained about 7 ×10-4 for 4.8 eV photons 
after cleaning with 248 nm excimer laser up to 
200 μJ/mm2. The reason can be the lower laser density 
and shorter laser pulse duration in our experiment. The 
action time between the ps laser pulse and the metal 
surface may be too short for the cleaning task.   
 

For the sample #C2, the original QE before laser 
cleaning was slightly more than that of #C1, 2.7×10-5, and 
after cleaning with laser intensity up to 3.2 μJ/mm2, the 
QE was limited to 6×10-5 @ 258nm (4.8 eV), lower than 
in case of #C1. Figure 3 shows the cleaning procedure vs. 
laser power. The photocurrent was measured with a weak 
laser of 0.6 mW for diagnostics. The higher power does 
not lead to much efficiency as expected.  

Figure 3: Laser cleaning progress for sample #C2. 
Photocurrent was measured by a weak laser with power of 
0.6 mW.  The anode was biased up to 200 V.  

Test in SRF Gun 
One Pb-coated Nb plug has been tested in the ELBE 

SRF gun. In this experiment, the cathode bias was -5kV, 
and the acceleraing rf field of 5.2 MV/m was launched. A 
4 nA beam current was achieved with 200 mW drive laser 
in repetition rate of 125 kHz. No obvious dark current 
was detected from the Pb layer.  

Figure 4: Phase scan during the beam test with Pb layer 
on Nb plug in ELBE SRF gun. The two curves were 
measured with the drive laser spot on different cathode 
positions.  

BULK NIOBIUM CATHODE 
Previous studies of photoemission in niobium have 

shown a small initial QE in level of 10-6 at 248 nm [7] 
and an exciting value of 10-4 for 248 nm though the high 
energy laser cleaning  up to 0.84 mJ/mm2 [4]. Here in our 
study, effort is made to look for a recipe to improve the 
QE for this wavelength range by reducing the work 
function of the bulk surface.  

Niobium samples are 0.5mm thick bulk material of 
99.9% purity, with a size 4.5 mm × 4.5 mm, mechanical 
polished to roughness of 10 nm, washed in solvents, 
ultrasonically cleaned and stored in dry air.  

QE Measurement 
The QE of virgin Nb after polishing and solvent 

cleaning was measured as 5.72×10-6 at 258 nm. This 
result is similar to the reported results [7]. In our 
measurement, the anode was set up to 5 kV (the electric 
field on cathode surface was 500 kV/m ), lower than that 
in Smedley’s experiments [4]. A range of bias values was 
used for QE measurement to establish the dependence of 
the QE on the electric field (Fig. 5). After one hour 
illumination, the QE increased slightly and the 
dependence changed also. The improvement may be 
caused by the laser cleaning effect.   

Figure 2: The laser cleaning for the Pb layer on #C1. 
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Figure 5: (QE)1/2 vs (bias)1/2 for mechanically polished 
Nb. The red lines are only used to guide viewer’s eyes.  

Activation with Cesium 
In order to improve the QE, we tried to use low work 

function coating to reduce the surface barrier of the metal, 
therefore to assure more photo-excited electrons passing 
through the surface barrier. Cesium was our primary 
choice. In Fig. 6, the QE rose from 5×10-6 to 3×10-5 , 
which was achieved without any further treatment 
methods and the vacuum conditions were rather poor. 
With a better vacuum environment, the QE could be 
possibly even more. However, cesium coating is not the 
best approach to lower the surface barrier: (1) It has the 
potential pollution risk in case of practical SRF gun tests, 
because it is actually difficult to obtain properly clean 
surface; (2) The low laser damage threshold of the alkali 
layer on surface will impede its application. 

 

 
Figure 6: QE improvement, the vacuum condition, and 
the cesium dispenser current during the cesium activation 
of niobium.  

Implantation with Alkali Metals 
Another technique used for reducing the work function 

of metal cathodes is ion implantation with lower work 
function alkali metals or alkaline-earth metals. This 
technique is known to enhance the photoelectric emission 
of tungsten up to a factor of 50 [8] and to improve the QE 
of magnesium cathode up to 10 times [9].  

Simulation was done with the code SRIM [10] to 
search for proper implantation energy, angle, density, and 

then perform the implantation at ion beam centre (IBC),  
HZDR. The first test was done with 10 samples. Among 
them, five pieces were implanted with 133Cs+  to a 
theoretical depth of 24 nm – 59 nm and cesium atom 
content of about 1%; other five samples were implanted 
with 39K+ to the same depth and density. No post-
annealing was performed after the implantation.  

The samples were exposed to air after the implantation 
and stored in dry air till QE measurement was performed. 
The QEs of the samples were measured with 258 nm, 14 
ps, 3 mW laser in vacuum, and the attracting electric field 
on surface was 40 kV/m. However, the results did not 
show improvement to the virgin niobium. The reason for 
that could be (1) the long waiting period in air, and (2) the 
weak electric field on the surface and the strong laser in 
picosecond pulse duration.  

SUMMARY 
In conclusion, the quantum efficiency of 

superconducting photocathodes, thin lead layer and bulk 
niobium, was investigated under DC field and RF field by 
using the picosecond UV drive laser of the ELBE SRF 
gun at HZDR. Lead layer on Nb plug has been applied in 
ELBE SRF gun for one beam test, 2 nA beam has been 
detected with the Faraday cup.  

In order to search a recipe to improve the QE of 
niobium, cesium coating and alkali ion implantation have 
been performed on the mechanical polished niobium 
samples. The study of the effect of implantation on the 
photoemission of niobium will be continued.  
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FORMATION OF THE ELECTRON BUNCH LONGITUDINAL PROFILE 

FOR COHERENT ELECTRON COOLING EXPERIMENT* 

I. Pinayev
#
, D. Kayran, V.L. Litvinenko, BNL, Upton, NY 11973, USA 

Abstract 

Proof-of-principle experiment of the coherent electron 

cooling (CeC) is ongoing at Brookhaven National Lab. 

CeC mechanism utilizes amplification of density 

modulation, induced by hadrons, by an FEL structure. To 

fully utilize electron beam cooling capacity we need 

uniform longitudinal beam profile. In this paper we 

present two frequency injector system tuned for this 

requirement. 

INTRODUCTION 

The principle of the coherent electron cooling is the 

following [1]. The hadrons imprint their distribution onto 

the co-propagating electron beam thus creating a density 

modulation of the electron bunch. This modulation is 

amplified by a FEL structure and electric field is 

significantly increased. Due to the longitudinal dispersion 

a hadron arrives into the accelerating or decelerating 

phase of the field depending on its energy. With properly 

tuned system a net reduction of energy spread is obtained. 

The cooling rate depends on the strength of the 

longitudinal space charge field, i.e. on the FEL gain, 

which depends exponentially on the peak current 

distribution of the electron bunch. Therefore it is desirable 

to have as much gain as possible. However, reaching 

saturation regime leads to the loss of the phase coherence 

and hence cooling. For this reason the FEL should operate 

under the saturation threshold but as close as possible. To 

fully utilize the electron beam cooling capacity we need 

to have flat longitudinal profile. 

SYSTEM DESCRIPTION 

The electron accelerator for the CeC proof of principle 

experiment [2] comprises a 112 MHZ superconducting 

RF gun [3, 4], two normal conducting 500 MHz buncher 

cavities and 20 MeV five-cell 704 MHz accelerating 

cavity. In order to reduce project cost the RF equipment 

was chosen from the available hardware and no 

optimization of the frequencies values was available. The 

design voltage of the gun cavity is 2 MV, and each copper 

cavity is capable of the producing 300 kV voltage.  

The electrons will be generated by a multialkaline 

cathode, illuminated by a fiber laser with frequency 

doubling to 530 nm wavelength. Laser, manufactured by 

NuPhoton, is capable to produce 78 kHz pulses (RHIC 

revolution frequency) with regulated pulse width from 

100 to 550 picoseconds. The rise/fall time is around 50 

picoseconds. The peak power is not less 1 kW. With 1% 

quantum efficiency the extracted photocurrent is 4 

Amperes, which is much less below of the required 80 A. 

Due to the low energy of electron beam we chose ballistic 

bunching of the beam, when compression is obtained in 

the drift space due to the velocity modulation. The energy 

chirp is eliminated in the 704 MHz cavity with slightly 

off-crest accelerating.  

 
Figure 1: General layout of the electron accelerator for the 

coherent electron cooling proof-of-principle experiment. 

Electrons are generated in the 112 MH SRF gun shown in 

the upper-left corner, proper velocity modulation is 

provide by the two copper cavities, the electron bunch is 

compressed in the drift section and further accelerated in 

the superconducting 704 MHz cavity shown in the lower-

right corner. 

 

The high degree of the desired compression makes 

significant high order terms such as δ566, which causes 

unevenness of compression. Such effect is well known [5, 

6] and there are two approaches to overcome it. The first 

approach, utilized in [5], is two modulate the initial beam 

current and non-linear compression will provide a flat top 

pulse. The second approach utilizes the second order 

(parabolic) energy chirp, which cancels the non-linearity. 

We have chosen the second approach in order fully utilize 

the available laser power and have ability with ease adjust 

the pulse length. In our set-up the electron beam will be 

generated off-crest of the gun voltage to have the 

compressing chirp. The normal conducting cavities along 

with additional chirp will provide a parabolic 

compensation term. 

SIMULATIONS RESULTS 

The simulations were performed using code ASTRA. 

The initial electron beam has 2 nC charge distributed in 

plateau with 0.4 ns FWHM and 80 ps rise/fall time. The 

transverse distribution was uniform round beam with 2 

mm radius and zero emittance. Total 50000 particles were 

generated. The gun cavity voltage was to provide 2 MeV 

 ____________________________________________  
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electron beam (maximal field of 22.5 MV/m). The center 

of the beam was at -14.2° phase. The resulting 

longitudinal energy distribution is shown in Fig. 1.  

 

Figure 2: Distribution of the momentum along the 

electron bunch after the gun. 

Further energy of the beam was modulated at the 

copper cavities with maximal field of 1.15 MV/m, which 

corresponds to 194 kV. The phase was -140° what allows 

provide both additional chirp and compensation term. The 

resulting energy distribution is shown in Fig. 3. 

 

Figure 3: Distribution of the momentum along the 

electron bunch after the 500 MHz cavities. Note reduction 

of the beam energy due to the deceleration. 

The resulting reduction of the r.m.s. bunch length is 

shown in Fig. 4. 

 

Figure 4: Reduction of the bunch length along the 

accelerating structure. 

In the result of the velocity compression the beam 

profile evolves as illustrated in Fig. 5. 

 
a) 

 
b) 

Figure 5: Longitudinal beam profiles: a) just after the gun, 

b) before the entrance into the 704 MHz cavity (11 meters 

from the cathode). 

The final compression occurs inside the accelerating 

704 MHz cavity where electron beam reaches minimal 

energy due to the fringe fields, which decelerate bunch.  

 

Figure 6: Final distribution of beam charge. 

 

Flat distribution was achieved for beam without space 

charge but for the substantial space charge forces and 
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relatively low beam energy prevented achieving the same 

result for a real beam. 

The electron beam was injected in the 704 MHz cavity 

at 8.5° phase to eliminate previously introduced energy 

chirp. The resulting momentum distribution is shown in 

Fig. 7. 

 

Figure 7: Momentum distribution along the electron 

bunch at the exit of accelerator. 

CONCLUSION 

The RF compensation method improved uniformity of 

the electron beam compression for the coherent electron 

cooling. Significant space charge forces prevented 

complete uniform beam profile achieved with relativistic 

beams. 
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HIGH POWER RF TEST AND ANALYSIS OF DARK CURRENT IN THE

SwissFEL-GUN

P. Craievich∗, S. Bettoni, M. Bopp, A. Citterio, C. Ozkan. M. Pedrozzi,
J.-Y. Raguin, M. Schaer, A. Scherer, T. Schietinger, L. Stingelin, PSI, Villigen, Switzerland

Abstract

To fulfill the beam quality and operational requirements
of the SwissFEL project, currently under construction at the
Paul Scherrer Institut, a new RF photocathode gun for the
electron source was designed and manufactured in house.
A 2.6 cell S-band gun operating with near-perfect rota-
tionally symmetric RF field was designed to operate with
a 100 MV/m cathode field at a repetition rate of 100 Hz
with average power dissipation of 0.9 kW with pulse du-
ration of 1 μs. The first SwissFEL-gun is now fabricated
and installed in the SwissFEL Injector Test Facility (SITF).
The frequency spectrum and field balance, through bead-
pulling, have been directly verified in-situ and then the gun
has been operated with high-power RF. The results of bead-
pull measurements and high-power tests are presented and
discussed. In addition the emitted dark current was also
measured during the high-power tests and the charge within
the RF pulse was measured as a function of the peak cath-
ode field. Faraday cup data were taken for cathode peak
RF fields up to 100 MV/m for the case of a diamond-milled
polycrystalline copper cathode.

INTRODUCTION

The SwissFEL free electron laser project currently under
construction at the Paul Scherrer Institut will be composed
of a 5.8 GeV accelerator and two undulator beam lines
which will cover the photon energy ranges from 12.4 keV to
1.8 keV and from 1.8 keV to 0.18 keV for Aramis and Athos
lines, respectively [1]. To fulfill the beam quality and opera-
tional requirements a new RF photocathode gun for the elec-
tron source was designed [2] and manufactured in house [3].
It is composed of 2.6 cell operating with a near-perfect ro-
tationally symmetric π-mode at the S-band frequency. The
middle cell is coupled to two rectangular waveguides sym-
metrically arranged to cancel the dipolar component of the
field. The racetrack interior shape of this coupling cell is
optimized to minimize the quadrupolar field component. It
is designed to operate with a 100 MV/m cathode field at a
repetition rate of 100 Hz with average power dissipation of
0.9 kW and a pulse duration of 1us. The first SwissFEL-
gun is now fabricated and installed in the SwissFEL Injec-
tor Test Facility (SITF) [4]. In order to have the possibil-
ity to exchange cathode without breaking the vacuum the
back-plane of the RF gun has a hole where a cathode plug
can easily be inserted through a load-lock system [5]. Fig-
ure 1 shows a 3-D view of the SwissFEL-gun where the
cathode-plug is visible in the back-plane. Measurements at

∗ paolo.craievich@psi.ch

room temperature in the clean room showed that the reso-
nant frequency depends on the force with the cathode-plug
is pushed into the gun and thus the frequency spectrum and
field balance, through bead-pulling, have been directly ver-
ified in SITF before starting with RF conditioning. Table 1
lists a comparison between RF simulations with HFSS [6]
and measurements of the SwissFEL-gun RF parameters. In
addition the emitted dark current was also measured dur-
ing the high-power tests. Past measurements on the pre-
vious installed CTF3 gun showed quite high value of the
dark current [7], thus the charge within the RF pulse of the
SwissFEL-gun was measured as a function of the peak cath-
ode field at different pulse durations. Faraday cup data were
taken for different cathode peak RF fields for the case of
a diamond-milled polycrystalline copper cathode with sur-
face roughness Ra=5 nm.

Figure 1: 3-D view of the SwissFEL-gun.
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Table 1: SwissFEL-gun RF Parameters for the SwissFEL
Injector Test Facility (SITF)

Parameter HFSS Measured unit

π-mode freq. 2997.912 2997.912 MH z
β-coupling 1.98 2.02
Q0 13630 13690±100
Filling time 485 481 ns
Mode sep. 16.36 16.20 MH z
Field balance >98 >98 %
Operational temp. 57.7 53.0 ◦C

CATHODE-PLUG TUNING

In order to perform the frequency tuning of the RF gun
through the cathode-plug, the manipulator of the plug was
equipped with a calibrated pressure gauge. Figure 2 reports
the result of the measurements for different force. RF gun
is tuned at nominal SITF frequency of 2997.912MHz when
a force of more than 600 N is applied. Figure 3 shows elec-
tric field profiles on-axis at position of the cathode-plug ob-
tained from bead-pulling with a ceramic bead of 3 mm di-
ameter. At nominal frequency the ratios (field balance) are
E2/Ec = 1.02 and E1/Ec = 1.01 where Ec is the field at
cathode and E2 and E1 are the fields in the middle and last
cell, respectively. The frequency spectrum at operational
conditions is shown in Fig. 4. Frequency separation with
adjacent mode is 16.2 MHz, in a good agreement with the
simulation result.
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Figure 2: Resonant frequency of the π-mode as a function
of the applied force on the cathode plug.

HIGH POWER RF TEST

The gun was tested at full power in the SITF bunker
using actual RF distribution system of the injector with a
TH2100 35 MW klytron, 35 MW peak power and 5 kW av-
erage power circulator and an active temperature control of
the gun body temperature. The gun was conditioned over a
period of one week and a typical processing curve to high
power is given in Fig. 5. The RF conditioning process has
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Figure 3: Electric field profile on-axis for different position
of the cathode plug.

2950 2960 2970 2980 2990 3000 3010
−10

−9

−8

−7

−6

−5

−4

−3

−2

−1

0

Freq. [MHz]

|s 11
| [

dB
]

Figure 4: Frequency spectrum of the SwissFEL-gun. Op-
erating frequency in vacuum 2997.912MHz at 53 °C, fre-
quency separation with adjacent mode is 16.2 MHz.

been performed with a pulse repetition rate of 100 Hz, by
gradually increasing the RF power through an automatic
conditioning tool and changing the pulse width from 0.3 to
1.0 μs. After the conditioning period the vacuum level with
RF power was around 1 × 10−10 mbar. It is worthwhile to
note that nominal RF power of 18 MW with the RF pulse
width of 1 μs in the first week of operation was reached.

Beam Energy Jitter

The momentum and momentum spread of the electron
beam can be measured through the energy spectrometer arm
placed after the RF gun and before the first traveling wave
structure. It consists of a 30° dipole magnet and in order to
maximize the momentum resolution of the spectrometer, a
quadrupole in front of the bending magnet was used to have
the contribution of the dispersion to beam size larger than
the contribution of the natural beam size. Energy resolution
at the spectrometer was 4 keV rms and a systematic error
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Figure 5: RF conditioning to high power.

due to uncertainties from dipole magnetic field of 1 %. Fig-
ure 6 shows an example of non-Gaussian horizontal profile
at the spectrometer YAG screen which is fitted with a confi
function [8]. The horizontal axis is converted in MeV ac-
cording to the dipole dispersion of 0.387 m. Figure 7 shows
the bunch mean energy and energy spread jitters at the gun
exit measured on 49 not consecutive shots over 30 sec with
laser at 10 Hz and RF repetition rate 10 Hz and 100 Hz. It is
worthwhile noting that the rms relative mean energy jitters
are 0.023% and 0.020 % for 100 Hz and 10 Hz, respectively.
Rms jitter of the energy spread is 0.5 keV for both repetition
rates.
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Figure 6: Example of non-Gaussian horizontal profile at the
spectrometer at 7.1 MeV (black points) which is fitted with
a confi function (blue line).

DARK CURRENT ANALYSIS

The low energy beam transport line between the RF gun
and the first S-band accelerating structure has a length of
approximately 3.3 m. At the gun exit there is a solenoid,
followed by the laser ports and a coaxial Faraday cup that
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Figure 7: The bunch mean energy jitter (top) and bunch
rms energy spread (bottom) at the gun exit measured on 49
not consecutive shots over 30 sec with laser repetition rate
10 Hz and RF repetition rate 10 Hz and 100 Hz.

allows the observation and measurement of the dark current
from the RF gun and cathode. Figure 8 shows the typical
signals on the scope connected to the Faraday cup once the
gun solenoid was adjusted to maximize charge collection
in the cup itself. Dark current signals show a plateau due
to the amplitude modulation of the RF input power, which
will be used to maintain a constant amplitude of the accel-
erating field for a two-bunch operation with a 28 ns spac-
ing in SwissFEL [1]. At nominal operating conditions with

Figure 8: display on scope of signals from the Faraday cup
during the measurement. Yellow trace: raw signal. Blue
trace: background. Pink trace: signal after background sub-
traction.

peak electric field at the cathode of 100 MV/m, the inte-
grated dark current collected by the Faraday cup is approx-
imately 50 pC. The dark charge was also imaged using a
200 μm thick YAG crystal scintillator placed in the same
housing of the Faraday cup. Figure 9 shows a comparison
between images of the dark currents in the CTF3-gun and
SwissFEL-gun both focused with the gun solenoid on the
same YAG screen. At nominal operating condition of the
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gun (85 MV/m on the cathode surface), the dark current
in the CTF3 gun collected by the Faraday cup was about
1.4 nC [7]. The observed scaling of integrated dark current
with cathode field is plotted in Fig. 10 before and after align-
ment of the solenoid and at 10 Hz and 100 Hz. Basically
the emission of electrons in a period of the RF field is gen-
erated by the field emission which can be described by the
well-known Fowler-Nordheim (F-N) equation. Using such
equation, and taking into account the transient behavior due
to the filling time of the gun, the field enhancement factor
β can be estimated in the range 63-68 with the assumption
of a work function for the copper of 4.65 eV.
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Figure 9: Reference images of dark current at nominal
condition on the YAG screen in the CTF3 gun (top) and
SwissFEL-gun (bottom).

CONCLUSION

The frequency tuning of the SwissFEL-gun based on
the cathode-plug was possible applying a force larger than
600 N. The field imbalance was around 2 % and the fre-
quency separation equal to 16.2 MHz, in good agreement
with the simulations. The gun was smoothly conditioned to
full power at 100 Hz over a period of one week and at the
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Figure 10: Integrated dark current on RF pulse as a function
of the peak electric field at cathode before and after align-
ment of the RF gun and solenoid and at 10 Hz and 100 Hz.

end the vacuum level was around 1 × 10−10 mbar. We com-
pared the relative mean energy and energy spread jitters at
the gun exit at 10 Hz and 100 Hz. Rms relative mean en-
ergy jitters were 0.023% and 0.020 % for 100 Hz and 10
Hz respectively, while the rms jitter of the energy spread
was 0.5 keV for the both cases. Furthermore, we measured
the emitted dark current within the RF pulse as a function
of the peak cathode fields. At nominal operating conditions
of the gun, peak electric field at cathode of 100 MV/m, the
integrated dark current collected by the Faraday cup was
approximately 50 pC. Using F-N equation and taking into
account the transient behavior due to the filling time of the
gun we estimated a field enhancement factor β in the range
63-68. As conclusion the SwissFEL-gun fulfilled RF spec-
ifications and is suitable for the SwissFEL injector.
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THYRATRON REPLACEMENT* 

Dr. Ian Roth, Dr. Marcel P.J. Gaudreau, PE, Michael Kempkes, 
Diversified Technologies, Inc., Bedford, MA 01730, USA 

 
Abstract 

Thyratrons in high-power, short-pulse accelerators, 
have a limited lifetime.  It would be desirable to replace 
the thyratrons with solid-state devices. One possibility, 
thyristors, are being developed for this application; 
however, they have not, to date, demonstrated the 
reliability needed for installation in the short pulse, high 
peak power RF stations used in many pulsed electron 
accelerators. An alternate solid-state device, the insulated-
gate bipolar transistor (IGBT), can readily operate at the 
speed needed for accelerators, but commercial IGBTs 
cannot handle the voltage and current required. It is, 
however, possible to assemble these devices in arrays to 
reach the required performance levels without sacrificing 
their inherent speed. Diversified Technologies, Inc. (DTI) 
has patented and refined the technology required to build 
these arrays of series-parallel connected switches. Under a 
DOE contract, DTI is currently developing an affordable, 
reliable, form-fit-function replacement for the klystron 
modulator thyratrons at SLAC. 

INTRODUCTION 
The Stanford Linear Collider (SLC) has used thyratrons 

in its klystron modulators since its inception in 1963. 
While the thyratrons function, they need replacement 
every 10,000 hours at a cost of $13,000 each, plus labor. 
Furthermore, periodic maintenance is required to adjust 
their reservoir heater voltage over the thyratron lifetime. 
As the Stanford Linear Accelerator Center (SLAC) 
continues to run its accelerator over the next two decades, 
replacing the thyratrons with a solid-state switch that 
would last 25 years or more, and does not need 
maintenance, would provide significant savings – both in 
the avoided cost of thyratrons as well as the labor in 
replacing and adjusting them.   

SLAC is presently funding the development of a solid-
state switch, based on thyristor technology, to replace the 
thyratrons (Figure 1). The difficulty is that a fast rising 
current in a thyristor tends to be carried in a small region, 
rather than across the whole device, and this localized 
current concentration can cause a short circuit failure.  

APPROACH 
An alternate solid-state device, the insulated-gate 

bipolar transistor (IGBT), can readily operate at the speed 
needed for the accelerator, but commercial IGBTs cannot 
handle the voltage and current required. It is, however, 
possible to assemble these devices in arrays to reach the 
required performance levels without sacrificing their 

inherent speed. Diversified Technologies, Inc. (DTI) has 
patented and refined the technology required to build 
these arrays of series-parallel connected switches. DTI 
has shipped more than 500 systems leveraging this 
technology, which have been operating in facilities 
around the world for many years. 

DTI has begun this effort with careful consideration of 
potential candidate IGBTs, identifying the optimal device 
based on price and performance in single-device tests, 
determining the gate drive performance necessary to 
allow high-current operation, and targeting the 
development of a multi-device switch plate. In the second 
Phase of this SBIR, DTI will develop the gate drive for 
the system, then design, build, and test a complete switch 
that is small enough to be integrated into the existing 
cabinet. These switches will be delivered to SLAC, and 
their performance and reliability will be demonstrated in a 
SLC modulator. 

MOTIVATION 
The market for thyratrons is in decline. As newer solid-

state modulators are deployed, and older thyratron 
systems are taken out of service, the demand for 
thyratrons has diminished significantly. In response, 
several vendors have either gone out of business or 
stopped manufacturing thyratrons, further diminishing 
their availability. It is not clear how long the supply of 
thyratrons for these legacy systems will continue, making 

 
Figure 1: Artist’s conception of thyratron-replacement 
solid-state switch array. Target specifications are detailed 
in Table 1. 

 __________________________________________  

*Work supported by U.S. Department of Energy SBIR Award  DE- 
SC0011292 
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a solid-state thyratron replacement critical for their 
continued operation and support. 

For this and other reasons, the thyratrons in many 
klystron modulators represent a major expense in 
operation – not only from the increasing cost of 
replacement, but from the labor involved both in such 
annual replacement and in the need to adjust them for 
proper operation during their relatively short life. 

Most of these systems, including commercial medical 
accelerators, were designed decades ago, before solid-
state switches were available. Even today, the cost of 
transitioning from thyratrons and pulse-forming networks 
to solid-state modulators remains prohibitive for many of 
these systems, despite the declining availability of 
thyratrons. Consequently, DTI anticipates a wide range of 
benefits from the development of a cost-effective, drop-in 
replacement for the thyratrons in operation in commercial 
and scientific systems around the world.  

CURRENT LIMITS 
The current in the application is large, so to minimize 

the size and cost of the modulator, each IGBT should 
carry the maximum current possible. The IGBT chosen 
will have the highest current possible consistent with the 
risetime; higher current devices have a longer risetimes.  

Another limit to the current is the gate voltage; this 
should be as high as possible, consistent with reliability. 
The gate voltage also needs to have a fast risetime to 
minimize the switching losses.  

The current rate-of-rise in an IGBT is limited mainly 
by the inductance in the emitter lead of the device. As 
dI/dt is increased, the inductive voltage drop on the 
emitter lead increases, reducing the gate voltage on the 
device itself. This raises the conduction voltage drop, 
increasing the power dissipated in the device. Higher 
power dissipation raises the device temperature, which in 
turn limits device reliability. Therefore, low inductance in 
the emitter lead is required for both speed and reliability.  

DTI is investigating the following steps to increase the 
ability of the devices to handle dI/dt: 

• Use of more devices in a smaller package. Since both 
the current per device and the package inductance are 
lower, there will be a smaller inductive decrease in the 

gate voltage. The tradeoff is that the overall switch will 
use more components; however, these smaller parts are 
cheaper. 

• Development of a gate drive that produces an 
initially-high voltage to overcome the dI/dt drop, then 
decreases to keep the device gate voltage below the 
maximum allowed. 

• Packaging the devices with a Kelvin connection 
(Figure 2), where the lead between the emitter and the 
gate drive does not carry current. This substantially 
reduces the inductive voltage drop.  

MECHANICAL DESIGN 
For this effort to be practical and cost-effective, the 

thyratron replacement switch must readily fit in the 
existing cabinet with minimum modifications required for 
its installation. The volume available for the new switch is 
that of the existing thyratron chassis which includes the 
thyratron and heater supplies. Applying this 17” x 17” x 
37” volume to the new switch with 2080 devices, the 
volume per device would be 5.1 in3.  This means that the 
switch will need to be very tightly packed. There is 
certainly room for the devices themselves, but providing 
the required cooling and voltage standoff (preferably with 
air) presents a challenge.   

Forced air cooling will be used to cool the thyratron 
replacement switch. Twin fans mounted in the back will 
be used to draw outside air into the front of the unit thru 
grill-air filter into the ten switchplates shown in Figure 1. 
Air baffles (not shown) will direct air over either 
extrusion or pin fin heat sinks attached to each IGBT. 
After passing over the heatsinks on the switchplates, the 
air exits the cabinet through the two fans at the rear of the 
cabinet. 

FUTURE PLANS 
DTI will continue testing candidate devices and drives 

while being mindful of final cost. Following successful 
development, fabrication, and demonstration of the 
thyratron replacement switches for SLAC, DTI plans to 
make the switch assembly commercially available, 
targeting other legacy systems still using thyratron pulse-
forming network pulse modulators. 

 
Figure 2: Schematic diagram of a Kelvin connection. 

Table 1: Solid-State Switch Specifications 

Pulse Voltage 48 kV 

Pulse Current 6.3 kA 

Fault Current 17.8 kA 

Pulse Width 6.0 us 

Risetime 1 us 

Repetition Rate 120 Hz 

Lifetime 20 Years 
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AFFORDABLE SHORT PULSE MARX MODULATOR* 

Robert Phillips, Gerard DelPriore, Dr. Marcel P.J. Gaudreau, PE, Michael Kempkes,  

Diversified Technologies, Inc., Bedford, MA 01730, USA 

Dr. Jeffery Casey, Rockfield Research, Inc., Las Vegas, NV 89135, USA 

 

Abstract 

Under a U.S. Department of Energy grant, Diversified 

Technologies, Inc. (DTI) is developing a short pulse, 

solid-state Marx modulator. The modulator is designed for 

high efficiency in the 100 kV to 500 kV range, for 

currents up to 250 A, pulse lengths of 0.2 to 5.0 µs, and 

risetimes <300 ns. Key objectives of the development 

effort are modularity and scalability, combined with low 

cost and ease of manufacture. For short-pulse modulators, 

this Marx topology provides a means to achieve fast 

risetimes and flattop control that are not available with 

hard switch or transformer-coupled topologies. 

INTRODUCTION 

Under a DOE SBIR grant and based on research begun 

under the Next Generation Linear Collider (NLC) 

program, high energy, short-pulse modulators are being 

re-examined for the Compact Linear Collider (CLIC) and 

numerous X-Band accelerator designs. At the very high 

voltages required for these systems, however (Table 1), 

all of the existing designs are based on pulse transformers, 

which significantly limit their performance and 

efficiency. There is not a fully optimized, transformer-less 

modulator design capable of meeting the demanding 

requirements of very high voltage pulses at short 

pulsewidths.  

MARX GENERATOR 

A Marx generator is a system with energy storage 

capacitors which are charged in parallel at low voltage 

and discharged in series to provide high voltage output 

(Figure 1). This is a legacy idea, practiced for decades 

using resistor charging networks and spark-gaps for 

discharge. Constrained by the limits of closing switches, 

such systems required pulse forming networks and 

crowbars, with their attendant limitations. 

The Marx topology allows a new degree of freedom 

unavailable to other architectures – DTI can intentionally 

underdamp the series snubbing within the pulse circuit. 

This cannot be done conventionally – the reactive 

overshoot endangers the load. In a Marx, we can 

compensate for the overshoot by initially firing only a 

subset of the switches – thus “sling-shotting” the leading 

edge faster than otherwise possible. We can tune the 

number and timing of subsequent module firings to 

counter the reactive ringing, and hold a flattop pulse to 

the desired voltage and accuracy. 

Similarly, additional modules may be added to fire 

sequentially later in the pulse to compensate for capacitor 

droop. This is a critical enabling technology motivating 

Marx use for long-pulse accelerators (such as ILC), and 

yields valuable optimization even for very short-pulse 

systems. The reduction of capacitor size afforded by this 

flexibility further reduces parasitic capacitance, and thus 

reduces equipment size and cost while increasing power 

efficiency.  

DESIGN BENEFITS 

Reduced Module Costs 

Through the use of PC board trace shielding and RF 

cans in sensitive areas of the circuit, we were able to co-

locate controls directly on the board within reasonable 

proximity to pulsed current sections of the same board. 

By exposing the IGBTs directly to the oil, we can cool the 

devices effectively while eliminating machined parts and 

hardware, further reducing the module parts count, 

associated materials, and assemly costs. Since the flat-

pack design significantly reduces voltage gradients from 

module to module within the Marx bank, the only 

significant need for corona and field reduction geometry 

is at the interface between the Marx bank stack and the 

walls of the tank. We anticipate more than a four-fold 

reduction in module mechanical costs, with the potential 

for additional reductions in manufacturing costs, 

compared to earlier designs. 

 

Figure 1: The Yale Marx 500 kV modulator charges many 

stages in parallel at low voltage, then discharges in series 

at high voltage. Each 12.5 kV, 250 A “flat pack” module is 

identical, providing for low fabrication and assembly cost. 

 ___________________________________________  

*Work supported by U.S. Department of Energy SBIR Award  DE-

SC0004251  
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Simpler Interconnect  

Each module in the redesigned Marx bank plugs 

directly into the two adjacent modules. We oriented the 

connectors and offset the board components and corona 

shields to allow any individual module to be added or 

removed from the stack, much like a book on a shelf, 

without any significant disassembly of support structures 

or disruption of the rest of the Marx bank. Since all 

module electrical connections and buswork are integral to 

the modules, only the fiber-optic control line (and 

optional fiber-optic monitor) needs to be externally 

connected. The first module in the stack plugs into a 

connector supplying charging HV, core bias current, 

auxiliary housekeeping power, and ground. A connector 

on the final module is connected to the Marx output 

coaxial cable, and includes a loopback for the common-

mode choke bias current. 

Scalability 

The flat-pack Marx design is inherently modular and 

scalable, as additional plates may be added for a wide 

range of voltages. Whether at 100 or 500 kV, a Marx 

bank can use the same modules. The primary impact of 

additional plates is an increase in the charging current at 

the first plate, since it carries the current for all 

subsequent plates as well. Stray capacitance is also 

greatest at higher voltages, assuming constant spacing to 

the tank. 

PROTOTYPE TESTING 

During testing of the prototype bank, we ran four 

modules with all four modules simultaneously switched 

for a 1.5 µs pulse, with a 10 kV pre-charge into the 

system, resulting in a 40 kV output. The prototype 

modules performed flawlessly into high voltage, with 

none of the chatter or jitter that would otherwise be 

associated with gate drives impacted by noise coupling at 

high voltage. Most recently, DTI has tested a stack of 29 

plates into a resistive load (Figure 2). The result was a 2 

µs pulse output of approximately 280 kV and 185 A. DTI  

will continue carefully constructing and testing modules 

to ensure the reliability and safety of the equipment. 

Table 1. Yale Marx Design Parameters 

Pulse Voltage 500 kV 

Pulse Current 250 A 

Pulse Width 1.8 us 

Repetition Rate 20 Hz 

Module Voltage 12.5 kV 

Module Capacitance 0.6 µF 

# Modules for Base Pulse 40 

Total # Modules in System 48 – 50 

Expected Risetime 300 ns 

Heater Voltage 24 VDC 

Heater Current 21 A 

Insulation Oil 

PLANS/CONCLUSION 

In Phase III, DTI will extend this design to future short-

pulse, high voltage modulators for the next generation of 

planned accelerators, as well as transition this design to 

industrial / medical accelerators. We believe that the same 

combination of modular, low cost elements demonstrated 

in this Phase II effort will allow solid-state modulators to 

finally reach a price level that will supplant traditional 

(but low cost) thyratron / PFN designs currently used in 

these systems. 

 

 

Figure 2: 280 kV, 185 A pulse from 29 Yale Marx 

modules into 1500 Ohm load, with intentional initial 

overshoot to reduce risetime. Ch2 (Blue): Current, 

40A/div. 
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STEADY STATE MULTIPACTING IN A MICRO-PLUSE ELECTRON GUN

Zhou Kui∗, Lu Xiangyang†, Quan Shengwen, Luo Xing, Yang Ziqin, Zhao Jifei

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

Abstract

Multipacting is a resonant electron discharge phe-

nomenon via secondary electron emission, while micro-

pulse electron gun (MPG) utilizes the multipacting current

in a radio-frequency (RF) cavity to produce short pulse

electron beams. The concept of MPG has been proposed

for many years. However, the unstable operating state of

MPG vastly obstructs its practical applications. This paper

presents a study on the steady state mulitpacting in a MPG.

The requirements for steady state multipacting are proposed

through the analysis of the interaction between the RF cav-

ity and the beam load. Accordingly, a MPG cavity with the

frequency of 2856 MHz has been designed and constructed.

Various kinds of grid-anodes are tested in our primary ex-

periments. Both the unstable and stable multipacting cur-

rent have been observed. Presently, the stable output beam

current has been detected at about 12.2 mA. Further exper-

imental study is under way now.

INTRODUCTION

Multipacting is a resonant electron discharge phe-

nomenon via secondary electron emission [1], which is fre-

quently observed in microwave systems. When the multi-

pacting effect occurs, it usually causes some undesirable

problems, such as deterirorating the vacuum, absorbing in-

cident power, leading to quenching of superconducting cav-

ity, etc. So, most studies on multipacting focus on how to

suppress or eliminate it. Until 1993, Fredrick M. Mako and

William Peter proposed the concept of MPG [2], which uti-

lized the multipacting current in a RF cavity to produce

pulsed electron beams. Due to its self-bunching property,

MPG is capable of providing high current and short pulse

electron beams. In addition to that, its simple structure and

high tolerance to contamination make it a potential electron

source for accelerators and microwave systems.

The main problem in the development of MPG is the sta-

bility of the output beam current. To get high beam current

and low emittance, previous studies on MPG always tried to

feed high power into the cavity to get high surface field [3,4].

The stable multipacting current in the MPG was considered

to be formed as the equilibrium result of the self-bunching

effect and the space charge effect [1]. However, we believe

the beam loading effect also plays an important role in the

forming process of stable multipacting current.

This paper presents a study on the steady state mulitpact-

ing in a micro-pluse electron gun with theory and experi-

ments. In the second section, a MPG model is setup to show

the basic characteristics of the MPG. The requirements for

∗ Email: zhoukui@pku.edu.cn
† Corresponding author, email: xylu@pku.edu.cn

Figure 1: The schematic diagram of the MPG model [3].

the steady state multipacting is proposed through the anal-

ysis of the interaction of the RF cavity and electron beams.

In the third section, a MPG cavity with the frequency of

2856 MHz has been designed and constructed. Different

kinds of grid-anodes are tested in our experiments. Both

the unstable and stable multipacting current have been ob-

served sucessfully. The detected stable output beam current

has reached 12.2 mA. Finally, a conclusion of this paper is

given.

ANALYSIS OF STEADY STATE MP

The MPG Model

The MPG model (Fig. 1) consists of three parts: an RF

cavity working in the TM010 mode, a secondary emission

surface and a grid, which is opaque to the microwave elec-

tric field but partially transparent to the electrons in order

to extract the electron beams [3]. We suppose the sec-

ondary emssion surface to be the cathode with secondary

emission yield (SEY) δ1 and the grid to be the grid-anode

with SEY δ2 and transmission coefficient T. Here, we adopt

Vaughan′s empirical formula for δ1 and δ2 [5].

δ1(Ei ) = δmax1(v1e
1−v1 )k (1a)

δ2(Ei ) = δmax2(v2e
1−v2 )k (1b)

Where Ei is the electrons impact energy, δmax1 and

δmax2 is the maximum value of δ1 and δ2, v1 = (Ei1 −

E0)/(Emax1 − E0), v2 = (Ei2 − E0)/(Emax2 − E0), in which

Emax1 and Emax2 are the impact energy corresponding to

δmax1 and δmax2, E0 being the initial energy of secondary

electrons and k = 0.62 for v < 1; k = 0.25 for v > 1. For

one RF period, the total effective secondary electron emis-

sion yield δ is:
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Figure 2: The resonant gap voltage range versus the gap d

when the cavity frequency is 2856 MHz.

δ = δ1(Ei )δ2(Ei )(1 − T ) (2)

Now, we consider a RF cavity operating at the resonant

frequency ω0. The gap distance between the cathode and

the grid-anode is d. Under the force of the electric field,

electrons in the cavity move back and forth between the cath-

ode and the grid-anode. The transit time from one anode to

the other is just one-half RF period [1]. We obtain the reso-

nant condition:

Vc =

m

e

ω0d (ω0d − πv0)

2 sin ϕ0 + π cos ϕ0

(3)

In which, m is the mass of electron, e is the elementary

electric charge, v0 is the initial velocity of the emitted elec-

trons and ϕ0 is the initial phase of the RF field.

The MPG also needs to satisfy the requirement of the

self-bunching property. The self-bunching property de-

mands the secondary electrons emitted within an appropri-

ate initial phase range. For electrons with emitted energy

E0 = 0, the appropriate initial phase range is 0 to arctan 2/π
(≈ 32.5◦) [1]. Substituting the phase range into the reso-

nant condition (Eq. 3), we get the corresponding resonant

gap voltage range:

Vmin =

m

e

ω2
0
d

2

√

π2
+ 4

(4a)

Vmax =

m

e

ω2
0
d

2

π
(4b)

Figure 2 shows the resonant gap voltage region (light

green area) varying with the gap distance d when the cavity

frequency is 2856 MHz. If the gap voltage is outside of this

resonant range, the electrons cannot gather together in the

longitudinal direction so that the electron beam will break

up.

Requirements for Steady State Multipacting

Basically, the higher the gap voltage is, the more energy

will be gained. According to the secondary emission prop-

Figure 3: The total effective SEY curve versus the gap

voltage Vc . (E1 is the first crossover point and E2 is the

second one. V1 and V2 are the gap voltages corresponding

to E1 and E2. [Vmin1, Vmax1], [Vmin2, Vmax2] and [Vmin3,

Vmax3] are the corresponding resonant gap voltage ranges

when the gap distance d takes different values. In addition,

V1 ∈ [Vmin1,Vmax1] and V2 ∈ [Vmin2,Vmax2].)

erty of common meterials, we can map the total effective

SEY curve versus the gap voltage qualitatively (Fig. 3).

Supposing that the resonant gap voltage range is [Vmin1,

Vmax1], if the gap voltage Vc is greater (less) than V1, more

(fewer) secondary electrons will be released, so the number

of electrons Ne will increase (decrease). As a result, more

(less) microwave power will be drained from the cavity as

it accelerates more (fewer) secondary electrons. This leads

to a higher (lower) Pb and lower (higher) Pc as well as a

lower (higher) gap voltage Vc , which makes Vc closer to V1

in subsequent RF periods. Similarly, Vc will move far away

from V2 automatically if [Vmin2,Vmax2] is the resonant gap

voltage range. Thus E1 is the steady state operating point

for the MPG, not E2. This conclusion is consistent with R.

Kishek and Y.Y. Lau’s theoretical analysis on multipactor

discharge in a closed RF cavity [6, 7].

However, if the resonat gap voltage range is set to be

[Vmin3, Vmax3] as many previous studies did, δ will be al-

ways greater than 1. When the gap voltage reaches the res-

onant range, the multipacting current will grow to a very

large value in a very short time. A great deal of microwave

power will be drained from the cavity to accelerate these

multiplied electrons. So the gap voltage will eventually fall

outside of the resonant range and the electron beam will

break up due to the longitudinal debunching. Therefore,

there is no stable working point in [Vmin3, Vmax3]. This

explains why previous MPGs could not work stably.

To obtain steady state multipacting, the working point

should be set in the vicinity of the first crossover point E1

and [Vmin1, Vmax1] should be set as the resonant gap volt-

age range. Meanwhile, V1 must be included in this resonant

range. Noting that the value of E1 depends on the secondary

emission property of the cathode and the grid-anode as well

as the transmission factor T (Eq. 2), while the resonant gap

voltage range [ Vmin1, Vmax1] is determined by ω0 and d.
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Figure 4: (a) the cross section of the MPG, (b) the magnetic

field distribution, (c) the electric field distribution.

Table 1: The Designed RF Parameters of the MPG Cavity

RF parameters Designed Value

Resonant frequency f0 (MHz) : 2856

Gap distance d (mm) 1.75

Unloaded quality factor Q0 653

Shunt impedance rshunt (MΩ) 0.036

Unloaded coupling coefficient β0 1.25

So, as long as the above requirements are satisfied, it is pos-

sible to get steady state multipacting in the MPG.

PRIMARY EXPERIMENTS

The MPG Cavity and the Test Stand

According to the requirements for steady state MP, a

micro-pulse electron gun working in the TM010 mode with

the frequency of 2856 MHz has been designed and con-

structed. Table 1 lists the designed RF parameters of the

MPG cavity. The micro-pulse electron gun (Fig. 4a) con-

sists of a RF cavity made of stainless steel, a cathode made

of Cu-Al-Mg alloy and a grid-anode. The impact energy

corresponding to the maximum secondary emission yield

δmax is about 1 KeV for Cu-Al-Mg alloy [8]. The gap dis-

tance between the cathode and the grid-anode is adjustable

with the precision of 0.01 mm. The cathode and the grid-

anode are also dismountable and can be replaced easily. The

distribution of the magnetic field and the electric field are

shown in Fig. 4b and Fig. 4c. Obviously, the electric field is

mainly concentrated in the region between the cathode and

the grid-anode.

The test stand is shown in Fig. 5. The microwave power

is supplied by a soild-state power amplifier with 1 kW max-

imum output power. The output electron beams from the

grid-anode are collected by a faraday cup parallelly con-

nected to a 50 Ω resistance and the beam current is mea-

sured by a HP 54503A oscilloscope with 1 MΩ input resis-

tance.

Table 2: The Measured Output Beam Currents (Ib) with

Various Grid-anodes

Grid-anode No. 1 2 3 4

Material SS SS OFC OFC

T 6% 18.3% 18.3% 25%

Measured Ib (mA) ≈0.2 3.8 4.2 12.2

Figure 5: Photogragh of the test stand.

Experiment Results and Discussions

Various grid-anodes are tested in our experiments. Ta-

ble 2 lists the measured output beam currents correspond-

ing to four kinds of grid-anodes with different meterial and

transmission coefficient (T). In Table 2, SS refers to stain-

less steel and OFC represents oxy free copper. Figure 6

shows our primary experimental results. The macro-pulse

width is 15 us and the repetition rate is about 100 Hz. Fig-

ure 6a shows the output beam current when No.1 grid-anode

is used. The output siganl is very small and unstable on the

oscilloscope. The waveform is fluctuating with the "spikes"

on the pick-up signal and reflected signal in Fig. 6b. Fig-

ure 6c performs a very stable output beam current when the

grid-anode is No.2. The signal waveform can remain un-

changed for more than half an hour, which reveals that we

have already obtained the steady state multipacting in the

MPG. The output beam current is about 1.7 mA. Moreover,

it can be adjusted up to 3.8 mA, which is shown in Fig. 6d.

We also obtained the stable output beam current success-

fully, when No.3 and No.4 grid-anode are tested (Fig. 6e

and Fig.6f). The output beam current measured in the exper-

iments are about 4.2 mA (T=18.3%) and 12.2 mA (T=25%)

respectively.

The spikes appearing on the pick-up signal and the re-

flected signal in Fig. 6b indicate the typical unstable mul-

tipacting processes in the cavity. In this situation, the total

effective SEY is above 1, but the actual working point is not

in the vicinity of E1. So, the electrons in the cavity grows

rapidly without restraint. The multiplied electrons absorb

plenty of RF power, leading to the cavity voltage falling

out of the resonant gap voltage range, so the electron beam

collapses. After that, the cavity voltage returns to the ini-

tial state. The remaining electrons in the cavity will begin
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Figure 6: Primary experimental results. (a) is the output beam current (≈0.2 mA) when the grid-anode is No.1; (b) is the

pick-up signal and reflected signal corresponding to (a); (c) is the output beam current (≈1.7 mA) when the grid-anode is

No.2; (d) is the maximum detected output beam current (≈3.8 mA) when the grid-anode is No.2; (e) is the output beam

current (≈4.2 mA) when No.3 grid-anode is tested; (f) is the output beam current (≈12.2 mA) when No.4 grid-anode is

tested.

the multiplication again and a new cycle keeps on. So the

"spikes" appears on the pick-up signal successively as well

as the reflected signal due to the variation of the loaded cou-

pling coefficient.

CONCLUSION

In summary, this paper presents a study on the steady

state multipacting in a micro-pulse electron gun with the-

ory and experiments. In theory, the requirements for steady

state multipacting is proposed. The working point should be

set in the vicinity of the first crossover point E1 and [Vmin1,

Vmax1] should be set as the resonant gap voltage range.

Meanwhile, V1 must be included in this range. As for ex-

periments, a MPG cavity with the frequency of 2856 MHz

has been designed and constructed. Various kinds of grid-

anodes are tested in our experiments. Both the unstable and

stable multipacting current have been observed. Presently,

the measured stable output beam current has reached 12.2
mA. Further experimental study is under way now.
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Abstract
The increasing scientific demand for a high repetition

rate FEL light source is driving the development of electron
sources with high beam quality, delivering electron bunches
at rates in the MHz range. An ongoing project to develop
such a source is the Advanced Photoinjector Experiment
(APEX) at LBNL. High brightness electron beams require
high fields at the cathode during the electron emission. Such
high fields associated with imperfections on the cathode sur-
face area can induce undesired electron field emission (dark
current). Excessive dark current can generate quenching
of SRF structures and undesired radiation doses activating
accelerator components and damaging undulator structures.
In the present paper, we discuss the dark current studies
performed at APEX. Field emitters in the cathode area have
been localized and characterized, and techniques for min-
imizing dark current emission and to passively remove it
have been investigated.

INTRODUCTION
APEX aims to demonstrate the capability of a new con-

cept RF gun, the CW 186 MHz VHF-Gun [1, 2], of deliv-
ering electron beams with quality required by X-ray FEL
applications at MHz-class repetition rates. Figure 1 shows
a cross section of the VHF-Gun. The requirements of CW
operation and high accelerating field cause many technical
challenges, and dark current control is one of them. Here
we report on the dark current studies at APEX, with experi-
mental measurements and simulation results. Based on the
specific position of dark current emitters, a scheme for a
passive collimation is proposed which could significantly
reduce the dark current amount transported downstream.

DARK CURRENT MEASUREMENTS AND
SIMULATIONS

Dark current measurements in APEX included the imag-
ing of field emission sources located in the cathode area, and
the measurement of dark current versus accelerating field
at the cathode (for a single emitter and integrated over all
emitters).

Sources of Dark Current in the VHF-Gun
In APEX the photo-emitting material is deposited on a

molybdenum plug that can be inserted into the gun by the
vacuum loadlock system located in the rear side of the gun.
∗ Work supported by Director of the Office of Science of the USDepartment
of Energy under Contract no. DEAC02-05CH11231

† ruixuanhuang@lbl.gov

Figure 1: CAD cross-section of the VHF-Gun, with main
components in evidence. The gun copper RF cavity res-
onates at 186 MHz and operates in continuous wave (CW)
mode accelerating beams at a nominal energy of 750 keV
with a gradient at the cathode of ∼ 19.5 MV/m.

When inserted, see Fig. 2, only the tip part of the plug is
exposed to the RF fields in the gun. This part has a radius of
5 mm and is surrounded by the copper of the cavity nose.

Figure 2: Left: CAD side view of the molybdenum cathode
plug inserted in the gun nose. Right: picture showing the
plug tip inside the gun viewed from the beam exit pipe.

By properly tuning two solenoids downstream, dark cur-
rent electrons were used to create an image of the field-
emitters at the cathode on a screen located downstream of
the second solenoid. In the left side of Fig. 3 one of those
images is shown. Several field emitting points are located
with good accuracy along a ring are clearly visible. The
image magnification was calibrated with the help of ASTRA
simulations [3], revealing a ring radius of ∼5.3 mm, imply-
ing the source to be located just outside the molybdenum
plug, on the copper side surrounding the plug itself. The
right side of Fig. 3 shows the dark current in the same imag-
ing conditions, but the picture is taken with a much higher
dynamic range, unveiling also the weakest sources.
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Figure 3: Left: image of the field emitters in the cathode
area. Right: the same image with the intensity plotted in
logarithmic scale shows the relative intensity of the peaks.

Dark Current Propagation Along the Beamline
Using the information from the experimental observation

above, it was possible to simulate the dark current prop-
agation from the emitters downstream the beamline. We
represented the dark current source by 4 field emitters laying
on the 5.3 mm radius circle, and separated by 90 degrees.

The temporal distribution was retrieved from the Fowler-
Nordheim (FN) fit of data taken using a Faraday cupmounted
at the exit flange of the gun (see Fig. 4), and the nominal
accelerating field of 19.5 MV/m was used. For each gun RF
phase the instantaneous dark current was calculated using
the value from the fit in the figure. The resulting longitudinal
distribution is shown in Fig. 5, together with the Gaussian
fit approximation that was used in simulations.

Figure 4: Dark current vs. electric field at the cathode mea-
sured by a Faraday cup directly attached to the gun beam
exit pipe. A FN fit is also showed. Ae refers to the area of
the emitting site and β is a local field enhancement factor
that depends on the emitter geometry.

For the longitudinal and transverse momenta, a rectangu-
lar distribution with r.m.s. value equal to the momentum
equivalent to EF/

√
12 was used (with EF the Fermi energy

of the metal where the field emitters are located, 7 eV for Cu
in our case). Such a choice overestimates the actual energy
distribution width, but represents a conservative approxima-
tion for our simulations. Simulations showed that, regardless

Figure 5: Longitudinal distribution calculated using the FN
fit in Fig. 4. Also shown is the Gaussian fit used for the
simulations.

of the emitter size, most particles were lost inside the gun
and electrons within such initial distribution are not trans-
ported through the beamline to the screen position. This is
mostly due to the significant RF defocusing kick that off-axis
particles experience at the gun exit.

Single particle simulations also showed that the only way
for the electrons to be transported downstream the beam-
line, is for them to have a sizeable net transverse momentum
radially directed towards the center of the cathode and pre-
compensating the RF kick, see Fig. 6. A further investigation
of the field configuration in the cathode area showed that the
orientation of the electric field in the interface area between
the cathode plug and the surrounding copper, see Fig. 7,
can indeed generate the radial momentum component re-
quired for transporting the electrons. It also appears evident
that any field-emitter eventually present on the edge of the
cathode plug would imprint on the electrons an opposite
net transverse velocity, not allowing them to exit the gun.
The net radial momentum value (within the range shown in
Fig. 6) that an emitted electron has, depends on the radial
position of that particular emitter along the rounded copper
edge surrounding the cathode plug. That position is not
known and, in order to overcome this uncertainty, multiple
simulations with different initial transverse momentum dis-
tributions were performed. The initial distributions were as-
sumed to be Gaussian with the same r.m.s. value, equivalent
to EF/

√
12, but with a variable mean value, equi-distributed

over the range of transmitted radial momenta defined by the
single particle simulations shown in Fig. 6.

By comparing the experimental image in Fig. 3 with the
simulated ones, obtained using the same magnet settings,
it was possible to significantly reduce the range of possible
radial momenta to values between 20 and 40 keV/c.

In addition, the knowledge of the field emitter’s locations
in the VHF-Gun, allow to develop an effective strategy for
reducing dark current. Details of the proposes methods will
be presented below.
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Figure 6: Single particle tracking showing the range of radially oriented transverse momenta required for electrons to be
transmitted along the downstream beamline.

Figure 7: Simulation showing the electric field configuration
in the interface area between the cathode plug and the gun
cavity nose.

DARK CURRENT MITIGATION
METHODS

The use of experimentally tested cleaning techniques such
as dry-ice [4] or ethanol rinsing [5] applied to the gun cavity
can drastically reduce the number of particulates and hence
of potential field emitters. Dry-ice cleaning of the cathode
area of the VHF-Gun, where the dark current sources are
located, will be tested in APEX in the near future.
The position of the emitters around the VHF-Gun cath-

ode plug can potentially be exploited for a passive collima-
tion, drastically reducing amount of transported dark current.
Such a scheme is described in more detail in the next section.
If necessary, by moderately reducing the gun operation

energy it is possible to significantly reduce dark current with
a minimal impact on the beam brightness performance [6].

An alternative to the passive collimation is represented by
an active sweeper system composed by a transverse kicker
followed by a collimator. A possible configuration for such
a system is presently under study at APEX.

Passive Removal
Based on the experimental and simulation results dis-

cussed above, the possibility for a passive collimation
scheme system to reduce dark current is studied here. The
idea is based on the observation that for a given setting of
the solenoids, there could be an optimum position along the
beamline where the dark current spots are transversely well
separated from the photo-emitted beam, as in the case of
Fig. 3. By placing a circular collimator (circular aperture)
with the proper diameter in such a position, it is possible in
principle to remove most of the dark current without affect-
ing the photo-emitted beam.
In order to evaluate the feasibility of such a scheme in

APEX, a number of simulations were performed using the
nominal beamline settings for the emittance compensation.
The optimal longitudinal position for the collimator along
the beamline is the one where the separation between the
main beam and the dark current spots is maximum. For
each longitudinal position along the beamline, the minimal
acceptable radius for the collimator was assumed to be three
times the r.m.s. transverse size of the photo-emitted beam
in order to minimize losses of such beam. Simulations us-
ing the initial distributions described previously allowed to
define the position for the collimator that maximizes the
reduction in dark current.
Figure 8 shows the simulated dark current transmission

vs. the longitudinal position of a collimator of length 1
cm and radius three times the r.m.s. transverse beam size
of the photo-emitted beam at that particular longitudinal
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Figure 8: Dark current transmission vs. the longitudinal
position of a collimator for three different charges per bunch.
The simulations assume a collimator length of 1 cm and
a radius three times the r.m.s. transverse beam size of the
photo-emitted beam at that particular longitudinal position.

position. The cases for charges per bunch of 20, 100 and
300 pC are shown. It is worth remarking that at any given
longitudinal position, the collimator radii used to obtain the
results in the figure were not the same between the different
charges. Indeed, the photo-emitted beam size depends on
the charge per bunch and larger sizes are typically associated
with larger charges per bunch. The optimal position for the
collimator is the one where the transmitted dark current
has a minimum. From Fig. 8, it can be seen that the region
right downstream Solenoid 2 represents a good location for a
collimator for all the three different charge cases. Additional
studies showed that a collimator with 20 cm length inside
Solenoid 2 represents a simple and effective solution for all
the different charge cases.

Figure 9: Beam losses vs circular collimator radius. The
collimator used in the simulation has a length of 20 cm and
is located inside Solenoid 2. It can be seen that with a radius
of ∼ 8.3 mm no losses are generated in the 100 and 300 pC
(20 pC case is not shown in the figure), while ∼ 90% of dark
current is lost.

A summary of the results is reported in Fig. 9 where
the relative dark current transmission and the relative beam
losses vs. the radius of the collimator are shown. One can
see from the figure that, for example, with a radius of 8.3
mm more than 90% of dark current is suppressed with no
losses for the photo-emitted beams for both the 300 and 100
pC case. For the 20 pC case, not shown in the figure, the
collimator does not generate losses even for much smaller
radii. Figure 9 also shows that in themost challenging case of
300 pC an orbit stability of few hundreds microns is required
to avoid photo-emitted beam losses.
The dark current heat load on the collimator is minimal

and can be estimated of the order of 1 W. Such a value does
not represents a challenge in terms of cooling, but in order to
avoid damage to the collimator from the several hundreds of
W if the photo-emitted beam is misteered, a proper cooling
or a fast machine protection system is required.
A possible issue that needs to be further analyzed and

investigated is represented by the effects on vacuum and
cathode lifetime that scattered shower products induced by
the dark current impinging on the collimator can potentially
generate.
An experimental test is planned at APEX in the near fu-

ture.

CONCLUSION
Dark current in APEX VHF-Gun has been characterized

and point-like field emitters were localized in the cathode
area. A passive collimation located at the second solenoid
along the APEX beam line is proposed to reduce transported
dark current by a factor of ten. The collimation system will
be tested at APEX.

REFERENCES
[1] J.W. Staples, F. Sannibale, and S. Virostek, CBP Tech Note

No. 366 (2006).
[2] K. Baptiste, et al., “A CW normal-conductive RF gun for free

electron laser and energy recovery linac applications”, Nucl.
Instrum. Methods Phys. Res., Sect. A 599, 9 (2009).

[3] K. Flottman,
http://www.desy.de/~mpyflo/astradokumentation/

[4] S. Rimjaen, et al., Porceedings of EPAC2008, Genoa, Italy
(2008).

[5] M. Kuriki, et al., Proceedings of IPAC2011, San Sebastián,
Spain (2011), page 92.

[6] C. F. Papadopoulos et al, “Longitudinal and Transverse Opti-
mization for a High Repetition Rate Injector”, In These Pro-
ceedings: Proc. 36th Free Electron Laser Conf., Basel, 2014,
THP057.

THP054 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

858C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Electron Bunch Generation and Manipulation



THE SWISSFEL C-BAND RF PULSE COMPRESSOR: MANUFACTURING AND PROOF 
OF PRECISION BY RF MEASUREMENTS 

Urs Ellenberger, Heinrich Blumer, Markus Bopp, Alessandro Citterio, Mathias Heusser, Max 
Kleeb, Ludwig Paly, Markus Probst, Thomas Stapf, Riccardo Zennaro,  

Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

Abstract 
A pulse compressor is required to compress the RF 

power distributed to the four accelerating structures of a 
single C-band (5.712 GHz) module of the SwissFEL. The 
pulse compressor is of the barrel open cavity (BOC) type. 
A total of 26 BOC devices are necessary to operate the 
linear accelerator (26 modules or 104 C-band structures) 
of SwissFEL X-ray laser. The C-band BOC combines the 
advantages of compactness and large RF efficiency i.e. 
large compression factor. Key features of the BOC are 
described and how they have been implemented in the 
manufacturing and tuning processes. RF measurements of 
the BOC are presented to account for the mechanical 
precision reached by manufacturing. So far 4 BOCs have 

  
been manufactured in-house and one has been high power 
tested in a RF test stand to simulate the operation in 
SwissFEL. 

INTRODUCTION AND OVERVIEW 
The linear accelerator (LINAC) of the SwissFEL 

consists of 26 C-band modules each of 4 pieces of 2m 
long C-band structures made of copper discs and 
supported on two granite girders. The waveguide system 
of each module is fed through a pulse compressor made 
of the barrel open cavity (BOC) type [1]. It is mounted on 
top of one end of the module as depicted in Fig. 1. 

 
 

 

Figure 1: One C-Band module consists of 4 C-band structures made of copper discs and supported on two granite 
girders. The waveguide system is attached laterally on the girders. On the top left side of the module the pulse 
compressor BOC will be mounted (note inset photography on top, left). 
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The design and construction have been thoroughly 
tested on a prototype BOC made by VDL company in 
Netherlands. As a result the RF and the mechanical design 
of the BOC resonator have been qualified for the series 
production of at least 26 units. An on/off mechanism and 
an absorber inside the prototype BOC have been removed 
because they were unessential during testing and because 
of outgassing problems of silicon carbide parts [2]. 

The BOC for the SwissFEL is of a new design and uses 
the whispering gallery resonant mode TE18,1,1. The RF 
efficiency is determined by the quality factor Q (the ratio 
of stored energy and power loss in a pulse compressor) 
and by the coupling factor  (between RF field of external 
waveguide and of resonance body of compressor). The  
value has been optimized to maximize the multiplication 
factor M for a given klystron pulse length, Q0 value and 
filling time of the accelerating structures [2]. For the main 
design parameters see Table 1. 
 

Table 1: Main Parameters of BOC 

Pulse Compressor Design Parameter 

Frequency 5.712 GHz 

Quality Factor Q 216’000 

Coupling Factor  10 

Energy Multiplication Factor M 2.13 
 

The mechanical setup of the BOC is depicted in Fig. 2: 
 The inner copper ring (large copper body of diameter 

492 mm and height 290 mm) fully confines the 
resonator with 72 coupling slits. 

 The outer copper ring composes part of the 
waveguide coupled to the inner cavity. 

 Two stainless steel rings provide the water cooling to 
the cavity and make the body stiffer. 

 One T-shaped copper piece for input and output RF 
signal and 2 C flanges close the inner copper ring. 
 

 

Figure 2: Cross section through the BOC and its parts. 

The BOC is mounted on a frame on top of the C-band 
module. The total weight is about 80 kg. It has a very 
small impedance for vacuum which allows one vacuum 
pump to be directly connected to the bottom of the cavity. 

MANUFACTURING 
The manufacturing of C-band RF pulse compressors 

BOC has to conform to stringent requirements to 
minimize cost and to achieve a stable process for an 
economical industrial series production over years: 

 Target precision on the inside of the copper body of 
+/- 10 μm with a surface roughness Ra of 0.2 μm 

 After milling and final brazing the resonant 
frequency of the BOC (in whispering gallery mode) 
match the specified klystron frequency (5.712 GHz)  

 The tuning range is +/- 7 MHz and is provided by 
machining two tuning rings placed symmetrical from 
the mid plane while measuring the resonant 
frequency achieved through a network analyzer. 

 Each month a complete C-band module with one 
BOC has to be manufactured until spring 2016. 
 

Encouraged by the results of a test BOC [2] we have 
developed, built and improved the equipment necessary to 
produce in-house the 26 units of BOC’s and to meet the 
requirements as summarized above. Whenever possible 
we use pre-machined components to start with and work 
in parallel when appropriate. In this paper we report on 
the procedures and handling equipment of the 
manufacturing process and on the mechanical test results 
to meet the stringent requirements. 

Manufacturing Process 
The copper for the BOC pulse compressor is oxygen 

free, high-conductivity and forged in three-dimensions. 
Because of the forging-process we have a homogenous 
distribution of only small pores (not detectable with 
ultrasonic probes), a stress-free and inherently stable 
material due to the additional heat-treatment (forging) 
with a rather large grain size of about 400 μm. To achieve 
the precision required for the inner and for the outer 
copper ring the stress-free material is mandatory even if 
chip formation is less favourably for large grain size. On 
the other hand this is related to large grain boundaries 
which are less prone to breakdowns in high-voltage RF 
fields (from the klystron, i.e. 50 MW for 3 μs at 100 Hz). 

The BOC production steps are summarized as follows: 
 Pre-turning, annealing and cleaning of inner copper 

ring and stainless steel rings and flanges 
 Precise turning after annealing of the outer surface of 

the inner copper ring and of the stainless steel rings 
and flanges to fit the contour of the inner copper ring 

 In-house turning, milling and cleaning of the outer 
copper ring, copper pieces and stainless steel plates 
for the T-shaped RF coupler 

 Brazing of the inner copper ring with stainless steel 
rings and flanges (vacuum furnace, 850°C) 
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 Brazing of the copper and stainless steel parts to the 
T-shaped RF coupler (vacuum furnace, 850°C) 

 Precise milling and turning of the inner surface of the 
inner copper ring and of the coupling slits (with a 
wall thickness of only 3 mm) 

 Cleaning and final brazing the BOC body with the 
outer copper ring and with the T-shaped RF coupler 
in a vacuum furnace at 780°C. 

 Tuning by turning the two tuning rings 
(symmetrically located above and below the mid-
plane of the inner copper ring) to match the target 
frequency of 5.712 GHz 

 Final cleaning, annealing and mounting on a frame 
ready for installation on a C-band module 

Equipment used for Manufacturing 
For the precise milling and turning of the copper we use 

a sturdy 5-axis CNC machining center (Hermle C42 U 
MT) with an actively driven swivelling rotary table as 
depicted in Fig. 3. 
 

Figure 3: Pulse compressor BOC mounted in a zero-point 
clamping system on the swivelling rotary table of the 
CNC machining center Hermle C42 U MT. 

 
The milling is based on a gantry construction type. The 

turning tools were adapted to fully reach the inner surface 
of the inner copper ring. A defined sequence of cuts (each 
cut prepares the next one) with poly- and mono-
crystalline diamond (PCD, MCD) tools is required in a 
temperature and humidity controlled machining 
compartment of the milling-machine.  With this we finally 
reach a measured precision of +/- 10 μm on the inner 
copper surface with an estimated surface roughness of Ra 
of 0.2 μm. 

For quality control of shape and position tolerance we 
use a precise coordinate measuring machine Mitutoyo 
Legex with a base precision of 0.35 μm. The BOC has a 
reference plane and a lateral surface area. The quality 
assurance is performed always related to the same 
reference plane. For the brazing fit we need to know the 
shapes of the inner and outer copper rings, of the flanges 
and of the stainless steel cooling rings and of the T-shaped 

RF coupler. For the radio frequency application of the 
BOC we need to know the inner surface shape of the 
inner copper ring (equal to two displaced spheres) and 
position and shape of the tuning rings. 

We use ultrasonic cleaning (with degreasing, de-
oxidisation and prevention of re-oxidisation in separate 
baths) at 80 kHz and 60°C (see Fig. 4). After flushing 
with tap and de-ionized water and hot dry air drying the 
copper and stainless steel parts are stored in dry nitrogen 
gas or the BOC is filled with dry nitrogen gas and closed. 
 

 

Figure 4: Ultrasonic cleaning of a BOC pulse compressor 
in one of the aqueous chemical liquids. 

 

 

Figure 5: For the first brazing at 850°C three BOC pulse 
compressors in their solder gauges are arranged in a frame 
(total weight 640 kg) which is on a stationary table. 
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For heat treatment (annealing for stress relief at 250°C 
for 2 hours) and brazing we use a vacuum brazing 
furnace. The furnace is a full metal construction and 
operates up to 1’250°C in UHV vacuum (< 10-6 mbar). It 
has been custom made by the PINK company (Germany). 
It has a rigid platform and a vertical movable dome with 9 
programable heating elements. The total height is 8.5 m 
and the working height inside is 2.8m when the furnace is 
open. The usable working diameter is 0.8 m. The resulting 
working volume can accommodate up to three BOC’s 
fixed in solder gauges and placed in a frame on top of 
each other (see Fig. 5). A series of thermocouples 
measures process temperatures along the copper bodies 
while operating the vacuum furnace for brazing. Because 
of the total mass and the brilliant surface finish of the 
copper the brazing process is rather slow (18 h). 
 

For adequate handling of the BOC and its parts we have 
constructed and built a number of tools in-house. Among 
others the most important are: 

 Zero-point clamping system for the BOC body to 
ensure reproducible setups within 10 μm 

 Special lathe tool (280 mm long) to fix diamond 
tools and to allow turning of the full inside surface of 
the inner copper ring of the BOC 

 Round supports with three-point bearings for 
levelling the BOC on the coordinate measuring 

machine to ensure proper measurements with respect 
to the reference plane of the BOC 

 Positioner with a controlled center of rotation for 
crane operation to allow a defined and safe rotation 
of the BOC by 90° to its final mounting position 

TUNING 
The RF (cold) measurements check the frequency 

mismatch of the structure with respect to the nominal 
frequency f_ nom of 5.712 GHz at the nominal operating 
conditions after turning a defined sequence of the two 
tuning rings (see Fig. 6).  

 
 

 

Figure 7: Measured tuning radius and resonant frequencies of BOC (blue dots) and calculated tuning radius and 
resonant frequencies (red dots). The range of tuning accessible through water cooling of the BOC (corresponds to 
5’712 MHz +/- 0.7 MHz) is dashed in red and needs no further turning of the tuning rings. 

 

Figure 6: Turning on tuning rings with diamond tool. 
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Figure 8: Measured parameters of resonance frequencies, quality factor Q0 and power test with breakdown rates. 

Referring to Fig. 7 this is expressed by increasing the 
radius of the tuning rings as a measure of increasing 
volume of the inner copper ring. The measurements are 
plotted against simulated data (code HFSS in ANSYS) to 
determine the next sequence of milling until the resulting 
frequency is sufficiently close to f_nom. In this case, 
quality factor Q0 and coupling factor  are determined as 
well as the resulting frequency f_meas by the network 
analyzer. In practice no mechanical tuning can be 
performed for f_meas – f_nom < 0.2 MHz since this 
corresponds to a dimensional change of < 34 μm or 
equivalent to a 2°C change. 
 

The RF cold measurements are given below (Fig. 8): 
 The values for Q0 and  agree well within 1% to the 

designed values. This confirms the high precision 
machining and brazing of BOC pulse compressors. 

 The frequency mismatch can be easily compensated 
by changing the operating temperature within +/- 
7°C (corresponds to +/- 0.7 MHz or to +/- 50 μm). 

 Starting with BOC number 4we have verified that the 
manufacturing is precise enough that no extra 
mechanical tuning (turning of tuning rings) is 
necessary. The tuning to resonance frequency f_nom 
(5.712 GHz) is performed by adjusting the cooling 
temperature within +/- 7°C.  

 
Referring to Fig. 9 for power testing of the BOC pulse 

compressor the input power from the modulator is 15 kW 
at 5.712 GHz. Peak power at the output of the BOC is 53 
MW for 3 μs at 100 Hz. We have observed breakdown 
rates of 3. 10-8 at 100Hz (1 breakdown in 93 h). 

CONCLUSIONS 
Up to now 4 BOC pulse compressors have been 

manufactured and tested on site one of which has no 
tuning rings. This makes the manufacturing process 

shorter and less risky for possible break-downs (no chips 
and no additional cleaning after chip production due to 
tuning). The mechanical precision required as well as the 
very good results of RF and power-testing are very well 
accomplished through the manufacturing processes. The 
next power test with a complete C-band module and with 
BOC number 4 is planned in spring 2015 when a new 
modulator becomes available. 
 

Figure 9: Setup for power testing of the BOC. 
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Abstract
The injector is the low energy part of a linac, where space

charge and non relativistic kinematic effects may affect the

electron beam quality significantly, and in the case of single

pass systems determines the brightness in the downstream

components. Following the increasing demand for high

repetition rate user facilities, a normal conducting, high

repetition rate (1 MHz) RF gun operating at 186 MHz has

been constructed at LBNL and is under operation. In the

current paper, we report on the status of the beam dynamics

studies. For this, a multi-objected approach is used, where

both the transverse and the longitudinal phase space quality

is optimized, as quantified by the transverse emittance and

the bunch length and energy spread respectively. We also

report on different bunch charge operating modes, as well

as the effect of different gun gradients.

INTRODUCTION
LCLS-II [1] is a proposed user facility based on a super-

conducting RF linac driving a high repetition rate FEL, at

SLAC. One of the important components of the project that

have been identified is the injector part, which needs to ac-

commodate the simultaneous objectives of high repetition

rate and high beam brightness. For this reason, the Advanced

Photoinjector Experiment (APEX) [2], an R&D project, is

under way at LBNL, and is currently the baseline for LCLS-

II. APEX is based on a normal conducting, continuous wave

(CW) VHF electron gun, operating at 186 MHz. Another

option being investigated in parallel is a photoinjector based

on DC gun technology at Cornell University [3]. In the rest

of the paper, the injector beam dynamics based on the VHF

gun will be presented.

LCLS-II Injector Requirements
In order to accommodate the scientific requirements of

LCLS-II [1], the requirements on the electron beam at the

injector exit are given in Table 1.

A number of these requirements have already been demon-

strated at APEX [2], specifically the ones related to the op-

1 This work was supported in part by the Work supported, in part, by the

LCLS-II Project and by the Director of the Office of Science of the US

Department of Energy under Contract no. DEAC02-05CH11231

eration of the gun only, such as quantum efficiency, bunch

charge and electron energy at the gun exit.

Simulations of the APEX and LCLS-II injectors, dis-

cussed later in this paper, show that the brightness require-

ments can be achieved by APEX. For the experimental veri-

fication of this, the installation of APEX phase II is required,

which will bring the energy of the beam higher (30 MeV)

and allow for the demonstration of beam emittance, bunch

compression and the conservation of 6D beam brightness.

INJECTOR LAYOUT

A schematic of the baseline design of the LCLS-II injector,

based on the NCRF VHG electron gun, is shown in Fig. 1

Figure 1: Schematic of LCLS-II injector. The beam energy

at the warm-to-cold transition is nominally 750 keV.

The main difference with APEX is the cold part of the

injector. In the case of LCLS-II, superconducting TESLA

cavities [4] are used, while APEX will be using 3 normal

conducting cavities, at 1.3 GHz like the TESLA ones. The

final energy of APEX will be lower than 95 MeV, at approx-

imately 30 MeV, enough to demonstrate the main dynamical

processes of emittance compensation and bunch compres-

sion. The warm part of the LCLS-II injector [5] is essentially

identical to the APEX layout.

As discussed below, for some bunch charges and espe-

cially the high (300 pC) case, the optimization requires rela-

tively low gradient in the second and third TESLA cavities.

This opens the possibility of having a single capture cavity

in a stand-alone cryomodule followed by a drift and then

a standard, 8 cavity cryomodule. Such a layout has the ad-

vantage of allowing more diagnostics as well as easing the

maintenance procedure. The implications of using different

layouts is discussed in a later section.

THP057 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

864C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology and Hardware: Gun, RF, Lasers



Table 1: LCLS-II Injector Requirements

Parameter Symbol nominal range units
Electron energy at gun end Egun 750 500 - 800 keV

Electron energy at injector end Ein j 98 95 - 120 MeV

Bunch Charge Qb 100 10 - 300 pC

Bunch Repetition Rate in Linac fb 0.62 0 - 0.93 MHz

Dark current in injector ID 0 0 - 400 nA

Peak current in injector Ipk 12 4-50 A

Average current in injector Iavg 0.062 0.0 - 0.3 mA

Avg. beam power at injector end Pav 6.1 0 - 36 kW

Norm. rms slice emittance at injector end γε⊥ 0.4 0.2 - 0.6 mm

Vacuum Pressure PG 1 0.1 - 1 nTorr

Cathode quantum efficiency QE 2 0.5 - 10 %

Laser Energy at cathode Elaser 0.02 0.0 - 0.3 mJ

Avg. CW RF gradient (powered cavities) Eacc 16 - MV/m

OPTIMIZATION PROCEDURE
As shown in Table 1, the two main requirements on the

brightness of the beam at the injector exit is the transverse

emittance γε⊥ and the peak bunch current Ipk . In the case of

transverse emittance, the goal is to achieve low values. The

injector system described here is essentially cylindrically

symmetric, which allows us to use the normalized emittance

in one transverse plane εnx as one of the objectives to be

minimized. Effects that break the symmetry, most impor-

tantly dipole and quadrupole components of the RF field in

the RF cavities are beyond the scope of this paper, but are

currently under evaluation. In the case of the current, Ipk
is inverse to the bunch length σz for reasonably symmetric

beams, and an alternative way to perform the optimization

is to minimize σz .

Space charge at the low energy of the injector couples

the longitudinal and transverse planes, and hence the two

goals of minimizing the emittance and the bunch length

are essentially competing. For such multi-objective, non-

linearly coupled problems, the method of multi-objective

genetic optimization has been applied with great success [6,

7]. In our approach, we employ the NSGA-II algorithm, with

εnx and σz being the competing objectives. In this case, the

result is not a single solution, but a population of solutions,

a so-called Pareto front. This way, trade-offs between the

two competing objectives can be evaluated easily. Also, the

effect of varying certain aspects of the injector system (such

as bunch charge, gun energy and injector layout) can also be

evaluated visually, as will be discussed below.

In addition to these two objectives, certain constraints are

also placed in the optimizer. The most obvious ones are the

constraints on the knobs used in the optimizer, which are

described in Table 2.

Other, secondary constraints that are placed on the beam

quantities themselves are a) the total energy > 90 MeV, b)

the correlated rms energy spread < 1% (in order to accom-

modate the energy acceptance of the laser heater) and c) the

high order, correlated momentum spread σpHO < σmax,Q ,

Table 2: Knobs Used for Injector Optimization. All cavity

fields refer to on-axis, peak electric field. Phase of 0 is taken

to mean peak acceleration and -90 is zero crossing.

Knob Value Function
Gun Phase -15-15 deg Control

bunch length

Buncher field 0-4 MV/m Compression,

Emit. comp.

Sol 1 B field 0.01-0.2 T Emit. comp.

Sol 2 B field 0.01-0.2 T Emit. comp.

CAV 1 field 5-30.5 MV/m Emit. comp.

(2.6 - 16 MV/m avg)

CAV 2 field 5-30.5 MV/m Emit. comp.

(2.6 - 16 MV/m avg)

RMS spot size 0.05-2 mm Control space

at the cathode charge effects

Bunch length 10-60 ps Control space

at cathode charge effects

where σmax,Q is a limit that depends on the downstream

compression, which is different for different bunch charges.

The high order momentum spread is defined by the re-

lation σ2
pHO = 〈p2

HO〉, where the momentum pHO is con-

structed from the original momentum distribution p(z) =
p0 + c1z + c2z2 + O(z3). The variable z refers to the lon-

gitudinal position in the bunch and pHO is given by the

pHO = O(z3) terms. Physically, this can be justified since

the p0 term is the average momentum which doesn’t affect

beam brightness, and the terms corresponding to c1 and c2

can be removed by dephasing the downstream linac and by

using a third harmonic cavity downstream respectively. Both

of these are standard practices in linac driven FEL facilities.

The precise value of the limit imposed on σpHO depends

on the downstream linac dynamics [8, 9].

Finally, the assumption of a thermal emittance coefficient

of 0.65 mm-mrad/mm is made in the following simulations.
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The exact value of this coefficient will of course be deter-

mined by measurements, currently underway, and may affect

the final emittance of the beam. We should note here, that

due to the optimization procedure we follow, the emittance

is not the minimum possible achievable by the injector, since

we also need to compress the beam. Hence, the effect of the

thermal emittance coefficient is reduced, as other effects such

as space charge, solenoid aberrations etc, increase the emit-

tance. In addition to this, the subsequent plots correspond to

simulations with a relatively low number of macroparticles

(10k) and a relatively small number of grid points (30× 50),

in order to allow for a large number of solutions. This gives

typically a larger number for the projected and slice emit-

tance of the beam than finer simulations. Once a solution is

picked, more accurate simulations (250k particles, 50× 100

grid points) are used for start-to-end runs.

In the next sections, the effect of varying different aspects

of the injector is discussed, and simulation results based on

multi-objective optimization of the injector are presented,

using the particle-in-cell code ASTRA [10].

DEPENDENCE ON BUNCH CHARGE
The bunch charge is the most fundamental characteristic

of the electron bunch, and determines the emittance and

transverse size of the beam. Different operational modes of

the downstream FEL require different bunch charges, with

specs described in Table 1.

In Fig. 2 we compare different bunch charges, at 20, 100

and 300 pC. As discussed previously, the result is not a single

solution, but a front of solutions. Hence, for each case we

can pick a solution that meets the specs of the specific run,

while at the same time we are able to easily compare the

performance of different charges.

Figure 2: Comparison of Pareto fronts for different charges.

Simulations for injector layout of Fig .1 at gun energy 750

keV

One important point for beam dynamics is that, especially

in the case of 300 pC, the optimization algorithm sets the

gradient of the 2nd and 3rd cavities to very low gradients and

effectively results in a long drift between the 1st and the 4th

accelerating cavities. In Fig. 3, we compare the emittance

evolution for 3 of the solutions corresponding to Fig 2, with

a finer grid. We see that the emittance compensation process

is complete by the exit of the injector, and that a significant

part of the process is done while the beam is in the 2nd and

3rd accelerating cavities, at a distance of 4-6 meters from

the cathode, corresponding to energies 10-30 MeV (different

for each charge optimization).

Figure 3: Comparison of emittance evolution for solutions

corresponding to Fig. 2. Note that the emittance compensa-

tion is finalized at about 8 m.

EVALUATING DIFFERENT INJECTOR
LAYOUTS

As mentioned in the previous section, the emittance com-

pensation process is not finalized until after the 1st TESLA

cavity in the cryomodule. This implies that it may be bet-

ter to avoid accelerating the beam too quickly after the 1st

cavity, in order to avoid freezing-in the emittance before

the compensation process is finalized. In addition to this, a

single cryomodule for the 1st cavity has other advantages,

as it allows easier maintenance and additional diagnostics.

For this reason, a “layout 2” case, which comprises of a

single cavity cryomodule, a drift and then the standard 8

cavity cryomodule is also considered, in addition to “layout

1” shown in Fig. 1.

Beam dynamics considerations, especially for lower gun

energy, may also require additional gradient and phase knobs

in the first few MeV. For this reason, “layout 3” and “layout

4” are also considered, where the single cavity cryomodule

is replaced by 5 2-cell cavities based on a Cornell design

[3] or by 2 2-cell cavities and a standard TESLA cavity,

respectively.

The different options are summarized schematically in

Fig. 4

The Pareto fronts corresponding to the layouts described

are shown in Fig. 5, where we can compare the brightness

performance of the different schemes, for the same gun en-

ergy.

.

THP057 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

866C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology and Hardware: Gun, RF, Lasers



Figure 4: Different layout options for the cold part of the

LCLS-II injector. Layout 1 is the baseline option.

Figure 5: Comparison of Pareto fronts for different injector

layouts. Gun energy is 750 keV, bunch charge 300 pC.

DEPENDENCE ON GUN ENERGY
One of the most important quantities that has a great effect

on the beam brightness is the gun gradient. In general, higher

gradients improve the beam quality, and in the case of the

VHF gun this corresponds to higher energies at the gun exit.

One potential reason to limit the gradient at the cathode is

to reduce the dark current emitted from the gun, although a

passive collimation system has also been proposed [11].

We should also point out that the the peak energy mea-

sured at the exit of the VHF gun is 800 keV, while the nomi-

nal, operational energy is 750 keV.

In Fig. 6, a comparison of Pareto fronts for different ener-

gies is presented, for 100 pC. The layout in this case is very

similar to layout 1 discussed previously, and more studies

are under way for all the layouts.

CONCLUSIONS
We report on the status of beam dynamics simulations

for the LCLS-II injector. A multi-objective optimization

strategy is employed, which allows the simultaneous opti-

mization of transverse and longitudinal phase space.

By using this approach, comparisons of varying different

aspects of the injector, such as bunch charge, injector layout

and gun energy are presented.

Figure 6: Comparison of Pareto fronts for different energies

of the gun.
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SOLID-STATE SWITCH FOR A KLYSTRON MODULATOR 
FOR STABLE OPERATION OF A THZ- FEL 

G. Isoyama , M. Fujimoto, S. Funakoshi, K. Furukawa, A. Irizawa, R. Kato, K. Kawase, #

F. Kamitsukasa , Graduate School of Science, Osaka University, Osaka, Japan 

Abstract 
A solid-state switch using static induction (SI) 

thyristors has been developed for a klystron modulator of 
the L-band electron linac at Osaka University to enhance 
stability of a THz-FEL based on the linac. The switch 
meets the maximum specifications such that the holding 
voltage is 25 kV with the switching time of 270 ns, that 
the current is 6 kA for a pulse duration of 10 s, and that 
the repetition frequency is 10 Hz. The fluctuations of the 
klystron voltage are considerably reduced compared to 
those with a thyratron. The FEL is operated with the 
solid-state switch and the macropluse energy of the FEL 
at a wavelength of ~70 m are measured with an energy 
meter for infrared lasers. The fractional variation of the 
macropulse energy measured in successive 500 pulses  is 
2.4 % for the solid-state switch (standard deviation), 
which is much smaller than 5.4 % for the thyratron. 

INTRODUCTION  
We are conducting basic studies on the THz-FEL and 

its applications using the L-band electron linac at the 
Institute of Scientific and Industrial Research (ISIR), 
Osaka University. The FEL has been operated in the 
wavelength range from 25 to 150 m (2~12 THz). 
Performance of the FEL depends strongly on the 
accelerator providing the electron beam for the FEL. One 
of the crucial factors affecting such studies is stability of 
the FEL macrpoulse energy. To obtain a highly intense 
and stable FEL beam, the energy and the intensity of the 
electron beam must be constant in an electron pulse of a 
several microsecond duration, and pulse-to-pulse intensity 
fluctuations are required to be small. To enhance the 
stability of the electron beam, the klystron modulator was 
upgraded, in such a way that the fluctuations of the 
charging voltage of the PFN are reduced to 0.008% (peak-
to-peak). Nevertheless, pulse-to-pulse fluctuations of the 
height of the high voltage pulse applied to the klystron are 
measured to be almost ten times larger than those of the 
charging voltage. Because the source of the instability is 
considered to be the thyratron, which is a fast high 
voltage and high current switch for a PFN in the klystron  
modulator, we have developed a solid-state switch that is 
expected to be more stable. 

The first klystron modulator with a solid state switch 
for an electron linac was developed, to our knowledge, in 
the early 1990s at the FOM Institute for Plasma Physics 
for the FEL facility, FELIX [1]. The switch is made of 32 
thyristors that are connected in a series to operate at the 

maximum voltage of 40 kV and the maximum current of 
2.6 kA. The following activities to develop solid-state 
switches and to use them began increasing at 
approximately 2000 in Europe, America, and Japan using 
semiconductor devices, including thyristors, IGBTs, and 
MOS-FETs. These devices, however, have both 
advantages and disadvantages for meeting the 
specifications and requirements for various klystron 
modulators. 

Another candidate for a semiconductor device that is 
suitable for the solid state switch is the Static Induction 
Thyristor (SI-thyristor) because it has fast switching 
characteristics as well as a high holding voltage and a 
high current [2]. Two types of solid state switches with 
different types of SI thyristors were developed for the 
JLC project and were successfully tested at KEK. These 
switches, however, have not been used in operation of 
linacs.  

In this paper, we will describe the development of the 
solid-state switch using SI thyristors and the evaluation of 
its performance in terms of the stability of the klystron 
voltage, the RF power and phase, and energy of the FEL 
macrpulses. More detailed report on the solid-state switch 
will be published elsewhere. 

STATIC INDUCTION THYRISTOR  
The SI thyristor is a type of PIN diode that is equipped 

with the gate. The characteristics that are measured from a 
test sample for pulsed-power applications are reported to 
be as follows: the hold-on voltage is 5.5 kV, and the turn-
on time is 35 ns, with di/dt = 95 kA/ s [2]. Because these 
values are sufficient for our purpose, we decided to 
develop a solid-state switch using SI thyristors. Although 
they are not available on the market, we obtain SI 
thyristors by courtesy of Shindengen Electric 
Manufacturing Co., Ltd., which is developing such 
devices. Figure 1 shows an SI thyristor manufactured by 
the company. 

Two important specifications of the SI thyristors that 
we use are the maximum blocking voltage of 3.2 kV and 
the maximum average current of 50 A (root-mean-
square), although the details are not available yet from the 
manufacturer. It is, however, expected that a much higher 
current can flow if the pulse duration is short and the 
repetition rate is not so high that the average power 
consumption in the SI thyristor does not exceed the value 
in the slow operation. Characteristics of a SI thyristor 
measured with square pulses of 2 kV, 1 kA, and a 2 s 
duration are the switching time of 360 ns (90%-to-10% 
change) and the turn-on resistance of 0.12 . To evaluate  ___________________________________________  
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the holding voltage of the SI thyristor, the leak current is 
measured as a function of the applied voltage at several 
temperatures of the thyristor from 20 up to 80 ºC because 
the leak current increases as the temperature becomes 
higher. The measurement shows that the leak current 
increases gradually with increasing temperature at lower 
voltages, whereas it increases sharply above 2.6 kV at any 
of the temperatures. Although the maximum value of the 
holding voltage written in the manufacturer’s 
specifications is 3.2 kV, we assume that the maximum 
holding voltage of the SI thyristors is 2.5 kV for this 
purpose. 

 

Figure 1: Static induction (SI) thyristor. 

SOLID-STATE SWITCH  
The modulator currently provides square pulses of 218 

kV and 186 A, with a duration of 10 s, or those of 236 
kV and 210 A with a 5 s duration to a klystron (Thales, 
TV2022D) at a repetition rate of 10 Hz using a 1:24 step-
up transformer. Because the charging voltage of the PFN 
is shared almost equally by the PFN and the klystron 
when it is on, the switch is operated at 20 kV and 4.5 kA 
in the long-pulse mode or at 22 kV and 5.0 kA in the 
short-pulse mode. To fulfill the conditions for the voltage 
and the current with sufficient margins, the specifications 
of the switch are determined to be the maximum holding 
voltage of 25 kV and the maximum current of 6 kA; as a 
result, ten thyristors are connected in series, and six such 
series are connected in parallel for the solid-state switch 
using 60 SI thyristors with the measured characteristics of 
2.5 kV and 1 kA at the maximum. Figure 2 shows the 
external views of the solid-state switch. The main frame 
consists of five 8-cm thick aluminum-alloy frames with a 
parallel lattice for air cooling. They are vertically stacked 
with bakelite frames in between for insulation. Three sets 
of two serially connected thyristors are installed directly 
on each longer side of each frame, and a control board 
with six trigger circuits for gates, a set of error detection 
circuits, and a power supply are installed on each shorter 
side, which means that six sets of two serially connected 
thyristors with peripheral circuits are on each frame. 
Thus, five such frames comprise a solid state switch with 
six parallel circuits of ten serially connected SI thyristors. 

These frames are placed on a base box, which has two 
fans installed that send air upward through the five 
frames, a trigger circuit that sends trigger signals to the 
ten control boards via optical links, and a 5 V, 100 kHz 
insulated DC-DC converter that sends power to the 
boards. The dimensions of the solid-state switch are 
approximately 0.35 m wide, 0.25 m deep and 0.54 m 
high, which can be replaced with a thyratron switch in the 
klystron modulator. 

The switching time of the solid-state switch was 
measured to be 270 ns at a PFN charging voltage of 20 
kV using a dummy load. 

 

Figure 2: Solid-state switch using the SI thyristors. 

OPERATION TEST 
In the next step, an operations test of the solid-state 

switch was conducted to generate high power RF pulses 
using the klystron modulator at a charging voltage of 20 
kV and a repetition rate of 10 Hz in the long pulse mode. 
The pulse height with the solid-state switch is slightly 
lower than that measured with a thyratron (L3 
Communications, L-4888B) for comparison, because the 
turn-on resistance of the solid-state switch is slightly 
higher. Pulse-to-pulse fluctuations of the klystron voltage 
are obtained by measuring plateaus of 100 pulses using a 
differential amplifier (Tektronix, ADA400A) and a digital 
oscilloscope. The voltage fluctuation with the solid-state 
switch is constant in the pulse duration of ~8 s and it is 
Vk/Vk = 1.45 (±0.12)×10-4, which is very close to the 

noise level of 1.27 (±0.09)×10-4. If the noise contribution 
is subtracted from the measured value, the true value of 
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the fluctuation is estimated to be 7.0 (±3.0)×10-5. The 
fluctuation with the thyratron is similar in the front of the 
pulses but it increases toward the rear part up to ~3.2×10-

4. The variation in the RF power with the solid-state 
switch is similarly measured using a diode detector to be 
P/P = 1.52 (±0.11)×10-3 and is constant over the pulse, 

which should be compared to the noise level of 1.42 
(±0.07)×10-3, and the true value of the power fluctuation 
is estimated to be (5.4±3.6)×10-4, whereas the variation 
with the thyratron is also the same as that with the solid-
state switch in the front part, but it increases in the latter 
half to ~3×10-3, which is similar to the behavior of the 
klystron voltage. The phase variation with the solid-state 
switch is  = 0.102±0.008 degrees over the pulse, and 
the true value is estimated to be 0.056±0.017 degrees 
using the noise level of 0.085±0.006 degrees. The phase 
variation with the thyratron varies slowly over the range 
from 0.13 to 0.18 degrees in the pulse and is larger than 
that with the solid-state switch. 

The FEL was operated with the solid-state switch to 
measure the energy of the FEL macrouplse using an 
energy meter for infrared lasers. The operating conditions  
of the FEL are such that the electron energy is 15 MeV, 
that the gap of the wiggler is 36 mm, which yields the 
maximum macropulse energy and the FEL wavelength of 
~70 m or 4.3 THz, and that the detuning of the optical 
cavity is close to zero. Figure 3 shows such measurements 
of 500 successive pulses with the solid-state switch (a) 
and with the thyratron (b). The red lines show mean 
values of the FEL energy and the broken lines indicate 
ranges of standard deviations of the variations. The 
fractional variation for the solid state switch is 2.4 % 
whereas that for the thyratron is 5.4 %, indicating that the 
solid state switch can significantly reduce the pulse-to-
pulse fluctuations of the FEL intensity, though these 
variations are neither the best ones nor the worst ones. 

The results of these measurement are summarized in 
Table 1.  
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Figure 3: Fluctuations of macropulse energy measured 
with an energy meters. The red lines show mean values 
and the broken line indicate standard deviations. 

Table 1. Summary of the Measured Variations 

 Thyratron  Solid-state switch 
 measured  measured noise noise-subtracted 
 Fractional variations ( 10-4) 
Klystron Voltage ~3.2  1.45 ± 0.12 1.27 ± 0.09 0.70 ± 0.30 
RF power ~30  15.2 ± 1.1 14.2 ± 0.7 5.4 ± 3.6 
 Variations ( 10-2 degs.) 
RF phase ~18  10.2 ± 0.8 8.5 ± 0.6 5.6 ± 1.7 
 Fractional variations ( ) 
FEL macropulse 5.4  2.4 - - 
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THE LASER HEATER SYSTEM OF SWISSFEL 
M. Pedrozzi, M. Calvi, R. Ischebeck, S. Reiche, C. Vicario, PSI, Villigen, Switzerland 

B. D. Fell, N. Thompson, STFC/DL/ASTeC, Daresbury, UK 

Abstract 
Short wavelength FELs are generally driven by high-

brilliance photo-cathode RF-guns which generate electron 
beams with an uncorrelated energy spread on the order of 
1 keV or less. These extremely cold beams can easily 
develop micro-bunching instabilities caused by 
longitudinal space charge forces after the compression 
process. This can result in a blow up of the energy spread 
and emittance beyond the tolerable level for SASE 
emission. It has been demonstrated theoretically and 
experimentally [1] that a controlled increase of the 
uncorrelated energy spread to typically a few keV is 
sufficient to strongly reduce the instability growth. In the 
laser heater system, one achieves a controlled increase of 
the beam energy spread by a resonant interaction of the 
electron beam with a transversally polarized laser beam 
inside of an undulator magnet. The momentum 
modulation resulting from the energy exchange within the 
undulator is consequently smeared out in the transmission 
line downstream of the laser heater system. In SwissFEL, 
the laser heater system is located after the first two S-
band accelerating structures at a beam energy of 150 
MeV. This paper describes the layout and the sub-
components of this system.  

INTRODUCTION 
SwissFEL is the hard X-ray free-electron laser 

presently under construction at PSI in Switzerland [2-3]. 
Table 1 summarizes the main beam parameters at the 
injection in the undulator section specified for SASE 
operation at 1 Å radiation. 
 

Table 1: Beam Parameters - SASE Hard X-Ray Line 

Parameter  units 

Energy 5.8 GeV 

Charge 200/10 pC 

Uncorrelated RMS slice 
energy spread 350/250 keV 

RMS normalized projected 
emittance < 0.65/0.25 mm.mrad 

RMS normalized slice 
emittance <0.43/0.18 mm.mrad 

Peak current 2.7/0.7 kA 

Bunch length 25/6 fs 
 

The final electron beam energy of roughly 6 GeV was 
defined according to the state of the art accelerator and 

undulator technology in order to maximize compactness 
and minimize costs. The energy is relatively low with 
respect to other facilities of this class resulting in tighter 
beam quality requirements. The mitigation of emittance 
and energy spread growth during the acceleration and 
compression of the electron beam, caused in particular by 
micro-bunching instabilities [4-5],  are therefore of 
primary importance for this facility [6]. It should be noted 
that for efficient self-seeding operation one aims to reach 
a normalized slice emittance of ~0.3 mm.mrad. The 
SwissFEL injector complex includes a laser heater (LH) 
system which will allows a controlled enhancement of the 
uncorrelated energy spread of the electron beam. 
Carefully adjusted, the energy spread can drastically 
reduce the gain of the micro-bunching instability without 
affecting the FEL performances. 

SYSTEM DESCRIPTION 
General Layout 

Figure 1 shows a schematic of the SwissFEL injector 
facility. The PSI RF Photo-injector [7] produces 7.1 MeV 
high brightness electron bunches with an intrinsic 
emittance of 0.55 mm.mrad/mm [8] and a peak current of 
20 A. The normalized slice emittance at the end of the 
injector with uncompressed beam will be typically around 
0.2 mm.mrad for a bunch charge of 200 pC [9]. In 
Booster 1 two S-band traveling-wave cavities accelerate 
on crest the electron beam up to 150 MeV. After this first 
acceleration stage a set of 5 quadrupoles allows matching 
the optical functions trough the laser heater chicane and 5 
additional quadrupoles follow the LH modulator 
undulator to control the matching in booster 2. This 
section consists of two S-Band RF modules including 
each one klystron amplifier and two accelerating cavities. 
In booster 2 one accelerates off crest (up to 345 MeV) to 
provide the necessary energy-time correlation needed for 
the compression. Enough space has been reserved to 
allow future energy upgrades with a third RF accelerating 
module. The focusing along booster 2 consists of three 
FODO cells with 11m period. To suppress the second 
order energy-time correlation two X-band RF cavities (S-
band 4th harmonic) running in decelerating mode precede 
the 13.5 m long compression chicane which is typically 
operated at compression factors between 10 and 15. The 
final nominal energy of the injector is 320 MeV. 

Laser Heater Basic Specifications and Layout 
As schematically illustrated in Figure 2 the LH consists 

of 3 main parts:  
• A small magnetic chicane required for the laser 

coupling which corresponds to the first dispersive 
section of the accelerator complex. 
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Figure 1: SwissFEL injector facility, schematic layout. 

 
• An undulator modulator to allow a resonant energy 

exchange between laser and electron beam. 
• The diagnostics elements for setting and monitoring 

the laser-beam overlap. 
 

 
Figure 2: Laser heater basic principle. 

 
The basic parameter of chicane, electron beam and 

laser are reported in table 2. The relatively low R56 was 
chosen in order to facilitate the matching for testing 
alternative compression schemes at low energy with 
velocity bunching.  

The nominal electron beam energy was set as high as 
possible to allow an efficient power distribution between 
RF plants without compromising the emittance 
compensation process and keeping a safety margin on the 
RF power plants. The laser wavelength is defined by the 
Yb:CaF2 photo cathode laser system. The choice of this 
technology is mainly driven by stability consideration. As 
described later in this paper, a fraction of the IR radiation 
produced by this system is used for the LH system.  

Mechanically the LH beam line sits on three 
independent support girders as illustrated in Figure 3. At 
the entrance of the LH section a Beam Arrival Monitor 
(BAM) [10] delivers precise measurements of 
longitudinal drifts and jitter of the electron beam. During 
operation this tool helps surveying and maintaining the 
longitudinal laser-beam overlap. 

Table 2: Laser Heater Parameters 

Beam parameters   

Charge (pC) 10 200 

Beta function @ undulator X/Y (m) 42 / 18 42/18 

Proj. norm. emittance (mm.mrad) 0.15 0.3 

RMS beam size (µm) 146 207 

Nominal energy  (MeV) 150 ± 1.5 % 

Pulse length flat top  (ps) 10 3 

Chicane dispersion (mm) 20.14 

Chicane parameters   

Bend angle (deg) 4.1 

Dipole 1/3 & 3/4 separation  (mm) 280 

Dipole 2-3 separation  (m) 1.82 

Dipole yoke length  (mm) 120 

Off axis separation (mm) 20 

R56  (mm) 2.4 

Laser main parameters  

Wavelength (nm) 1040 

FWHM pulse lengths (ps) 50 

Waist at Focus (µm) 400 

Max. laser energy at LH (µJ)  100 
 

The undulator modulator and the magnetic chicane sit 
on the central girder. Two diagnostic modules consisting 
of one BPM followed by a screen are located upstream 
and downstream the undulator. Standard SwissFEL cavity 
BPMs and screens with chamber aperture of 16 mm are 
used. These monitors are required for adjusting and 
monitoring the transverse laser-beam overlap. As shown 
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Figure 3: 3D Model of the LH beam line with schematic 
description of the main components. 
 
in Figure 4 the central section of the chicane vacuum 
chamber, including screens and BPMs, is movable 
allowing a straight orbit with dipole OFF and with 20 mm 
off axis operation. Additionally the undulator can be 
remotely retracted from its nominal position by 100 mm 
to become invisible for the beam.  
 

 
Figure 4: Movable parts in the LH chicane, with 
undulator in retracted position and chicane at 4.1°. 
 

Laser System and Transfer Line 
An infrared Yb-CaF2 laser amplifier from the company 

Amplitude Système (Bordeaux) is used to generate by 
frequency multiplication the UV radiation for the RF-gun 
photocathode while the fundamental wavelength is used 
to drive the LH system. Figure 5 shows a schematic 
layout of the laser components that will be located in the 
SwissFEL laser room sitting alongside the accelerator 
tunnel near the gun region.  
 

 
Figure 5: Layout of the laser system. 

With a typical FWHM pulse length of 50 ps, the 
nominal operation of the LH would require moderate 
laser energy up to ~1.1 µJ (22 kW). For diagnostic 
purposes the system can deliver up to 150 µJ at the source 
which should correspond to 100 µJ (2 MW) at the LH 
undulator modulator. Driving the resonant interaction 
with laser powers between 200 kW and 2 MW should 
allow a fine adjustment of the longitudinal overlap by 
observing a broadening of the electron beam energy 
spread between 20 and 65 keV. The energy spectrometer 
can typically resolve a couple of keV. 
 

 
Figure 6: 3D model of the laser infrastructure with hidden 
accelerator components and building elements. 
 

An independent in vacuum Transfer Line (TL) sitting in 
a floor channel assures the transport of the beam from the 
laser room down to the LH as shown in Figure 6. All 
mirrors of the TL are motorized and sit on supports 
directly fixed on the concrete floor and decoupled from 
the vacuum chamber to minimize pointing jitter due to 
vibrations. As shown in Figure 7 two lenses in the TL are 
used to image the laser beam from the laser room and to 
minimize the beam displacement due to laser angular 
jitter to few µm.  

 
Figure 7: Schematic of the laser transfer line. 

 
On the laser heater table (Figure 8) a set of motorized 

mirrors and a variable telescope are used to control the 
position and the beam size of the laser for optimal overlap 
with the electron beam. A variable attenuator will be used 
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to continuously adjust the laser energy. Finally a 
motorized delay stage will control the laser arrival time at 
the laser heater. 
 
Electron and Laser Diagnostic Systems 

The main functionalities to be investigated while 
designing the diagnostic system are: 

 
• Adjustment: setting of the transverse and 

longitudinal laser-electron beam overlap 
• Operation: monitoring of  laser and electron beam 

parameters, and in particularly feedback on the 
longitudinal and transverse Overlap 

 
Multiple laser heater diagnostics are needed to address 

the two above functionalities. Offline energy meters and 
online calibrated photodiodes will monitor the laser pulse 
energy at different locations. A camera system movable 
along a “virtual undulator” will record the laser beam 
shape and size.   Cromox screens are suited as common in 
vacuum profile monitors for laser and electron beam to 
adjust the transverse overlap. Position sensitive detectors 
will be installed on the input and output optical laser 
heater table for precise laser alignment in the undulator. 
These sensors, in combination with the BPM placed in 
front and after the undulator, will allow surveying the 
transverse overlap during operation.  For rough 
longitudinal synchronization, the laser arrival time will be 
measured with few tens ps resolution using a fast 
photodiode and a large bandwidth oscilloscope. For fine 
adjustment of the longitudinal overlap the LH will be 
overdriven up to ~2 MW laser power. At this intensity 
level the uncorrelated energy spread will be 
approximately ~65 keV, which should easily measurable 
in the energy spectrometer at 320 MeV. Since we do not 
expect large longitudinal fluctuation of the laser system, 
the BAM measurements of electron arrival should suffice 
for monitoring the longitudinal overlap during operation. 
 

 
Figure 8: Schematic layout of diagnostic and control 
instrumentation. 

Undulator System 
The SwissFEL LH undulator is a planar permanent 

magnet Halbach array with 8 full periods of period length 
lu=50mm. The magnetic structure is longitudinally 
antisymmetric (the longitudinal centre of the undulator 
coincides with a zero crossing of the vertical magnetic 
field) so that the electron trajectory is centred on the 
magnetic axis. Table 3 summarizes the parameters of the 
magnetic blocks while Figure 9 shows the characteristic 
block shape. 

 
Table 3: Properties of the Magnet Blocks 

66 full length blocks (12.35 mm) 

Material NdFeB 

Grade VACODYM 863 TP 

Remanent field 1.25 T 

Magnetisation 34 in +z, 32 in +y 

Field tolerance  1% 

Magnetisation angle tolerance  ± 1 deg 

12 end blocks 

Length 9.26mm ±25µm 4 magnetized +y 

Length 6.18mm ±25µm 4 magnetized +z 

Length 3.24mm ±25µm 4 magnetized +y 
 

The undulator has been modelled in RADIA [11]. The 
computed variation of peak K versus full gap is shown in 
Figure 10. At gap 20mm (full closed), K = 2.54, and at 
gap 40mm (full open), K = 0.667. 
 

 
Figure 9: Shape of the magnetic blocks. 

 
The undulator strength and period are linked to the 

laser wavelength and the beam energy via the resonance 
relation: 
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where lu is the undulator period and K the undulator 
parameter. At the nominal energy of 150 MeV the 
resonance condition requires  K=2.28 which corresponds 
to a gap of approximately 22 mm but the tuning range of 
the undulator allows operating the LH at energies ranging 
from 87 to 162 MeV. 
 

 
Figure 10: Tuning range of the U50 undulator factor K 
versus gap. In read the nominal K for 150 MeV. 
 

Figure 11 shows calculated horizontal and vertical good 
field regions (ΔK/K0 ≤10-4) versus the undulator 
parameter K. At the nominal K the expected good field 
region are respectively ~620 and ~150 µm. These values 
determine the alignment tolerances of the electron bunch 
orbit along the undulator. 

 
Figure 11: Horizontal and Vertical good field regions 
(ΔK/K0 ≤10-4) versus K. 
 

STFC/ASTeC is in charge of the design, engineering 
and mechanical realization of the undulator assembly. 
Figure 12 shows the undulator during the assembly phase 
in the workshop at Daresbury Laboratory and the 3D 
model of the device mounted on the girder. 

To set the exit position of a 150MeV beam exactly on 
axis (or to minimise the field 2nd integral) the end 1/4 
length blocks are increased in length by 150µm. Because 
the design is antisymmetric the 1st integral (hence exit 
angle) is automatically zero for all gaps. 

The specification for on-axis  field quality is that the 
maximum relative variation in K is 1% rms. This is 
calculated from the maximum positive and negative Bz for 
each period, so is an average of 16 data points. The 
tolerances on block dimensions, field strength and field 
angle have then been specified so that the average of a set 
of unshimmed, perfectly constructed undulators, with 
errors added to each randomly in a uniform distribution, 
is within specification by factor of two, and all the 
unshimmed random undulators satisfy the specification.  
 

 
Figure 12: U50 during assembly at Daresbury Laboratory 
and 3D model of the undulator on the support girder in 
extracted position. 

BEAM DYNAMICS CONSIDERATIONS 
Energy Spread Enhancement and FEL 
Operation 

The final rms slice energy spread at the FEL undulator 
line scales proportionally to the compression factor with 
the uncorrelated energy spread after the LH. To avoid 
diluting the FEL performances, the relative energy spread 
must stay below the relative Bandwidths (BW) of the 
FEL. When operating SwissFEL at 5.8 GeV, and with the 
characteristic SwissFEL BW of 0.05% (corresponding to 
2.9 MeV) one can tolerate at best ~1MeV energy spread 
before starting to degrade the FEL efficiency. With a 
compression factor of 150, this value corresponds to a 
maximum tolerable uncorrelated energy spread after the 
LH of ~7 keV. Running a few simulations with ASTRA 
from the gun up to the end of booster 1 and then 
ELEGANT in the LH section using the “laser modulator” 
element and assuming a laser waist of 400 µm one finds 
the approximate scaling relation between laser intensity 
and uncorrelated energy spread after the LH as:  
 

)(15.2)( kWPkeV laserE ≈σ     (2) 
 
Figure 13 illustrated the energy spread dependency 
described by equation (2) in the region of interest for the 
nominal operation of the LH up to a level compatible for 
overlap diagnose purposes. 
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As anticipated in this paper, a nominal laser power up 
to 22 kW should be sufficient to drive the LH at its 
nominal operation point. It should be noted that the LCLS 
measurements [1] show a weak FEL power dependency 
versus the laser intensity around the optimum operating 
point, relaxing the amplitude jitter tolerances of the IR 
laser source.  

 

 
Figure 13: RMS uncorrelated energy spread versus Laser 
power. Blue dots from Elegant simulations assuming 150 
MeV, 1040 nm laser wavelength, 400 µm laser waist, read 
equation 2. 

 
Consideration on Trickle Heating  

At LCLS an unexpected increase of the electron heating 
after the LH was clearly observed for very low laser 
powers. While the 1 D theory predicts negligible 
contributions of the Longitudinal Space Charge (LSC) to 
the energy spread growth, Z. Huang demonstrated the 3D 
nature of the observed phenomenon occurring when tilted 
µ-bunches are transported after the LH chicane applying 
strong horizontal focusing [1]. Basically the x-s density 
modulation doesn’t smear completely after the half LH 
chicane but remains hidden in the x’-s plane. After a 90 
deg phase advance this correlations develops again in x-s 
which, if associated with strong focusing, can 
considerably enhance the contribution of LSC. In 
SwissFEL the phase advance from the LH down to the 
first accelerating cavity of booster 2 is only 23° (see 
Figure 14) while the beta function remains relatively large 
(>10m) getting smaller only at the entrance of the linac 
where the energy rapidly boosts up. 

In LCLS the beam propagate 11 m before injection in 
the next accelerating cavity experiencing phase advances 
larger than 90°. In SwissFEL this distance is only 2.5 m.  

Figure 15 shows the longitudinal slice phase space at 
three different locations between the exit of the LH 
chicane and the first accelerating structure of Booster 2. 
From these measurements one can deduce the correlation 
factor R and evaluate the 3D electric field enhancement of 
LSC with respect to the 1D theory given by the following 
relation: 

 
Figure 14: SwissFEL injector optics from the LH section 
up to the first bunch compressor. 
 

 
Figure 15: x-s phase space at a) 19.21 m, b) 20.46 m and 
c) 21.59 m. 
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where k=2π/llaser, R the correlation factor, σx the 
horizontal rms beam size and  γ the Lorenz factor.  
 

Table 4: LSC Enhancement after the LH Chicane 

S (m) σx(µm) R LCS 

19.21 153 0.00325 48 
20.46 101 0.0046 18.5 
21.59 71 0.0058 5.6 

 
Table 4 summarizes the LSC enhancement in the case 

of SwissFEL at the location described in Figure 15 
assuming 150 MeV beam energy and 1040 nm laser 
wavelength. Directly at the LH exit the enhancement 
factor is approximately 50 but it rapidly drops toward 
booster 2. 

One can notice that these values are consistently lower 
than the enhancement factor of ~250 estimated for the 
LCLS in [1]. It should be noted in addition that the 
relaxed optic following the LH section allows maintaining 
the bunching factor predicted by the 3D theory well 
below his maximum preventing over-bunching as 
observed with the nominal optic at LCLS. 

CONCLUSION 
The SwissFEL baseline layout incudes a Laser Heater 

system placed at 150 MeV. This system allows a 
controlled increase of the uncorrelated energy spread to 
fight micro-bunching instabilities possibly developing in 
the compression stages of the accelerator. The tuning 
range of the 50 mm period undulator allows in principle 
operating the LH beam for energies ranging from 87 up to 
162 MeV, well matching the operational range of the 
accelerating cavities in booster 1. The LH system can be 
made completely invisible to the beam by extracting the 
undulator to an off axis position. The relaxed optic 
functions in the short transport line after the LH should 
efficiently cope with trickle heating at the nominal 
operational conditions of the laser heater.  
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Abstract 
Minimized emittance is crucial for successful operation 

of linac-based free-electron lasers. Simulations have 
shown that 3-D ellipsoidal photocathode laser pulses are 
superior to the standard Gaussian or cylindrical laser 
pulses in this manner. Therefore, in collaboration with the 
Joint Institute of Nuclear Research (JINR, Dubna, Russia) 
and the Photo Injector Test facility at DESY, Zeuthen site 
(PITZ), a prototype laser system capable of producing 
spatio-temporal 3-D ellipsoidal pulses has been 
constructed at the Institute of Applied Physics of the 
Russian Academy of Science (IAP / RAS, Nizhny 
Novgorod, Russia). It is expected to receive the finalized 
prototype at PITZ within this year.  

The laser system to create such 3-D ellipsoidal laser 
pulses will be introduced. Also the procedure of pulse 
shaping will be described in detail. 

INTRODUCTION 
The operation of modern free-electron lasers (FELs) 

necessitates high brightness electron bunches with small 
energy spread. As the electron beam parameters along the 
beam line depend strongly on initial conditions at the 
photocathode, a minimized emittance is crucial for a 
successful FEL operation. An important parameter crucial 
for the initial conditions is given by the characteristics of 
the cathode laser. 

In the following paragraphs the influence of different 
laser pulse parameters on the initial electron beam quality 
will be briefly discussed. While some of the parameters 
are well known due to previous experience, others have to 
be simulated and/or empirically determined.  

If the photon energy is below the vacuum energy level 
(where an electron is free) of the photocathode material, it 
is impossible to generate emission of free electrons with 
single photon excitation [1]. The vacuum energy level is 
defined as the sum of the electron affinity and the band 
gap energy for semi-conductors, or equivalently as the 
work function in metals.   

Due to scattering processes within the material the 
(quasi) free electrons can lose enough energy (thermalize) 

before reaching the cathode surface and therefore produce 
an electron beam with small mean transverse energy [2]. 
In contrast, higher incident photon energies lead to 
increased energy spread and to a reduction of the ablation 
threshold intensity of the photocathode material [3]. 

This naturally leads to the second important parameter 
which has to be considered – the laser pulse energy (or to 
be more precise the number of photons within a laser 
pulse). By first approximation the number of generated 
free electrons is proportional to the number of photons. 
However, space charge shielding effects and depletion of 
electrons at the surface of the photocathode as well as 
electron-hole recombination within the material – only to 
mention a few processes - reduce the quantum yield 
defined as the number of generated free electrons at the 
cathode per number of incident photons. At high laser 
pulse energies the space-charge shielding effect can even 
lead to saturation (Fig. 1).  
 

 
Figure 1: Example of measurement of the electron bunch 
charge with a Faraday cup as a function of laser energy 80 
cm downstream the cathode. The laser energy is given in 
per cent of the maximum. 

High pulse energies combined with high photon 
energies also risk thermal laser ablation of the 
photocathode material, which would destroy the 
characteristics of the photocathode and hence the 
properties of the electron bunch. 

There are two more crucial laser pulse parameters – 
pulse duration and pulse shape. The latter has to be 
considered in three dimensions (spatially and temporally). 

 ___________________________________________  
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While the pulse duration defines the electron bunch 
length the pulse shape defines the electron distribution 
within the electron bunch – as mentioned earlier, the 
higher the number of photons at a specific time and 
position the larger the generated electron density. 

ELECTRON BUNCH OPTIMIZATION 
The influence of the laser pulse parameters on electron 

emission are well known [4], so the next step for cathode 
laser optimization is the simulation of the optimized 
electron bunch properties to get maximum brightness and 
small energy spread.  

 

 
Figure 2: Illustration of a 3-D ellipsoidal laser pulse. 

Simulations using PARMELA respectively ASTRA 
code show that the ideal electron bunch profile is 
ellipsoidal in both time and space (3-D) [5,6]. To generate 
such electron bunches the cathode laser beam must also 
be 3-D ellipsoidal (Fig. 2), assuming a one-to-one 
correlation between the incident laser pulse and the 
photocathode emission process. Simulations based on the 
PITZ photoinjector layout have shown a significant 
decrease of projected emittance of about 60 % compared 
to cylindrical Gaussian laser pulses and 32 % compared to 
cylindrical flat-top laser pulses [7]. A full description of 
this simulation procedure has been published by  
Khojoyan el al. [8]. 

3-D ELLIPSOIDAL PHOTOCATHODE 
LASER SYSTEM  

Motivated by the simulations, a laser system capable of 
producing 3-D ellipsoidal laser pulses is under 
investigation at IAP / RAS in collaboration with JINR. It 
is planned to install the laser system at PITZ in autumn 
this year. The PITZ photoinjector uses an L-band RF gun 
with a Cs2Te photocathode. With a work function of 3.3 
eV these cathodes require a laser wavelength in the UV 
(about 260 nm) [9]. Simulation studies at PITZ show that, 
depending on the bunch charges, a RMS pulse duration of 
about 4 – 8 ps and a transverse RMS size of the laser 
beam between 0.25 and 0.75 mm at the cathode generates 
very low emittance and at the same time very high peak 
currents.  

The schematic set-up of the laser system is shown in 
Fig. 3. It consists of a dual-output fiber laser, a diode 
pumped Yb:KGW disk amplifier, a 3-D pulse shaper, and 
a frequency conversion unit for second and fourth 
harmonic generation. A scanning cross-correlator system 
has also been developed and built for the diagnostic 
channel to measure the spatial and temporal distribution 
of the shaped laser pulses.  

The dual-output fiber laser generates 1030 nm laser 
pulses at a repetition rate of 45 MHz. The pulse duration 
of the laser pulses is about 150 fs. It also comprises a 
fiber-based pulse stretcher, a preamplifier and a system 
for pulse train (macropulse) formation. For a precise 
tuning of the laser pulse timing with respect to the RF 
phase, which is crucial for optimized operation of the 
photo injector, a piezo ceramic cylinder has been 
integrated inside the optical fiber coil of the oscillator.  

The laser beam is then split into two beams at the 
output of the fiber laser – one is used for generation of 
electrons at the photocathode, after 3-D shaping and 
frequency conversion, the other one for temporal laser 
pulse characterization using the cross correlator 
technique. 

After the fiber laser, the pulses of the primary output 
(working channel) are amplified using a multi-pass (10 
passes to date) Yb:KGW disk amplifier. As pump source 
a LDM 2000-100 (Laserline GmbH) is used. Recently, 
 

Figure 3: Schematic set-up of the actual 3-D ellipsoidal laser system. 
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Figure 4: Setup of the 3-D pulse shaper: Diff. gr. – diffraction gratings, SLM – spatial light modulator, WP – half-wave 
plates, CL – cylindrical lens, FR – Faraday rotator, CW – calcite wedge, Rot. 90 degree – laser beam rotator (90°). 

laser pulses up to 120 μJ have been obtained. 
After the multi-pass amplifier the laser pulses are shaped 
both temporally and spatially. This is realized by a 
scheme based on two spatial light modulators (currently 
SLM HES 6010 NIR by Holoeye Photonics AG). The 
principal set-up of the 3-D pulse shaper is shown in Fig. 
4. 

The pulse shaper is based on a zero dispersion optical 
compressor. Among other things, it consists of two 
diffraction gratings, two cylindrical lenses, two half-wave 
plates, and two liquid crystal based SLMs. The SLMs are 
positioned on the focal planes of both cylindrical lenses. 
So, one diffraction grating is imaged onto the other in the 
horizontal plane. There is no such imaging in the vertical 
plane which implies corresponding diffraction. However, 
these effects can be neglected for the current 3-D pulse 
shaper set-up, with beam diameter of about 8 mm and 
focal length of the cylindrical lenses of 405 mm.  

The first SLM manipulates the phase of the laser pulse. 
A half-wave plate installed before the second SLM 
introduces a 45° rotation of the laser pulse polarization 
and therefore the second SLM becomes an amplitude 
manipulator. As one single pass through the pulse shaper 
only forms the laser profile in one, the laser pulses are 
passing the set-up twice – in the second pass, the laser 
pulses are rotated by 90º. 

After the pulse shaper a LBO and a BBO crystal are 
used, respectively, for second and forth harmonic  
generation. 

A cross-correlation with the beam from the diagnostics 
channel is used to characterize the laser pulses before and 
after higher harmonic generation. For this, a high-speed 
delay line is implemented, which allows measurement of 
the spatial and temporal profile of the laser pulses with 
high precision [10]. A full description of the cross-
correlator can be found elsewhere [7]. 

CONCLUSION 
   Simulations have shown that 3-D ellipsoidal laser 
pulses instead of cylindrical pulses with Gaussian or flat-
top temporal profiles can significantly reduce the 
emittance of electron bunches generated by a 
photoinjector. On the basis of these simulations a laser 
system capable to create 3-D ellipsoidal laser pulses is 

under development. Thereby a description of the actual 
set-up and the principal procedure of pulse shaping have 
been given.  
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COMMISSIONING OF AN IMPROVED SUPERCONDUCTING RF PHOTO 
INJECTOR AT ELBE 

J. Teichert#, A. Arnold, M. Freitag, P. Lu, P. Michel, P. Murcek, H. Vennekate, R. Xiang,  
HZDR, Dresden, Germany 

P. Kneisel, JLab, Newport News, USA 
I. Will, MBI, Berlin, Germany  

Abstract 
In order to produce high-brightness electron beams in a 

superconducting RF photo injector, the most important 
point is to reach a high acceleration field in the cavity. 
For this reason two new 3.5-cell niobium cavities were 
fabricated, chemically treated and cleaned in 
collaboration with Jlab. The first of these two cavities was 
shipped to HZDR and assembled in a new cryomodule. 
This new gun (SRF Gun II) was installed in the ELBE 
accelerator hall in May 2014 and replaces the previous 
SRF Gun I. Beside the new cavity the ELBE SRF gun II 
differs from the previous gun by the integration of a 
superconducting solenoid. The paper presents the results 
of the first test run with a Cu photocathode. 

INTRODUCTION 
At the superconducting (SC) electron linear accelerator 

of the ELBE radiation facility [1] a new superconducting 
electron photo injector (SRF gun) has been installed in 
May 2014. The new gun (SRF Gun II) replaces the 
previous one which had been in operation from 2007 until 
April 2014. For the old SRF gun the handicap was the 
low acceleration gradient. Due to strong field emission of 
the cavity the maximum gradient (peak field) was only 
17.5 MV/m in CW belonging to a kinetic energy of 
3.3 MeV of the emitted electrons. Although SRF gun I 
could not reach the design specifications, it was 
successfully operated for R&D purposes and also for 
some dedicated user experiments at ELBE. 

 

Table 1: Design Parameters of the ELBE SRF Guns at 
HZDR 

Operation mode FEL mode High charge 
mode 

Laser rep. rate 13 MHz 100-500 kHz 

Laser pulse length 3 ps fwhm 12 ps fwhm 

Peak field 50 MV/m 50 MV/m 

Bunch charge 77 pC 1 nC 

CW beam current 1 mA ≤ 0.5 mA 

Kinetic energy 9.5 MeV 9.5 MeV 

Transv. emittance  1 µm 2.5 µm 

 

In a collaboration of HZDR and Jlab two new niobium 
cavities for the next ELBE SRF gun have been built, 
treated and tested at JLab. At the same time a new 
cryomodule has been designed and built at HZDR. One of 
the two new cavities was shipped to HZDR in November 
2013. After arrival the assembly of the cryomodule was 
completed and the gun was installed in the ELBE 
accelerator hall in May 2014. The gun has been running 
since June 2014 for first RF and beam tests 

The aim for ELBE SRF gun II is to approach the beam 
specification as given in Table 1. At ELBE an electron 
gun with high-brightness beam, high average current, and 
high bunch charge is needed to fulfill the future user 
requirements and provide high-flux neutron and positron 
beams as well as to operate the THz facility and the CBS 
x-ray source for users. 

CAVITY AND CRYOSTAT DESIGN 
The design of the new cryomodule for SRF gun II is 

shown in Fig. 1. The 1.3 GHz Nb cavity consists of three 
TESLA cells and a specially designed half-cell. Another 
superconducting cell, called choke filter, prevents the 
leakage of the RF field towards the cathode support 
system. The normal conducting (NC) photocathode is 
installed in this system, which is isolated from the cavity 
by a vacuum gap and cooled with liquid nitrogen. This 
design allows the application of NC photocathodes with 
high quantum efficiency (QE) like Cs2Te. 

 

Figure 1: CAD view of the SRF Gun II cryomodule. 

Similar to cavity and cathode support system, most of 
the cryomodule components, the cavity tuners, and the 
fundamental power coupler are identical in the design 

 ___________________________________________  
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with that of the previous SRF gun I [2]. The new cavity 
differs in the improved half-cell stiffening and some other 
minor modification [3]. 

New is the integration of a SC solenoid in the 
cryomodule for emittance preservation purposes. 
Compared to the NC solenoid of SRF gun I which was 
placed downstream the gun, the new design is much more 
compact and the distance to the cavity is smaller. The SC 
solenoid is placed on a remote-controlled x-y table to 
align its center to the electron beam axis. The cryogenic 
design of the assembly is sophisticated: The solenoid is 
cooled with 2 K He by means of a bypass from the cavity. 
The in-vacuum step motors and translation tables are on 
77 K to reduce the heat load to the liquid He bath. 
Additional µ-metal shields hold the solenoid remanence 
field and the step motors fields on a 1 µT level near the 
cavity. Details of the SC solenoid design and testing are 
published in ref. [4]. 

GUN COMMISSIONING 

Installation 
The installation of SRF Gun II is organized in two 

phases. The first step was the replacement of the gun 
cryomodules in the ELBE hall during the spring 
shutdown in May 2014. At once the cathode transfer 
system of SRF Gun I was dismounted for revision and 
cleaning. The commissioning started with a copper 
photocathode mounted in SRF Gun II during the clean-
room assembly. The second step is the installation of the 
refurbished cathode transfer system. This work is 
scheduled for the ELBE autumn shutdown in October 
2014. In the following run, the SRF Gun II can be 
operated with Cs2Te photo cathodes. 

RF Measurements 
At first the cavity was undertaken a testing and 

conditioning program with pulsed RF. After that the 
cavity was tested and measured in CW. The preliminary 
results of the cavity performance (intrinsic quality factor 
versus acceleration gradient) are presented in Fig. 2. For 
comparison, the figure shows also the results of the final 
vertical test at Jlab (blue), as well as the best (after a high 
power processing), and the latest results for the old SRF 
gun I cavity. The acceleration gradient of about 
10 MV/m, obtained up to now as the maximum, belongs 
to a peak field of 27 MV/m in the TESLA cells of the 
cavity. In the final vertical test this cavity reached 
38 MV/m peak field. Remarkable for the new gun is, that 
the high quality factor of >1010 could be retained after 
assembly and installation. 

Superconducting Solenoid 
The SC solenoid was already tested and its field 

distribution measured before (see Ref. [5]). In the gun the 
proper operation of the x-y table, the magnetic shielding, 
and the cryogenic behavior has been checked. The 
maximum design value for the current of 10 A could be 
reached without quenching. Moving the solenoid an 

increased microphonics level is visible in the RF control 
system. But it is small enough that it does not cause an 
RF trip. The solenoid position has been arranged by beam 
based alignment. There is evidence for a small horizontal 
tilt of the solenoid axis. The fluxgate magnetometer in the 
cryomodule allows to monitor the fringe field value near 
the cavity. A degaussing procedure will be developed and 
implemented in the computer control system. 

 

Figure 2: Comparison of cavity performance for the 
ELBE SRF guns. 

Beam Parameter Measurements 
In the following we present preliminary results of beam 
parameter measurements together with ASTRA [6] 
results. The measurements should confirm that all 
subsystems, like RF control, drive laser, timing and 
synchronization work well.    

 

Figure 3: Measured kinetic energy versus laser phase. 

 

Figure 4: Measured rms energy spread versus laser phase. 
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The beam characterization was performed in CW with 
an acceleration gradient of 6 MV/m (16.5 MV/m peak 
field). At this gradient the cavity RF losses are about 3 W. 
The dark current measured in the Faraday cup, which is 
about 1 m downstream of the gun, was less than 1 nA. 
The low QE of the Cu photo cathode of less than 10-4 
allows typical CW beam currents of 10-20 nA with the 
258 nm UV drive laser operated with a repetition rate of 
100 kHz. Due to the very low bunch charge the beam 
parameters are RF field dominated. An exception is the 
transverse emittance which is determined by the thermal 
emittance of the photo cathode of about 0.5 µm per mm 
laser spot. 

Before each measurement the laser arrival phase was 
calibrated with a laser phase scan (0° corresponds to the 
zero-crossing of the RF field.) and the laser spot was 
centered on the photo cathode by means of beam based 
alignment. 

The energy and energy spread of the beam was 
measured with the 180° dipole magnet in the diagnostics 
beamline [7] and are presented in Fig. 3 and 4. The 
kinetic energy has a maximum at a phase of 40° which 
leads to a change in the sign of correlation, and a 
minimum in the energy spread at this phase. 

 

Figure 5: Measured rms beam spot size. 

 

 

Figure 6: Measured rms beam divergence. 

The absence of space charge effects leads to a nearly 
collimated beam which needs no further focusing. The 
spot size measured on a screen with 1.42 m distance to 
the cathode is shown in Fig. 5. Performing beam size 
measurements on two consecutive screens delivers the 
divergence of the beam coming out of the gun (Fig. 6). 

 

Transverse emittance measurements were carried out 
using the moving slit scan technique. Results are shown 
in Fig. 7. A first determination of the bunch length was 
obtained from the phase scan method (Fig. 8). Thereto the 
beam was guided into the ELBE accelerator and then 
through the first linac module. For one of the accelerator 
cavities the phase was varied and a following dipole 
magnet was used to measure the energy spread as 
function of this phase. 

 

Figure 7: Measured normalized transverse rms emittance. 

 

Figure 8: Measured rms bunch length. 

CONCLUSION 
The results of the first commissioning period of SRF 

Gun II are very promising. The RF performance 
measurements show that the intrinsic quality factor is still 
at 1010 after gun assembly and the cavity does not suffer 
under field emission. Compared to SRF Gun I an 
improvement of about a factor two in the maximum 
gradient could be achieved. First beam parameter 
measurements with the Cu cathode show good agreement 
with simulations and confirm the proper operation of all 
subsystems.  
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CG ACCELERATING STRUCTURES 
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T. Sakurai, T. Inagaki, Y. Otake, RIKEN SPring-8 Center, Kouto, Sayo, Hyogo, Japan 
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Abstract 
Mitsubishi Heavy Industries, Ltd. manufactured six C-

band disk-loaded type and quasi-constant gradient (CG) 
accelerating structures for the XFEL facility, SACLA 
(SPring-8 Angstrom Compact free electron LAser). These 
structures were newly designed by RIKEN for operation 
at an acceleration gradient of over 45 MeV/m and a 
repetition rate of 120 pps. We report the production and 
low-power RF properties of these accelerating structures. 

INTRODUCTION 
In April 2013, Mitsubishi Heavy Industries, Ltd. 

contracted with RIKEN to manufacture six C-band disk-
loaded type and CG accelerating structures for the XFEL 
facility, SACLA. The first structure was delivered in 
August 2013 to RIKEN and the other five were delivered 
in March 2014. 

Devices of the accelerator system operable at a high 
repetition rate are being developed by RIKEN, as one of 
the possibilities to grow in the performance of SACLA. 
The C-band disk-loaded type structures were designed to 
enable us operation at a high repetition rate of more than 
120 pps and a highly acceleration gradient of more than 
50 MV/m. We paid attention to reduction in 
manufacturing cost and compatibility with the C-band 
choke-mode type accelerating structures in use as the 
main accelerators of the SACLA [1, 2]. 

We will report the results of the production and low-
power RF test of these newly manufactured six 
accelerating structures in this paper. 

FEATURES OF 
THE ACCELERATING STRUCTURES 

The disk-loaded accelerating structure is a quasi-
constant gradient (Quasi-CG) type. Its resonant frequency 
is 5712 MHz (30 deg. C in vacuum) and its total length is 
1.8 m. Figure 1 shows the outline view of the accelerating 
structure. Table 1 shows required specifications.  

The resonant frequency, total cavity length, attenuation 
constant τ, filling time tF, and position of cooling pipe are 
designed to be compatible with the present choke-mode 
type structure [3, 4] for SACLA. There are two major 
modifications from the choke-mode type structures. One 
is that the regular accelerating cells have no choke 
structure but tuning holes and the other is that the 
accelerating mode was changed from 3π/4 to 2π/3. As a 
result of the former, the phase shift can be tuned after the 

Table 1: Requirements Specifications of the C-band Disk-
Loaded Type Accelerating Structure 

Items Requirements 
Specifications 

Resonance frequency 
5172 MHz +/- 0.2 MHz 

30 deg. C in vacuum 

Coupler type J-type double-feed coupler 

Number of cells 100 + 2 coupler cell 

Total cavity length 1.8 m 

Structure type Quasi-constant gradient 

Phase shift 2π/3 

Integrated phase error  +/- 3deg. 

VSWR  1.1 

Q factor 8000  

Average shunt  
impedance 55 M/m  

Attenuation constant τ 0.56 

Filling time tF 270 ns 

Material of cells OFC-CLASS1 HIP 

Brazing process Vacuum brazing 

Figure 1: C-band disk-loaded type accelerating 
structure. 
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resonance frequency shift of each accelerating cell due to 
brazing process cannot be compensated by tuning, 
because of accelerating cells cannot equip tuning hole due 
to the choke structure surrounding the accelerating cell. 
As a result of the latter, the shunt impedance and the axial 
electric field can increase so the break down probability 
seemed to increase due to increase of the surface electric 
field. To reduce the risk of breakdown, the beam-hole 
edge, where the maximal surface electric field takes 
place, has ellipsoidal shape shown in Figure 2 to reduce 
the strength of the surface electric field.  

PRODUCTION 

Regular Accelerating Cell 
Regular accelerating cells consist of disks and cylinders 

to simplify the geometry of them and improve workability. 
The beam-hole edge of each disk was ellipsoidally filleted, 
as noted in the preceding section. The place around each 
cylinder has eight holes arranged axisymmetrically to 
form cooling pipes and four holes for tuning by dimpling. 
The inner surfaces of the cells were mirror finished by 
using an ultraprecision lathe. The surface roughness is 
below 0.1 μm except the beam-hole edge with a 
roughness of 0.3 μm. Figure 2 and Figure 3 show 
schematic views and pictures of the disk and the cylinder, 
respectively. 

The inner diameter of the cylinder was oversized so that 
the frequency of the regular cells was tuned by 
approximately 2 MHz lower than an operating frequency 
of 5712 MHz, since the frequency was shifted high by the 
final brazing process.  

Figure 2: Schematic views of the disk and the cylinder. 

Coupler Cell 
The J-type double-feed coupler is integrated with the 

structure as with the choke-mode type structure. The 
coupler consists of a coupler cell, a square flange, a 
waveguide (WR-184), and a beam flange. Figure 4 and 
Figure 5 show a schematic view and a picture of the 
coupler cell, respectively. 

The frequency and the phase shift of the coupler 
temporally assembled were measured by the nodal shift 
method and adjusted by modifying the internal diameter 
of the coupler cavity cell and the size of irises connecting 
the cell to the J-feeder. Figure 6 shows the measurement 
layout for the coupler cell. The coupler was brazed in a 
vacuum furnace after the RF adjustment. 
 

Figure 3: Disk and cylinder. 

Figure 4: Schematic view of the coupler cell. 

Figure 5: Coupler cell. 

Brazing and Tuning 
The couplers, disks and cylinders were stacked 

vertically with upstream side up and were brazed in the 
same position in a vacuum furnace. Figure 7 shows 
vacuum brazing layout for the accelerating structure. 
After the brazing, a phase shift of the each cell was 
measured by the nodal shift method and was tuned to a 
120 deg. phase advance among the cells. by dimpling as 
mentioned above. We conducted the RF tuning for the 
structures in a condition of a temperature stabilized within 
+/- 0.5 K in order to improve accuracy of the RF 
measurement. In addition, temperature deviation of the 
accelerating structure during the tuning was controlled 
within +/- 0.05 K in the entire length of the structure by 
running temperature-stabilized water to the cooling 
channels of the accelerating structure. 
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Figure 6: Measurement layout of the coupler cell. 

After the tuning, a phase shift of each cell was 
measured by using the bead-pulling method [5] and the 
tuning was conducted again as necessary.  

In the brazing process, cells are vertically stacked as 
already mentioned, so the cells on the downstream side of 
the structure were subjected to the higher load than that of 
the upstream side. In addition, material strength of the 
copper greatly decreases at the brazing temperature. As a 
result, the cells on the downstream side were slightly 
deformed after the brazing and their resonant frequency 
shifted high beyond our original expectations. Therefore, 
an integrated phase error was seemed to exceed the range 
of +/- 3 deg. as required even after the tuning by the nodal 
shift method. To fix this problem, tuning of the cells by 
the bead-pulling method was conducted so that the 
integrated phase error was improved and reflections from 
the cells were reduced. 

Results of the Low-power RF Test 
Table 2 shows the measured RF properties of the 

accelerating mode of the structures after tuning. 
In the case of the first structure labelled with #001, its 

integrated phase error of 3.2 deg. did not slightly meet the 
required specification. In the case of #003-#006, the 
further oversized diameter was given to the cells on the 
downstream side against their large phase shift by the 
brazing, and tuning accuracy was improved so the 
integrated phase error was below 2.8 deg. and the VSWR 
was below 1.05. Figure 8 shows the results of the 
integrated phase error of #003 by way of example. 

Figure 7: Vacuum brazing layout of the accelerating 
structure. 

RESULTS OF 
THE HIGH-POWER RF TEST 

A high-power RF test for #001 has already been 
conducted by RIKEN in the test bench of SACLA. An 
acceleration gradient of 50.1 MeV/m was achieved for 0.5 
μs in RF pulse width and at 60 pps in repetition rate. The 
operation with 42MV/m at 120 pps was possible for 24 
hours or more without stopping due to the electric 
discharge etc. It was also verified that no thermal side 
effect was observed during operation at 120 pps. The 
detailed discussions on the results of the high-power RF 
test are described in the proceeding written by T. Sakurai 
et al.[6]. 

CONCLUSION 
Six C-band disk-loaded type and CG accelerating 

structures were manufactured and the low-power RF tests 
of the accelerating structures were conducted. As a result, 
the first structure has a slight deviation in integrated 
phase-shift error but the others are fulfilled the required 
specifications. Consequently, the manufacturing method 
of the C-band disk-loaded type accelerating structures 
was established. 

Table 2: Results of the Low-power RF Test for Each Product 

 #001 #002 #003 #004 #005 #006 

Resonance frequency [MHz] 5712 5712.02 5712 5712 5712 5712 

Integrated phase error [deg.] 3.2 2.8 2.7 2.8 2.8 2.8 

Input VSWR 1.02 1.09 1.01 1.04 1.03 1.05 

Attenuation constant τ 0.54 0.54 0.54 0.54 0.54 0.55 

Filling time tF [ns] 273 271 273 269 272 272 

Q factor 8981 8969 9023 8944 8979 8950 
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Figure 8: Results of the integrated phase error of #003. 

REFERENCES 
[1] T. Sakurai al.,“Design of a C-Band Disk-Loaded 

Type Accelerating Structure for a Higher Pulse 
Repetition Rate in the Sacla Accelerator”, 
Proceedings of LINAC2012. 

[2] T. Sakurai al., “RF characteristic measurement of the 
model cavities towards development of the C-band 
disk-loaded type accelerating structure”, Proceedings 
of the 10th Annual Meeting of Particle Accelerator 
Society of Japan, 2013. 

[3] T. Shintake. “The Chork Mode Cavity”, Jpn. J. Appl. 
Phys. Vol. 31 (1992) pp.L1567-L1570, Part2, No.11A, 
1 Nov. 1992. 

[4] S. Miura et al., “Manufacturing of the C-band Chork-
Mode Type Accelerating Structure for SASE-FEL of 
RIKEN”, Proceedings of the 28th Linear Accelerator 
Meeting in Japan, 2003. 

[5] T. Khabiboulline, et al., “A New Tuning Method for 
Travelling Wave Structures”, 1996 IEEE. 

[6] T. Sakurai et al., “High power RF conditioning of C-
band disk-loaded type accelerating structure”, 
Proceedings of the 11th Annual Meeting of Particle 
Accelerating Society of Japan, 2014 (to be submitted). 

 

-4

-2

0

2

4

0 20 40 60 80 100

P
h

a
se

 e
rr

o
r 

[d
e

g]

Cell No.

THP063 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

888C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology and Hardware: Gun, RF, Lasers



HIGH REPETITION RATE S-BAND PHOTOINJECTOR DESIGN FOR THE 
CLARA FEL 

J.W. McKenzie, P.A. Goudket, T.J. Jones, B.L. Militsyn, STFC/DL/ASTeC, UK 
L.S. Cowie, STFC/DL/ASTeC & Lancaster University, Cockcroft Institute, UK 

G. Burt, Lancaster University, Cockcroft Institute, UK 
V.V. Paramonov, INR of RAS, Moscow, Russia 

Abstract 
We present the design of a 1.5cell S-band photoinjector 

RF gun intended to be operated at repetition rates up to 
400 Hz in single bunch mode. This gun is intended for 
use at the proposed CLARA (Compact Linear Accelerator 
for Research and Applications) FEL test facility at 
Daresbury Laboratory in the UK and will first be tested 
and characterised on VELA (Versatile Electron Linear 
Accelerator) in 2015. The final cavity design is presented 
including optimisation for CLARA beam dynamics, and 
choice of a novel coaxial H-shaped coupler. 

INTRODUCTION 
CLARA (Compact Linear Accelerator for Research and 

Applications) is a proposed 250 MeV, 100-400 nm FEL 
test facility at Daresbury Laboratory in the UK [1]. The 
electron source for CLARA needs to be able to operate in 
various regimes to meet the different FEL operational 
modes. In single bunch modes it needs to deliver bunch 
charges up to 250 pC at repetition rates of up to 400 Hz. 
In multi-bunch mode it needs to deliver 16 x 25 pC 
bunches with a bunch separation of 100 ns. 

To meet this requirement, a 1.5 cell, 2.9985 GHz 
photocathode RF gun, shown in Fig. 1, has been designed. 
The gun is intended to operate with a peak field of 120 
MV/m for the 100 Hz modes, which will be reduced to 
100 MV/m for the 400 Hz modes to moderate the average 
power in the gun and thus heat loads. The gun will 
initially be tested on VELA [2] which contains a suite of 
diagnostics to fully characterise the 6D phase space of the 
emitted electron beam. 

 
Figure 1: Overview of the gun design. 

OVERVIEW AND COOLING 

 
Figure 2: Pressure profiles at the surface of the cooling 
channels. 

A 1.5 cell gun was chosen over 2.5 cells as, although 
this reduces the final energy of the electron bunch, it 
reduces the power requirements to the gun. Power fed 
into the gun manifests as heat deposited into the cavity 
walls and needs to be extracted by the cooling system. 
The expected average power for a 2.5 cell gun is almost 
double that of a 1.5 cell cavity, and for 100 MV/m at 400 
Hz was estimated to be 6.8 kW for the 1.5 cell case. 

 
Figure 3: Temperature profile with the proposed cooling 
system with the gun operating at 100 MV/m at a 400 Hz 
repetition rate. 

The magnetic field distribution of the cavity was 
converted into a heat flux and computational fluid 
dynamics simulations carried out in ANSYS. This 
showed that the proposed cooling, shown in Fig. 2, 
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consisting of nine channels cut into the bulk of the cavity, 
was sufficient to extract this power. More details of the 
cooling can be found in [3] and the temperature profile of 
the gun can be seen in Fig. 3. 

To provide feedback, which is particularly needed for 
the multi-bunch operation mode, an RF probe is included 
in the second cell to monitor the fields, as shown  in Fig.  
A dimple is placed opposite for symmetry reasons. 
Although the probe aperture is blended, this local 
distortion to the magnetic fields causes it to be the area 
with the largest temperature increase, as shown in Fig. 3. 

The gun will be equipped with a photocathode 
exchange system to accept 10 mm plugs of the 
INFN/DESY type [4]. The cathode is inserted through a 
plug in the back-plate of the first cell. Such a system 
allows for cathode changeover without breaking the 
cavity vacuum, and enables different metal and alkali 
photocathodes to be tested.  

The gun cavity will be surrounded by a solenoid for 
emittance compensation and transverse focussing, and a 
bucking coil behind the cavity to cancel the magnetic 
field on the cathode plane. A coaxial coupler was chosen 
over side-coupling in order to preserve symmetry of the 
fields in the cavity and to minimise the effects of the 
dipole mode. This also allows the main solenoid to be 
placed around the cavity itself, rather than after, which is 
desirable from a beam dynamics standpoint. 

More details on the overall gun design can be found in 
[5]. 

CAVITY DESIGN 

 
Figure 4: Parameterised 2D gun cavity model. 

The cells are cylindrical with rounded edges to allow 
for a better distribution of the magnetic field and, as 
result, heat load. For the purpose of RF and beam 
dynamics optimisation, the cavity was parameterised as 
shown in Fig. 4 and modelled in Superfish via a custom 
Mathematica interface. This allowed each parameter to be 
varied individually, and a script automatically adjusted the 
radii of both cells to compensate for any changes in 
frequency or field flatness. Overall frequency will be set 
with operational water temperature with a scale factor of 
50 kHz/°C, typical for S-band cavities. Tuning range is 

therefore limited by reasonable temperature ranges of 
about 10 K, leading to a 500 kHz tolerance in frequency.  

The iris radius, r, was chosen as a trade-off between 
geometrical quality factor, R/Q, and mode separation. The 
iris profile was chosen to be elliptical to minimise the 
maximum surface electric field. The ellipse minor radius, 
a, was fixed to 8 mm to give room for the cooling 
channels the ellipse major radius, b, and iris radius, r, 
optimised to give maximum R/Q for a minimum mode 
separation of 20 MHz.  

FIRST CELL LENGTH OPTIMISATION 
The parameter which has the largest effect on the beam 

dynamics is the first cell length. For optimisation the cell 
length was varied in Superfish and on-axis electric field 
distribution exported into ASTRA to simulate the beam 
dynamics. The beam, generated with a 76 fs rms laser 
pulse, as is currently used on the VELA photoinjector, 
was tracked from the photocathode through to the exit of 
the first linac module of CLARA as detailed in [1] and the 
beamline components optimised to give the minimum 
transverse emittance for each case.  

 
Figure 5: Beam parameters at the exit of the CLARA first 
linac for different gun first cell lengths for a 250 pC 
bunch and a gun peak field of 120 MV/m. 

 
Figure 6: Longitudinal phase space of a 250 pC bunch at 
the exit of the CLARA first linac for gun first cell lengths 
marked above, for a gun peak field of 120 MV/m. 

Operating with such a short laser pulse means that 
essentially the gun is operating in the “blow-out” regime 
[6] where the longitudinal beam distribution, instead of 
being determined by the laser pulse shape, is determined 

1.
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by the space-charge, which forces the beam to expand 
longitudinally very rapidly after emission. The resulting 
beam is thus highly depending on the bunch charge, and 
the initial acceleration. Thus the electric fields in the first 
cell are critical for obtaining the best beam properties. 

The first linac in CLARA will operate in two modes – 
firstly near crest in the modes where the beam will be 
compressed via a magnetic chicane downstream, and 
secondly, near the zero-crossing which uses velocity 
bunching to compress the bunch longitudinally. The 
simulations in this paper show only the case on the near-
crest acceleration mode. 

Figure 5 shows the results of the cell length scan for a 250 
pC bunch with a peak on-axis electric field of each cavity 
of 120 MV/m. The first cell length is given as a fraction 
of the full cell length, which is set to half a wavelength.  
Increasing the cell length increases the final energy of the 
gun and reduces the transverse emittance. 

However, looking at the longitudinal properties, there is 
an optimum cell length for minimising bunch length and 
longitudinal emittance. Figure 6 shows that for longer cell 
lengths there is more curvature in the longitudinal phase 
space of the beam – this makes the beam more difficult to 
manipulate downstream to provide the required bunch 
length for the FEL. Given that there is no requirement for 
higher gun energy and the transverse emittance in all 
cases meets the requirements of less than 1 mm.mrad for 
the FEL, a first cell length of 0.5 times that of the full cell 
provides optimum longitudinal beam properties. 

 
Figure 7: Beam parameters at the exit of the CLARA first 
linac for different gun first cell lengths for a 250 pC 
bunch and a gun peak field of 120 MV/m (red) and 100 
MV/m (green). 

The cell length scan was also carried out for a gun peak 
field of 100 MV/m and the results shown in Figs. 7 and 8. 
As can be seen, this lower gun gradient reduces the 
quality of the beam in all respects but the trends are the 
same. It is still apparent that a first cell length of 0.5 times 
that of the full cell gives good longitudinal properties. A 
shorter cell has clear first order curvature in the 

longitudinal phase space, whilst a longer cell gives rise to 
higher order curvature. 

 
Figure 8: Longitudinal phase space of a 250 pC bunch at 
the exit of the CLARA first linac for gun first cell lengths 
marked above, for a gun peak field of 100 MV/m. 

The cell length scan was also repeated for the 120 
MV/m case at reduced bunch charges of 100 pC and 25 
pC. The 100 pC case is shown in Figs. 9 and 10. It can be 
seen that the minimums for longitudinal emittance and 
bunch length are not for the same cell length as in the 250 
pC cases. However, both of these parameters are much 
lower over all cell lengths due to the vastly reduced 
space-charge influence. Figure 9 also shows that the 
longitudinal phase-space doesn’t vary as much as the high 
charge regime.  

 
Figure 9: Beam parameters at the exit of the CLARA first 
linac for different gun first cell lengths for a 100 pC 
bunch and a gun peak field of 120 MV/m. 

 
Figure 10: Longitudinal phase space of a 100 pC bunch at 
the exit of the CLARA first linac for gun first cell lengths 
marked above, for a gun peak field of 120 MV/m.  
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For the nominal case of 120 MV/m and 250 pC, the 
evolution of beam properties for CLARA is shown in 
Fig.

 
11.  

 

 
Figure 11: Evolution of parameters of a 250 pC 
bunchthrough linac 1 for the nominal case of 120 MV/m. 

COUPLER DESIGN 
Studies carried out on single-feed asymmetric designs 

show that they lead to a TE11 dipole mode that can 
propagate to the cavity, as shown in Fig. 12. Due to the 
aperture size required for the laser, the cut-off frequency 
of the TE11 mode in the coax section was below 3 GHz, 
resulting in up to 16% of the input power being 
transmitted to the TE11 mode at the doorknob. While the 
coaxial length can be modified to cancel this out it still 
leads to a standing wave in the coupler which could cause 
a 50 kV transverse kick to the beam and cause 
asymmetric coupler and cavity heating, coupler mismatch 
and multipactor conditions. In order to allay that risk, it 
was decided to use a dual-feed system whereby the RF 
arrives to the cavity symmetrically. 

 

 
Figure 12: Dipole mode in the coaxial coupler of a single-
feed asymmetric design. 

A capacitive match at the doorknob is the solution 
commonly chosen for similar designs. However, it is a 
major risk in terms of multipactor and breakdown due to 
its geometry. An inductive iris would allow matching 
while removing the additional vulnerabilities presented by 
the capacitive coupling. The inductive iris is, however, 

not tuneable, and reduces vacuum conductivity of the 
gun.  

 
Figure 13: Electrical fields in the H-feed coupler. 

In order to allow the coupler to be tuned to achieve the 
best possible match, we propose an alternative H-feed 
design, shown in Fig. 13. Movable shorts allow fine 
tuning of each arm separately, allowing the best possible 
compensation of phase errors in the two arms as well as 
the overall match of the transition. The shorts also give 
good access for pumping should this be required. 

CONCLUSIONS 
A 1.5 cell S-band RF gun cavity equipped with a novel 

H-feed coaxial coupler has been designed with cavity 
properties optimised to provide beam for the CLARA 
FEL test facility and operate at repetition rates up to 400 
Hz. 
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TIME MONITORS

M.K. Czwalinna∗, Ch. Gerth, H. Schlarb, C. Sydlo, DESY, Hamburg, Germany

A. Angelovski, R. Jakoby, A. Penirschke, IMP, TU Darmstadt, Darmstadt, Germany

T. Weiland, TEMF, TU Darmstadt, Darmstadt, Germany

M. Kuntzsch, TU Dresden, Dresden, Germany and HZDR, Dresden-Rossendorf, Germany

M. Gensch, HZDR, Dresden-Rossendorf, Germany

Abstract

At today’s free-electron lasers, high-resolution electron

bunch arrival time measurements have become increasingly

more important in fast feedback systems for a timing jit-

ter reduction down to the femtosecond level as well as for

time-resolved pump-probe experiments. This is fulfilled by

arrival time monitors which employ an electro-optical detec-

tion scheme by means of synchronised ultrashort laser pulses.

Even more, at FLASH and the European XFEL the mea-

surement has to cover a wide range of bunch charges from

1 nC down to 20 pC with equally sub-10 fs resolution. To

meet these requirements, recently a high bandwidth pickup

electrode with a cut-off frequency above 40 GHz has been

developed. These pickups are installed at the macro-pulsed

SRF accelerator of the free-electron laser FLASH and at

the macro-pulsed continuous wave SRF accelerator ELBE.

In this paper we present an evaluation of the pickup perfor-

mance by direct signal measurements with high bandwidth

oscilloscopes and by use of the electro-optical arrival time

monitor.

INTRODUCTION

FLASH at the Deutsches Elektronen-Synchrotron is a

free-electron laser with pulsed superconducting RF acceler-

ation. Beam energies of up to 1.25 GeV correspond to FEL

wavelengths down to 4.2 nm. THz sources and an optical

laser are provided for pump-probe experiments. In addition,

with the second FEL beamline, FLASH 2, the facility offers

the possibility to apply or test different seeding schemes,

i.e. HGHG, EEHG and HHG [1,2]. Recently, increasingly

more often user experiments demand for short FEL pulse

lengths down to few 10 fs duration, which is achieved by

decreasing the bunch charge well below 100 pC. Thus, the

charge operation regime of FLASH now expands from a few

10 pC up to 3 nC.

ELBE at the Helmholtz-Zentrum Dresden-Rossendorf

is a superconducting electron accelerator with a quasi-

continuous wave (quasi-CW) mode of operation achieving

beam energies up to 40 MeV. Bunches with up to 1 nC, after

the next upgrade, and durations down to 200 fs are accel-

erated and transported to different beamlines, where they

are used for various purposes, e.g. FEL pump-probe exper-

∗ marie.kristin.czwalinna@desy.de

iments, THz generation or for experiments with Thomson

back-scattering, with positron or neutron radiation [3, 4].

At both facilities, all of the diverse applications rely on

stable beam conditions, which concerns electron bunch pa-

rameters such as charge, energy, compression and arrival

time.

Arrival time drift and jitter are imprinted onto the electron

bunch from instabilities in the electron source and from RF

field fluctuations in the accelerating modules.

Besides delivering information to experiments, bunch

arrival time monitors (BAMs) with femtosecond resolution

also offer the possibility of feedback systems to actively

stabilise the arrival time at different locations of the facility.

At FLASH e.g., such a beam-based feedback system has

been implemented and has already proven a jitter reduction

within the MHz repetion rate bunch train to below 20 fs

(RMS) at a moderate bunch charge of 200 pC [5].

Bunch Arrival Time Monitor

At both facilities, the same basic layout of the arrival

time monitor is implemented. Making direct use of timing-

stabilised laser pulses, which are provided by an optical

synchronisation system [6], the BAM measures the electron

bunch timing with an electro-optical detection scheme by

means of integrated-optics devices.

For this, a broadband RF pickup delivers a transient beam-

induced voltage signal, which is transported through phase-

stable cables to the electro-optical modulator (EOM). In this

Mach-Zehnder type EOM the voltage magnitude is translated

into an amplitude modulation of the laser pulses, depending

on the relative timing between optical and electrical signal.

The optical, amplitude modulated signal then is detected

and processed in high-speed, FPGA-based electronics. The

arrival time is derived from an according time calibration

showing a sensitivity of the monitor in the range of a few

10 fs per percent of amplitude modulation, which offers the

possibility of sub-10 fs resolution [7].

In order to extent this high resolution operation of the

BAMs also to low bunch charges, a broadband, cone-shaped

pickup has recently been developed in coorperation with the

Technical University of Darmstadt [8]. The RF feedthrough

part has been produced by Orient Microwave and the me-

chanical vacuum parts were designed and built by DESY.

At FLASH and at ELBE, these new pickups with a cut-off

frequency above 40 GHz have been installed lately.
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Figure 1: Infrastructure of the laser-based synchronisation system at FLASH. From 9 installed fibre-links, 7 are in permanent

operation from which 4 connect to BAMs. The positions of the new, 40 GHz BAM pickups are pointed out. For the presented

measurements, the BAM directly behind the last acceleration module has been used.

Figure 2: Infrastructure of the laser-based synchronisation system at ELBE. In total, 6 length-stabilised fibre-links will

be installed (4 commissioned yet), from which 2 connect to BAMs, both being equipped with the 40 GHz pickups. One

BAM is located downstream of the first bunch compressor, directly in front the second accelerating module, and the other is

located between the CTR station and the THz undulator.
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In this paper, we present first results from an extensive

performance evaluation at both facilities. Two different ap-

proaches have been chosen, on the one hand a direct sam-

pling of the RF signal with broadband oscilloscopes and on

the other hand signal scanning by use of the electro-optical

BAM setup.

BAMs at FLASH

At FLASH, the laser-based synchronisation system with

individually length-stabilised fibre links has been in per-

manent operation since 2008 and, currently, serves 10 end

stations [9]. From the 7 BAMs at FLASH, 4 locations are

already equipped with the new high-bandwidth pickups

(Fig. 1), each with a set of 4 pickups arranged symmet-

rically around the beampipe, aligned to in the horizontal

and vertical plane. The pickup evaluation presented here,

was performed at the BAM location directly behind the last

accelerating module.

BAMs at ELBE

At ELBE, a pulsed optical sychronisation system has been

implemented in 2012 in cooperation with DESY, and is now

being extended to six remote stations [10,11]. Figure 2 gives

an overview of the synchronisation system infrastructure,

pointing out the locations of the BAMs, which are connected

via individual, length-stabilised fibre-links. One BAM is

located behind the bunch compressor, directly in front of

second accelerating module, the other is installed between

the CTR station and the THz undulator.

The arrival time information will be used to enable a feed-

back on phase and amplitude values in the low-level RF

control to continuously minimise deviations in the accel-

erating RF fields benefitting from the quasi-CW operation

mode.

MEASUREMENTS AT FLASH

The RF pickup signals were connected through short (2 m)

phase-stable RF cables (Phasemaster 160, Teledyne-Storm

Microwave) to a Tektronix DSA8300 sampling oscilloscope

with a 80E10 electrical sampling module, using an attenua-

tion of 30 dB for an over-voltage protection. In addition, the

device was covered with lead to be protected from radiation.

In this setup, we simultaneously measured the voltage

signals from a single pickup on channel 2 and a combined

singal from two opposing pickups in the horizontal orien-

tation on channel 1. The signal from the remaining single

pickup (vertical, top) has been low-pass filtered to trigger

the oscilloscope, compare Figure 3.

For a thorough performance evaluation, extensive scans

of electron bunch parameter have been performed, including

various bunch compression settings, charge sweeps from

20 pC up to 250 pC and beam orbit scans.

As can be seen from Figure 4, the amplitude (corrected

for the level of attenuation) shows the expected linear de-

pendence on the total bunch charge, with up to 1 V peak at

bottom

left right

Ch1

Ch2

+

trigger

oscilloscopecombiner

1.3 GHz

-30dB

-30dB

beam

top
cone-shaped
pickup

Figure 3: Measurement setup at FLASH with a sampling

oscilloscope.

25 pC. This includes losses through 2 m of high quality RF

cable and connector losses.

Figure 4: Voltage signals from the single pickup measured

at 3 different bunch charges.

Simulations during the pickup design process indicated

a linear scaling of voltage amplitude with bunch charge,

while a peak voltage of 1 V has been expected for a charge

of 20 pC [8], and has now been measured to 1.1 V at 25 pC.

The plots in Figures 5 and 6 reveal the orbit dependency of

the linear signal slope (around the zero-crossing between the

first two peaks), recorded at a fixed bunch charge of 150 pC.

In Fig. 5, the signal from the single pickup (lower vertical

position) reflects the expected behaviour of a linear response

to beam orbit changes in the vertical plane: with decreasing

distance between bunch and pickup, the magnitude of the

induced signal increases, thus the slope increases as well.

In Fig 5, a remaining orbit dependency of about 20 %

in total can be seen. However, the slope values from the

other measurement channel, clearly displays the benefit of a

signal combination in terms of a reduced sensitivity to orbit

changes.
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Figure 5: Variation of signal slopes under vertical beam

orbit scans, at a bunch charge of 150 pC.

Figure 6: Variation of signal slope under horizontal beam

orbit scans, at a bunch charge of 150 pC

Figure 7: Calibration curve of the BAM signal at a charge of

50 pC. The time calibration of 44 fs/% yields the opportunity

to achieve the targeted sub-10 fs resolution in the low charge

regime down to 20 pC.

Any remaining orbit dependency can be removed from

the arrival time data by using feedback from beam position

monitors, ideally mounted in direct vicinity of the BAM

pickup. This has been shown for the lower bandwidth BAMs

in [12].

Due to this, at FLASH and also at the European XFEL,

it is foreseen to install high-resolution bunch position mon-

itors directly behind the BAM pickup mount. The signals

will be transmitted through low-latency links to the BAM

electronics and will be processed online in the FPGA-based

board firmware.

MEASUREMENTS AT ELBE

At ELBE, the pickup performance has been evaluated in

two different ways. The RF signal quality was verified in a

similar setup as at FLASH, but a high bandwidth, real time

oscilloscope Agilent Infiniium 90000 Q-Series has been

used, which provides two 63 GHz channels at a sampling

rate of 160 GS/s. With bunch charge sweeps between 5 pC

and 95 pC the behaviour of amplitude and slope has been

examined to prove the exptected linearity.

The voltage slope at 20 pC bunch charge was measured

with 380 mV/ps and thus complies with the results at FLASH

and with simulations.

The data presented here, has been recorded with the BAM

setup, which makes use of a 35 GHz semiconductor-based

EOM (U2T, MZMO 2130). The combined signal from op-

posing RF pickups is transmitted through SiO2 cables (An-

ritsu, with 35 GHz bandwidth), and fed into the modulation

input of the EOM, including an RF limiter (Agilent N9355F)

protecting the EOM against high peak voltages.

Using an optical delay line, the laser pulse timing has

been scanned relative to the electron bunch timing, to obtain

the transmission curve through the EOM depending on the

input RF modulation voltage. Figure 7 shows the percentage

amplitude modulation of the laser signal. The time calibra-

tion, thus sensitivity of the BAM, is given by the inverse

linear slope around the operation point around 100 %, and

was calculated to 44 fs/%.

This curve reveals the potential to achieve femtosecond-

precise arrival time measurements also at lower bunch

charges. With high quality electronics, which offer an am-

plitude detection with a noise level below 0.1 %, this BAM

yields an achievable detection resolution of below 5 fs at a

bunch charge of 50 pC.

CONCLUSION

Presented in this paper, as well as in former published

studies, it has been shown that for achieving femtosecond-

precise electron bunch arrival time measurements using the

described monitor, several conditions must be met:

• a broad-band pickup with a voltage slope higher than

350 mV/ps for the envisioned lowest bunch charge

regime,
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• low-loss, high bandwidth RF transmission line with

components which meet the bandwidth of the pickups

• a suitable, broad-band EOM with an E/O bandwidth

similar to the RF components, and low Vπ for a modu-

lation depth close to 100 % over the full region of the

linear voltage slope

• a high-precision, low-noise laser amplitude detection

in analogue and digital electronics.

With the sensitivity of the BAM setup in the range of

few 10 fs/%, we are convinced to reach the envisioned sub-

10 fs resolution in the bunch charge regime of below 50 pC.

With the optimised RF part of the BAM, the measurement

accuracy itself is now predominantly limited by the overall

amplitude noise in the system.

A more thorough evaluation of the obtained data from

the extensive studies is in preparation, underlining the very

good agreement with signal simulations, and showing that

the design values of the cone-shaped, broadband RF pickup

design are met.
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 A TOOL FOR REAL TIME ACQUISITIONS AND CORRELATION 
STUDIES AT FERMI* 

Enrico Allaria, William M. Fawley, Elettra-Sincrotrone Trieste S.C.p.A., Basovizza, Italy # 

Eugenio Ferrari, Elettra-Sincrotrone Trieste S.C.p.A., Basovizza, Italy and Università degli Studi di 
Trieste, Trieste, Italy 

Abstract 
In this work we report the recent implementation of a 

Matlab-based acquisition program that, exploiting the real 
time capabilities of the TANGO control system, can be 
used at FERMI for acquiring various machine parameter 
and electron beam properties together with most FEL 
signals on a shot-by-shot basis. Analysis of the saved 
datafiles is performed with a second code that can retrieve 
correlations and study dependence of FEL properties on 
machine parameters. An overview of the two codes is 
reported. 

THE REAL TIME CAPABILITIES AT 
FERMI 

The control system of FERMI uses the Tango [1] 
toolkit to provide an effective integration of technical 
systems and the software controlling them. A distributed 
real-time framework is integrated into the control system 
and provides the capability to measure the seed laser, 
electron and FEL output photon properties on a pulse-to-
pulse basis [2]. With this framework, a unique “bunch 
number” time-stamp is distributed to all of the low level 
computers. Most of the measurement system detectors 
(e.g., electron and photon diagnostics) and actuators (e.g., 
power supplies) are synchronized with the bunch trigger 
and can have the “bunch number” associated to their 
measurements. 

Using the Tango bindings, the FERMI control system 
allows interfacing the accelerator instrumentation to 
Matlab. This capability has been used to develop various 
scripting procedures and GUIs to permit user interaction 
with the machine and has been extensively used for the 
commissioning of both FEL-1 [3] and FEL-2 [4]. 

THE ACQUISITION PROGRAM 
In this section we describe the MATLAB code 

implemented at FERMI for real time acquisition of 
relevant machine and FEL output signals. A brief 
description of the main features and components of the 
code will be presented.  

Acquisitions are first setup from the RT MATLAB 
graphical user interface (GUI) (see Fig. 1) that allows the 
user to define the type of acquisition and select some of 
the device signals to be acquired.  Before the main 
acquisition begins, a one shot record of the most 
important machine parameters (e.g., undulator gap 
settings, dipole and quadrupole magnet currents, lasers 

intensities, … ) is acquired to provide a snapshot of the 
machine and FEL configuration. This information is 
stored and saved in the final achival data file. The 
predefined list of the acquired devices in principle saves 
all the relevant information that will allow reconstruction 
of the linac and FEL state during the data analysis phase. 
When needed, the list of saved signals can be changed on 
a case-by-case basis via a user-defined configuration file. 

 

 

Figure 1: Graphical user interface for RT acquisition of 
FERMI machine instruments.  

Types of Acquisition 
The region highlighted in blue in Fig. 1 is used to select 

the type of acquisition. At present three possible 
acquisition types are available: “RT sequence” and 
“actuator scan” and “script scan”. 

The RT sequence is the standard acquisition of the 
specified list of the machine devices, without any linac or 
FEL parameter being purposefully changed (i.e., 
“scanned”). The type of sequence is normally used to 
collect large quantities of data for statistical studies (e.g. 
correlations). The user can decide the length of the 
acquisition by deciding the number of shots acquired.  

The actuator scan allows the user to actively change a 
particular machine parameter (e.g., the seed laser power 
or a dispersion section magnet strength) in order to map 
the response of the FEL. The parameter is selected from a 
predefined list as shown in Fig. 2. 
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Figure 2: List of available machine parameters that can be 
used for a scan.  

Further options for defining the parameters of the scan 
(number of shots per individual scan parameter value 
acquired, the total range and number of parameters values 
scanned, accuracy, … ) are also available to the user (see 
Fig. 3).  At present standard actuator scans involve a 
linear change of actuator value. 

 

 

Figure 3: Details of the scan settings section of the data 
acquisition GUI. 

A MATLAB-based script scan can be used in those cases 
where a simple scan cannot be defined with a single 
actuator or a simple linear value change. With the script 
scan option it is possible to use an external MATLAB 
script that controls the changes of one or more machine 
parameters during the data scan. One commonly used 
scan using this option measures the FEL gain curve by 
acquiring the FEL intensity as the number of on-
resonance undulators is changed one-by-one.  

Data Acquired During Scans 
During the acquisition, the program reads data from the 

machine devices contained in a predefined list. This 
second list only accounts for devices that can be acquired 
on a shot-to-shot basis and will have the associated 
“bunch number” tag. The list of acquired instruments is 
defined in an external text file and is highly inclusive in 
order to have available in the final achival file all the 
possible information that might be useful to study 
possible correlation between the FEL intensity and other 
parameters. Examples of such measured quantities are the 
electron beam charge both before and after the undulator, 
the beam compressor pyrometer signals, transverse beam 
position monitor signals at a large number of locations 
both before, in, and beyond the undulators. 

In addition to the predefined list of machine parameters 
the user can add to the acquisition few more instruments 
that may be of interest depending on the purposes of the 
measure. This includes the possibility to add data from 
one or more CCD cameras at various locations in the 
machine (see the green highlighted region in Fig. 1). The 
CDDs image either an intercepting LINAC e-beam screen 

or an FEL diagnostics (e.g.: photon spectrometer). The 
acquisition can be limited to only the projections (1D 
vectors) or include the full 2D matrix. Additional special 
devices can be acquired in synchronization with all the 
other diagnostics for those case they are needed and are 
made available (see the red highlighted region in Fig. 1). 
This includes the bunch arrival monitors (BAMs), electro-
optical sampling (EOS) station and the main electron 
beam dump. 

After the acquisition is started, both messages about the 
scan’s progress are reported on the dedicated space in the 
GUI and selected data are shown within a dedicated 
figure. After acquisition is concluded, a logbook-ready 
image is displayed together with a summary of the 
acquisition, showing a small subset of the acquired data. 
An example is reported in Fig. 4 where the FEL intensity 
and the FEL spectra are plotted as a function of the 
actuator used during the acquisition (in this case the seed 
laser delay). The plot also reports the name of the file that 
is saved at the end of the acquisition.  

 

 

Figure 4: Details of the scan settings section of the data 
acquisition GUI. 

The data file is saved in a MATLAB format, which 
allows a reasonably good compression, and contains all 
the acquired data as well as additional information such as 
the version of the code used, an optional user-defined 
comment to the acquisitions that can be inserted from the 
dedicated panel in the GUI, and the time of the 
acquisition. 

THE ANALYSIS PROGRAM 
After the data is taken and stored, a separate 

MATLAB-based program (Fig.5) is available to analyse 
the information.  

 

Proceedings of FEL2014, Basel, Switzerland THP070

FEL Technology and Hardware: Electron Diagnostics, Timing, Synchronization and Controls

ISBN 978-3-95450-133-5

899 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 5: Details of the scan settings section of the data 
acquisition GUI. 

Data Selection 
After a file is loaded, all the acquired “single value” 

devices present in file are recognized and listed in the two 
tab-listed region highlighted in blue in Fig. 5. The two 
tab-lists allow the user tp select an x-y combination 
whose preview is then shown in the side image. When the 
chosen x-y pair is considered acceptable,  the user can add 
it to a table below. The data listed in the table is then 
considered for the final plotting, statistics computation 
and data exporting according to the user’s interests.  

Vector-like quantities (e.g., spectra profiles) are listed 
in a separate tab (the red highlighted region in Fig. 5) and 
are  visualized as false colors images. The vertical axis 
corresponds to 1D vector coordinate of each single profile 
while the horizontal direction corresponds to the different 
acquired bunches. A preview plot can also be done either 
by ordering bunches with time or according to the settings  
of a third device. This option is very useful for identifying 
correlation between the FEL spectra and other machine 
parameters as shown in Fig. 6. 

 

   
Figure 6: FEL spectral profiles ordered as a function of 
the transverse electron beam position in a dispersive 
region. 

Data Filtering 
Filter tools are available to improve the effective S/N 

ratios and to weed out bad shots. The user can define 
filter parameters by mean of the dedicated panel (yellow 
highlighted region in Fig. 5).  The tab-list allows the user 
to select any of the acquired “single value” data and use it 
for filtering bad shots. In the particular case shown in 

Fig. 5 the charge at the beginning of the LINAC and the 
position at the last e-beam screen are considered. The 
acceptance filter can be set by specifying extremes or by 
defining number of RMS sigmas. The program indicates 
to the user the amount of data that are rejected both in 
totla and from each individual filter. Once the user has 
defined a filter configuration, it can be applied resulting 
in only the good shots will be used for all further analysis 
and plots. In in the graphs generated by the code, a label 
is inserted to emphasize the use of the filter and the 
percentage of used data (Figs. 7,8,10). 

Data Analysis and Plot 
The data selected and listed in the table can be 

visualized in separate MATLAB figures. Various plots 
are generated depending on the type of acquisition and the 
user’s particular interests. In case of an “actuator scan” 
acquisition, if the actuator is selected for horizontal axis 
independent variable, an average and error bar are also 
calculated and plotted (Fig. 7).  

 

 

Figure 7: Plot generated for a scan acquisition. 

Because the acquired data are synchronized by bunch 
number, they can be used to visualize correlations 
between different parameters. This can be done by 
plotting as an example, the FEL intensity as a function of 
electron beam parameters. It can also be exploited to 
show the correlation in FEL-2 between the first stage 
emission and the second stage emission (Fig. 8). 

 

 

Figure 8: Intensity of second stage vs the first stage 
emission from FEL-2 operated at 5nm.  

A visualization of the correlation between three 
separate machine parameters is also possible by using the 
dedicated “color coding” panel (the light blue highlighted 
region in Fig. 5). An example is shown in Fig. 9  
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Figure 9: FEL intensity in color code as a function of the 
beam compression and position signals.  

A statistical analysis of the selected data is also 
possible and the distribution of the variable values can be 
plotted together with the calculated average and standard 
deviation values (Fig. 10).  

 

 

Figure 10: Histogram distribution of the data selected. 

The plotting of the profiles (1D vectors) is handled by 
the Profile Viewer utility (red highlighted region in Fig. 
5). A typical image showing the analyzed FEL spectrum 
as a function of on scanned parameter (dispersive section) 
together with the trend of the FEL intensity is shown in 
Fig. 11. 

 

 

Figure 11: Plot generated for a scan acquisition. 

If needed the data selected and listed in the table can be 
exported in ascii format for further analysis or processing 
with external programs. 

Image Analysis 
For those data files where diagnostic screen data were 

taken with images or profiles, an external program can be 
used by means of the dedicated button (orange circle in 
Fig.5) to determine various quantities such as the centroid 
and RMS size in the two transverse planes. For files with 
spectra, Gaussian fits to the output are used to determine 

bandwidth and central wavelength. These quantities can 
then be added to the list of “single value” data and 
correlated against individual machine signals in the case 
of RT sequences or against the scan parameter in actuator 
scans. 

Machine Setup  
The machine configuration snapshot produced by the 

acquisition program at the moment of the acquisition can 
be easily visualized by using a dedicated tool that is 
launched from the main GUI (green circle in Fig.5). The 
tool  automatically recognizes the devices and produces a 
user-friendly table with their names and corresponding 
values divided by machine sectors as shown in Fig. 12. 

 

 

Figure 12: Tool to visualize the machine snapshot 
showing the setting for the FEL undulators at the moment 
of the acquisition. 

CONCLUSION 
Over the past two years we have steadily improved the 

acquisition and analysis programs.  Currently, more than 
half of all FERMI commissioning data is taken with them. 
Moreover, many scientific users on FERMI are also using 
the acquisition program (or specially modified versions) 
for their studies. Since the acquired data is archived and is  
more-or-less self-describing in terms of contents, as the 
analysis program is improved, we are able to extract 
additional information from older data runs. 
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OPTICS MEASUREMENTS AT FLASH2
M. Scholz∗, B. Faatz, M. Vogt, J. Zemella, DESY, Hamburg, Germany

Abstract
FLASH2 is a newly build second beam line at FLASH,

the soft X-ray FEL at DESY, Hamburg. Unlike the existing

beam line FLASH1, it is equipped with variable gap undula-

tors. This beam line is currently being commissioned. Both

undulator beam lines of FLASH are driven by a common

linear accelerator. Fast kickers and a septum are installed

at the end of the linac to distribute the electron bunches of

every train between FLASH1 and FLASH2. A specific beam

optic in the extraction arc with horizontal beam waists in

the bending magnets is mandatory in order to mitigate CSR

effects. Here we will show first results of measurements and

compare to simulations.

INTRODUCTION
The existing superconducting single-pass high-gain SASE

FEL FLASH (Free-electron LASer in Hamburg) at DESY,

Hamburg [1] delivers photons in the wavelength range from

4.2 nm to 45 nm. The photons generated in the fixed gap

SASE undulators can be delivered to five experimental sta-

tions one at a time. A second undulator beam line was

attached to the linac during the last three years and is now

under commissioning [2]. The FEL will continue to be re-

ferred as FLASH and the two beam lines are named FLASH1

and FLASH2. Fast kickers and a DC Lambertson-Septum

are installed behind the FLASH linac allow to distribute the

beam either to FLASH1 or to the extraction arc leading to

FLASH2. The final angle between FLASH1 and FLASH2

is 12°. Strong bending magnets in the extraction arc re-

quire specific Twiss functions in order to mitigate emittance

growth due to coherent synchrotron radiation (CSR) [2, 3].

The FLASH2 undulator beam line is equipped with variable

gab undulators [4] for SASE and reserves space for future

seeding options. The extraction to a proposed third beam

line hosting a plasma wake field experiment is considered

in the beam line layout at the end of the FLASH2 arc.

In this paper, we will describe the first optics and disper-

sion measurements and the matching of the these functions

to the design values in a diagnostic section upstream of the

FLASH2 undulators.

DISPERSION MEASUREMENT AND
MATCHING

The dispersion describes the dependence of the transverse

position on the relative momentum offset.

ηx,y =
Δ(x, y)
Δp/p0

(1)

With the dispersions ηx,y , the positions x, y and the relative
momentum offset p/p0. The design dispersion functions
∗ matthias.scholz@desy.de

of FLASH2 can be found in Fig. 2. In order to minimize

the distortion of the centroid trajectory through non-linear

dispersion, the measurement should be performed using

bunches with minimized energy spread. Since the RF sys-

tems are capable of splitting their 800 μs long flat tops be-
tween FLASH1 and FLASH2, this can be achieved to a large

extent for FLASH2 while FLASH1 is in SASE operation [5].

We measured the horizontal beam offset at four different

BPMs [6–10] downstream the extraction while changing

the beam energy with the accelerating Module ACC45 of

the linac. A MATLAB [11] script was used to control the

measurement, to change the gradients of the accelerating

module and to read the beam positions from the BPMs. The

beam energy was changed during the procedure in 10 steps

from 551.7 MeV to 554.7 MeV. The dispersion matching

was carried out with a linac version of MAD8 [12,13]. First,

a setting of ηx and η
′
x upstream the second last quadrupole

in the extraction arc was searched fitting the measured dis-

persions at the four BPMs using the current machine settings.

These values where then be used to close the dispersion in

an optimization run using the last two quads in the extraction

arc. After five iterations the procedure had converged. The

data from the last measurement is presented in Fig. 1.

99.7 99.8 99.9 100.0 100.1 100.2 100.3
-1.5

-1.0
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Figure 1: Results of the last dispersion measurement. This

plot shows the horizontal beam positions at four different

BPMs for different relative beam energies. The energy is

normalized to E0 = 552 MeV.

The final dispersion at the four positions was

ηx, i = [-4, 1, 7, 20] mm and the dispersion prime at

the first BPM was calculated as η ′
x,1
= 3.8 · 10−4.
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Figure 2: The upper plot shows the design optics of the FLASH2 beam line including the linac, the extraction arc and the

undulator section. In the lower plot one can find the horizontal and vertical design dispersions in the two bunch compressors

and in the FLASH2 extraction arc.

OPTICS MEASUREMENT AND
MATCHING

We used fours OTR screens in a periodic FODO structure

between extraction and the SASE undulators with about 30°

phase advance in between to measure the Twiss functions

and the transverse emittances of the beam [14]. The upper

plot in Fig. 2 shows the design optics of the new beam line

including the linac and the arc. The beam was on-crest for

this measurement and the dispersion was closed as good as

described above. The optics measurements were carried out

using a suite of shell scripts for the communication with

the control system of the FEL. The fits of the measurement

data were made with gnuplot [15] and the matching of the

Twiss parameters was again carried out with a linac version

of MAD8. The match between the design optics and the

measured beam optics can be described by the mismatch

amplitude [2]:

mamp = mpar

√
m2
par − 1 and (2)

mpar =
1

2

(
β̃γ − 2αα̃ + βγ̃

)
,

with the mismatch parameter mpar, the design Twiss param-

eters α, β and γ and α̃, β̃ and γ̃, the Twiss parameters of
the measured beam. The mismatch amplitude describes the

amplitude of the oscillation of an unmatched beta function

around the design beta function. The range of the oscillation

is 1/mamp β ≤ β̃ ≤ mamp β. After five iterations, the beam
optics measurement procedure had converged. The start and

end values for the mismatch amplitude can be found in Ta-

ble 1. The beta functions in the matching section before and

after the optimization as well as the design beta functions are

Table 1: Mismatch Amplitude of the Horizontal and Vertical

Plane at Start and End of Matching Procedure

Mismatch Amplitude Start End
Horizontal 1.86 1.07

Vertical 1.99 1.07

shown in Fig. 3. The measured normalized transverse emit-

tances were εnx = 6.9 μm rad and εny = 3.0 μm rad and

thus larger than expected. The first idea was to explain this

with the remaining dispersion in the FLASH2 seed section

but the following estimation shows that this effect is smaller.

The effective emittance εeff including ε β = σ
2/β as well

as the contribution of the dispersion η can be calculated as
follows [16]:

εeff = ε β +
1

2

(
γη2 + 2αηη ′ + βη ′2

)
δ2 (3)

with the Twiss functions α, β and γ, the dispersion and dis-
persion prime η and η ′ as well as with the relative momen-
tum deviation δ = Δp/p0. Using the matched Twiss parame-
ters and the dispersion measured at the OTR, ε β = 2 μm rad

and δ = 5 · 10−3 one obtains the expected normalized hori-
zontal effective emittance which is εnx,eff ≈ 3 μm rad. This

apparent inconsistency suggests that either the energy spread

of the beam or the initial emittance of the beam is larger

than estimated.

CONCLUSIONS
We presented the results of the first dispersion and optics

measurements in the new undulator beam line FLASH2
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Figure 3: These plots show the design beta functions, the beta functions at the start of the matching and those at the end

of this procedure. The latter match the design beta functions at the end of the seed section. The upper plot shows the

horizontal plane and the lower plot the vertical plane.

and we showed that the used measurement and optimization

tools work. The results were obtained while FLASH1 was in

SASE operation. At the time of the measurement we did not

have the diagnostic tools to verify during SASE operation in

FLASH that the energy spread was completely minimized.

This might had a certain degrading effects on the dispersion

measurement. The closed dispersion and the matched beam

in the FLASH2 beam line lead also to very small losses

in the undulator section. With this beam we will start first

lasing tests in the following weeks.
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INFRARED DIAGNOSTICS INSTRUMENTATION DESIGN FOR THE 
COHERENT ELECTRON COOLING PROOF OF PRINCIPLE 

EXPERIMENT* 
T. Miller#, D. M. Gassner, V. Litvinenko, M. Minty, I. Pinayev, B. Sheehy,  

C-AD, BNL, Upton, NY, 11973, U.S.A. 

Abstract 
The Coherent Electron Cooling Proof-of-Principle 

experiment [1] based on an FEL is currently under 
construction in the RHIC tunnel at BNL.  Diagnostics for 
the experimental machine [2] are currently being 
designed, built and installed.  This paper focuses on the 
design of the infrared diagnostic instrumentation 
downstream of the three tandem 2.8 m long helical 
wiggler sections that will act on a 22 MeV 68 uA electron 
beam co-propagating with the 40GeV/u RHIC gold beam.  
The 14 um FEL radiation, or wiggler light, will be 
extracted from RHIC via a viewport in a downstream DX 
magnet cryostat and analysed by instrumentation on a 
nearby optics bench.  Instruments concentrating on three 
parameters, namely intensity, spectral content, and 
transverse profile, will extract information from the 
wiggler light in an attempt to quantify the overlap of the 
electron and ion beams and act as an indicator of coherent 
cooling. 

INTRODUCTION 
The success of Coherent Electron Cooling (CeC) 

experiment will depend largely on the effectiveness of the 
instrumentation available. This paper focuses on those 
instruments associated with measuring and characterizing 
the infrared light emitted by the wiggler that functions as 
an FEL and amplifier [3] in this arrangement of 
modulator, amplifier, and kicker sections. See reference 
[4] for an update of CeC beam cooling theory using this 
three-step process. Presented in this paper are details of 
the instruments that will be employed to measure the 
wiggler light. Also presented are low cost alternatives to 
readily available off the shelf instruments and some other 
low cost alternative solutions. 

The construction of the CeC experiment is underway 
and has been segmented into three phases, each requiring 
an increasing number of electron beam instruments. As 
elaborated on elsewhere at this conference [4], the 
instrumentation for the wiggler’s infrared radiation, or 
wiggler light, will only be installed as part of phases two 
and three (see Fig. 1). The wiggler sections will be 
appended to the injector beamline after the injector is 
commissioned in Phase 1. Phase 2 allows for the wiggler 
sections to be tested with the electron beam as a stand 
alone experiment in the RHIC tunnel, independent of 
RHIC operations, except for use of the cryogenic system. 

During this phase, a local optical bench will be installed 
downstream of the three wiggler sections. The instru-
ments located there will receive the wiggler light through 
a ZnSe viewport in a downstream auxiliary port of the 
dipole magnet that brings the electron beam to the beam 
dump. The optics bench will be located in the RHIC 
tunnel to avoid the upfront cost of an optical beam 
transport back to the laser building, approximately 60m 
away. When the experiment moves into Phase 3, the 
wigglers will be installed into the RHIC beam path to 
allow co-propagation of the electron beam and the Yellow 
ion beam. In this phase, the optical instrumentation table 
may be relocated to a laser trailer installed outside the 
RHIC tunnel to avoid further exposure to high radiation 
levels in the tunnel. A modification of the DX magnet 
cryostat, responsible for splitting and recombining the 
RHIC blue & yellow counter circulating beams, will be 
made so that the wiggler light can propagate straight out 
between the two emerging (blue & yellow) beam pipes 
via a viewport. A sealed optical beam transport could be 
installed to bring the light from the viewport to the laser 
trailer. 

WIGGLER 
The three helical permanent magnet wiggler sections 

are being constructed by the Budker Institute of Nuclear 
Physics. Table 1 summarizes the parameters of the 
electron beam and the wigglers. 

Table 1: Wiggler & e-beam Parameters 

 e-Beam  Value 

Energy 21.8 MeV 

Charge per bunch 0.5 – 1 nC 

Current (1nC), Avg / Pk 78 A / 60 – 100 A 

Beam Power 1.7 kW 

Bunch Length 10 ps 

Repetition Rate 78.3 kHz 

Wiggler  Value 

Length (3 sections) 3 x (2.5 + 0.30 m) 

Period ( u) / poles 4 cm / 60 + 2.5   ea. section 

Strength (K) 0.50 

Wavelength ( ) 14 m 

Optical Power 250 nW – 250 mW  

 ___________________________________________  
*Work supported by U.S. DOE under contract No DE-AC02-98CH108 
86 with the U.S. DOE 
 #tmiller@bnl.gov 
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The three wigglers are due to arrive at BNL later this 
year. Window-frame corrector coils and 3-pole wiggler 
(phase shifter) coils are being provided to match the beam 
trajectory and the phase of the electron beam from one 
Wiggler section to the next. The position measurement of 
the electron beam is critical for sufficient overlap with the 
ion beam. Moreover, the phase of the electron beam 
entering each wiggler section must be adjusted to ensure 
proper alignment of the electron wave packets [5] created 
in the modulator section with the ion energy centers 
during the amplification process through the FEL.  

To provide enough amplification of the imprinted 
pattern on the electron beam, an wiggler of a length 
surpassing fabrication capabilities was required. 
Therefore, three separate sections were proposed, each 
consisting of 60 poles, plus 2½ poles for matching; 
thereby comprising the 2.8 m length. The wigglers will 
receive an electron beam of ~10 ps pulses at a repetition 
rate of 78 kHz, corresponding to the revolution frequency 
of the RHIC beams. This will allow a single bunch in 
RHIC to be cooled for comparison to the uncooled 
bunches during this proof of principle experiment. 

The wiggler peak magnetic field strength, required to 
give the specified wiggler K parameter of 0.50 is 
calculated to be 0.134 T by the well-known equation (1) 
for the deflection parameter, K, below. 

0.934 ( )  (cm)uK B T                     (1) 

The coherent electron cooling theory calls for a 
dispersion section that imposes a time-of-flight 
dependence on the hadrons’ energy in order for the kicker 
section to cool it [6]. As this proof of principle experiment 
is budget conscious, the experiment is designed such that 
the ion beam shares the same path as the electron beam 
through the wigglers where the effect on the ions is 
negligible. As the dispersion is still necessary, RHIC will 
operate its run with gold ions at an energy, less than 
typical, of 40 GeV/u for this dispersion to occur as the 
ions drift from the modulator section towards the kicker 
section. 

As the electron beam passes through the wigglers, 
coherent radiation occurs and the system begins to behave 
as an FEL.  The light emitted by the FEL will be an impo-
rtant feedback of both the position of the electron beam in 
the wiggler as well as the degree of overlap of the 

electron and hadron beams. The light from the wiggler 
has a predictable wavelength that is given by equation (2) 
below. 

2
2 1

2
u K                            (2) 

Calculating  based on the fact that the electrons must 
have the same velocity as the ions, at 40G eV/u, and using 
the K from (1), the expected wavelength is 14 m. 
Moreover, numerical simulations were performed and 
presented earlier [2] showing the full spectrum. The 
viewport allowing the FEL IR light to exit the vacuum for 
analysis shall be constructed of ZnSe, allowing 70% 
transmission in the 0.6 – 20 m infrared region. Also, the 
simulations predict a radiation pattern, 15 m from the 
FEL, to be circular with a 40mm diameter. Figure 2 below 
shows this result, also presented earlier [2]. 
 

Figure 2: The transverse distribution of the optical power 
at wavelength corresponding to the maximum. The dip in 
the middle is due to the spiral electron motion. 

IR INSTRUMENTATION 
Measuring the characteristics of the wiggler light will 

be made in the far infrared region, as the wavelength is 
14 m. Qualities such as intensity, position, and spectral 
content of the light contain information about the lasing 
and cooling process. Moreover, a widening of the funda-
mental spectral line in the wiggler light is expected during 
the cooling process. 

The optical table down stream of the last dipole 
supports devices to measure optical power, optical beam 

Figure 1: Layout of Phase 3 for implementation of the CeC experiment with the RHIC ion beam. 
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profile, and optical beam spectrum. A 5 mW HeNe 
alignment laser with a 10X adjustable beam expander, 
located 65 ft upstream, will be used with a surveyed 
monument on the table to align the optical components to 
beam center. The laser beam is injected into the beam 
pipe using a mirror on the backside of a beam profile 
monitor just upstream of the wiggler section. 

IR Power Measurements 
The power from the IR light is expected to range from 

the 250 nW to 250 mW (spanning ~6 orders of magnitude 
depending on the amount of amplification, seeding, etc..). 
Two detectors will be used interchangeably during 
commissioning of the wigglers. A high bandwidth IR 
photodetector will be used, likely with a lock-in amplifier 
to improve S/N, to measure down to ~1 W with a 1 MHz 
BW so as to capture the optical power measurements and 
look for variations from pulse to pulse in the 78 kHz 
beam. The other detector is a slower but offers a wider 
range of thermal power sensitivity. 

The IR photodetector is from Vigo Systems, model PC-
3TE, optimized for 2 – 14 m and based on a (HgCd)Te 
semiconductor with optimized doping and sophisticated 
surface processing with a three-stage thermoelectric 
cooler and optically immersed to a high refractive index 
GaAs hyperhemispherical lens. This detector is packaged 
in a sealed TO-8 case with a BaF2 lens and integrated into 
model MIPAC-F-1 ac coupled transimpedance amplifier 
with a bandwidth of 1 MHz, shown in Fig. 3a.   
 

     (a)        (b)  

Figure 3: (a) 1MHz IR photodetector, (b) wide range 
thermal power sensor. 
 

The thermal power IR detector, shown in Fig. 3b, is 
Ophir model 3A-UA-RS232_AO-V-FC, with a power 
input range of 10 W – 3 W, over 3 selectable gain 
settings on an integrated calibrated amplifier and 16-bit 
DAC with remote connection via serial link. It has a 
spectral range of 0.19 – 20 m, with a 9.5 mm aperture 
and is used for average power measurements in CW mode 
with a response time of 1.8 seconds. 

These power measurement sensors will likely be 
employed after the electron bean has been commissioned 
to operate in CW mode. The thermal power sensor signal 
will be digitized, asynchronously at a rate 1 Hz; whereas 
the photodetector will require synchronous digitization to 
acquire the measurements with each beam pulse. 

Direct Profile Measurements 
We are considering using a pyroelectric crystal based 

digital camera to measure the IR beam profile. Spiricon 
offers a PyrocamTM III, as shown in Fig. 4, with a 124 

x124 array of 100 m pixels on a 11.5x11.5 mm sensor. 
The IR beam transverse profile at the exit of the DX 
magnet cryostat viewport is expected to have a 40 mm 
diameter, as shown in Fig. 2. Thus a large LWIR lens (7 – 
14 m typ.) will be required to image the 40mm diameter 
beam. The model Pyrocam IV, as shown in Fig. 4, is a 
better option with a 320x320 mm array of 80 m pixels 
on a 25x25 mm sensor but at a much higher price. The 
pyroelectric crystal in the integrating sensor is sensitive to 
very short pulses. However, once CeC begins operating in 
CW mode, the internal chopper option of the Pyrocam 
would be needed. 
 

(a)         (b)  

Figure 4: (a) Pyrocam III IR profile monitor, (b) Pyrocam 
IV IR Profile Monitor. 

Scanning Profile Measurements 
In order to be conscientious of cost, an alternative 

scanning method of profiling is proposed using the IR 
power measurement detectors already purchased. 
Leveraging off of software development completed for 
the “pin-hole” e-beam profile measurements made at 
RHIC’s Electron Lens (eLens) project [7]; a two-axis 
scanner could move the power detector, covered by a 
pinhole mask, to create a map of the beam’s transverse 
profile. In the eLens, the electron beam is scanned over a 
pin-hole masked Faraday cup. Software controls the 
steering magnets and recreates the image from the array 
of collected charge data. Here, similar software can run 
stepper motors to scan the detector through the beam and 
reconstruct the image from the array of collected IR 
power data. Thus scan time for a 300 x 300 point array 
would be require ~35 sec (accounting for stepper motor 
drive speed and integrator & digitizer triggering). This 
will require a stable beam over the full scan period. 

The scanning algorithm produces arrays of data in 
alternating horizontal line directions to avoid retrace time. 
Thus the software must massage the data back into a 
proper array and apply the step size scale factors to 
recreate the image with the proper scale. The existing 
software was developed to analyse the image intensity by 
identifying axes (X, Y & ) through which to section the 
data for a profile plot. A sample beam image from eLens 
is shown in Fig. 5, representative of the round beam 
profile expected from CeC’s helical wiggler. A radius 
feature is implemented to find the full field of the beam 
based on a settable threshold (3 % typ.). This is shown as 
the satellites around the beam spot in Fig 4. 
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Figure 5: Representative beam spot for demonstrating 
profile measuring software. 
 

Figure 6 shows the profile plots through one of the 
axes. The blue delimiting lines correspond to the full field 
(3 % typ.) point in the Gaussian tails. Each axis plot 
displays the calculated sigma, radius, and 2. 
 

Figure 6: Screen shot of profile generated from the x-axis. 

FUTURE PLANS 
Once the Phase 1 configuration is commissioned during 

the next several months and stable e-beam from the 
photocathode is measured by the instrumentation, we will 
proceed with Phase 2 where the 5-cell superconducting 
LINAC is added as well as the three wiggler sections and 
the high power beam dump, and associated instru-
mentation [4]. Once the full power of the FEL is 
demonstrated and the IR light is measured with the power 
meters, and optional profiling system, the dog-leg beam 
transport section will be added to allow the three FEL be 
relocated into the RHIC beam for Phase 3; where the 
coherent electron cooling process will be demonstrated 
with the RHIC ion beam. 

Spectral Measurements 
As we advance in optimizing the coherent electron 

cooling process, it may become interesting to investigate, 
not only changes in the intensity and shape of the wiggler 
light, but also any changes in the spectrum. We expect to 
see variations in the spectral line width during the cooling 
process. We have considered the Acton VM-504 Spectro-
meter from Princeton Instruments configured with a 75-
groove/mm grating centered around our 14 m wave-
length.  If we find that spectral changes occur in a manner 
that has some distribution over the 2D image, we may 
consider an imaging spectrograph, such as Princeton’s 
IsoPlane SCT 320 with cutting edge resolution due to its 
zero astigmatism design. 
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Abstract

Dedicated longitudinal electron beam diagnostics is essen-

tial for successful operation of modern free-electron lasers.

Demand for diagnostic data includes the longitudinal bunch

profile, bunch length and slice emittance of the electron

bunches. Experimental setups based on transverse deflect-

ing structures (TDS) are excellent candidates for this purpose.

At the Free-Electron Laser in Hamburg (FLASH), such a

longitudinal bunch profile monitor utilizing a TDS, a fast

kicker magnet and an off-axis imaging screen, has been put

into operation. It enables the measurement of a single bunch

out of a bunch train without affecting the remaining bunches.

At the European X-ray Free-Electron Laser (XFEL) multi-

screen stations in combination with TDS are planned to be

installed. In order to allow for flexible measurements of lon-

gitudinal bunch profile and slice emittance, a configurable

timing and trigger distribution to the fast kicker magnets and

screen stations is required. In this paper, we discuss various

operation patterns and the corresponding realization based

on MTCA.4 technology.

INTRODUCTION

The performance of a hard X-ray free-electron laser (FEL),

such as the European XFEL, depends critically on the trans-

verse emittance of the electron beam [1]. Hence, it is impor-

tant to generate electron beams with lowest possible emit-

tance [2, 3] and efficiently preserve the emittance through

acceleration and longitudinal bunch compression. Measure-

ment and control of the transverse emittance is crucial for the

optimisation and operation of the FEL as the beam emittance

may be degraded due to non-linear effects, e.g. emission of

coherent synchrotron radiation (CSR) or micro-bunching

instabilities [4].

As the FEL amplification process takes place locally

within longitudinal bunch slices, measurements of time-

resolved properties, i.e. slice emittance, rather than time-

averaged properties, i.e. projected emittance, are of interest.

Excellent candidates for the measurement of the slice emit-

tance with single-bunch resolution are transverse deflecting

structures (TDS) [4, 5]. The electron bunch is streaked in

transverse direction by the TDS and imaged with an imaging

screen. The slice emittance can then be measured in the

plane perpendicular to the streak direction by changing the

phase advance between the TDS and the imaging screen.

This can be achieved by either changing quadrupole currents

∗ jan.wychowaniak@desy.de

between the TDS and imaging screen (quad-scan method)

or by employing several screens (multi-screen method) [6].

A disadvantage of this direct time-domain method is that the

emittance of the diagnosed bunch is drastically degraded due

to the scatter process in the imaging screen and the bunch

cannot be used for FEL operation.

CONCEPTUAL LAYOUT OF THE SLICE

EMITTANCE MONITOR SETUP

The super-conducting accelerator of the European XFEL

will operated with RF macro pulses of up to 650 µs at a repe-

tition rate of 10 Hz. Each RF macro pulse can be filled with a

train of up to almost 3000 bunches at a maximum repetition

rate of 4.5 MHz. This offers the possibility of using several

bunches of each bunch train for on-line measurements. A

generic layout of a slice emittance monitor, employing a

TDS followed by four fast kicker magnets and four screen

stations equipped with off-axis screens, is depicted in Fig. 1.

Four electron bunches out of the bunch train are streaked

by the TDS and then deflected by the fast kicker magnets

onto the off-axis screens without disturbing FEL operation

of the remaining bunches in the bunch train. A longitudinal

bunch profile monitor, comprising one kicker magnet and

one off-axis screen, has been commissioned successfully at

the Free-Electron Laser in Hamburg (FLASH) [7].

beam direction CCD camera

Kicker 1

Kicker 2

Kicker 3

Kicker 4

Figure 1: Generic layout of a slice emittance monitor.

At the European XFEL, installation of slice emittance

monitors is foreseen at three different locations (see Fig. 2):

in the injector and after the second and third bunch compres-

sor chicane. Each TDS is followed by a matching section

and a FODO lattice in which four screen stations are incorpo-

rated [8]. The screen stations will be equipped with off-axis

scintillation screens made of 200 µm thick LYSO:Ce [9].

The scintillation screens will be installed at an angle of 0◦

with respect to the beam axis and imaged under 45◦ by a

CCD camera in Scheimpflug arrangement. Micro-bunching

instabilities can lead to the emission of coherent optical tran-

sition radiation (COTR) at the boundary of vacuum and the

scintillator [10]. The imaging angle has been chosen to sup-
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Figure 2: Accelerator layout of the European XFEL. Installation of TDS-based multi-screen slice emittance monitors is

foreseen at three different locations along the accelerator.

press COTR, which has a strong angular dependence, while

the incoherent isotropic scintillation light can be used for

bunch profile measurements [4].

In order to deflect bunches out of the bunch train onto

the off-axis screens, fast kicker magnets with a length of

350 mm will be installed downstream of each TDS. The

kicker magnet consists of a ceramic vacuum chamber that

has been sputtered at the inside with a layer of 1 µm thick

stainless steel and a single air coil made of flat copper bars

outside the vacuum. A pulser that generates a half cycle of

a sine wave with a pulse duration of tp = 380 ns is directly
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Figure 3: Top: Schematic layout of the beam line for on-line

slice emittance measurements downstream of the second

bunch compressor at European XFEL. Bottom: Trajectories

of the bunch centres induced by for the four kicker magnets

and respective beam positions on the off-axis screens.

attached to the kicker magnet. The maximum pulse current

and high voltage generated by the pulser are Ip = 5 kA and

Up = 20 kV, respectively. The kick strength has been de-

termined with a prototype kicker installed at FLASH and

amounts to k(mrad)= 0.1Up(kV)/E(GeV). The trajectories

of the bunch centres induced by the four kickers and the

respective positions on the imaging screens have been mod-

elled for slice emittance monitor downstream of the second

bunch compressor and are shown in Fig. 3. The kick direc-

tions alternate. As can be seen, the bunch deflected by the

first kicker onto the first imaging screen also hits the third

screen. As the screen stations will be equipped with CCD

cameras (Basler aviator avA2300-25gm) with a minimum

shutter time of 18 µs, the bunches deflected by the first and

third kicker will overlap in the image of the third screen

station.

OPERATION MODES

A slice emittance monitor that includes 4 pairs of kickers

and screens allows for configurable operation modes, so that

multiple bunch kick patterns can be employed.

Figure 4 illustrates a mode with four consecutive bunches

being kicked out from a single bunch train for diagnostics.

The kicked bunches hit the consecutive screens of the slice

emittance monitor. They are marked in blue in the picture.

This procedure is repeated for every bunch train. This is

the typical kick pattern configuration for slice emittance

measurements where the maximum data rate is required.

Such configuration is used e.g. during the machine tuning

phase, which requires the best possible operation statistics

to be produced.

However, as mentioned above, the bunch deflected by

kicker 1 (and designated for screen 1) hits also screen 3,

which may result in disturbance of the beam size measure-

ment. Here, simultaneous use of kickers 1 and 3 may be

unwanted.

bunch train
screen 1

screen 2

screen 3

screen 4

Figure 4: Typical bunch kick pattern for slice emittance

measurements with maximum data rate.
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bunch train 1

bunch train 2
screen 1 screen 2

screen 3 screen 4

Figure 5: Possible pattern for kicking two bunches from a

bunch train.

For such cases it is desirable to have the possibility of

reducing the number of kicked bunches per bunch train.

An example of such variation can be seen in Fig. 5. The

number of bunches kicked per bunch train is reduced to

two. This kick pattern can be seen as composed of two sub-

patterns. One of them involves selected bunches designated

together for being kicked from a bunch train with the use of

kickers 1 and 2 (i.e. going towards screens 1 and 2). The

other sub-pattern similarly (the same bunches), but with

kickers 3 and 4 (towards screens 3 and 4). These two sub-

patterns are then being applied alternately to consecutive

bunch trains. Technically this means that for every sub-

pattern only two out of four kickers are being triggered, and

also two corresponding cameras collect images.

If even less data statistics is sufficient, then only one single

bunch out of a bunch train may be taken out. As it can be

seen in Fig. 6, the four kickers are configured with timing

for the same single bunch in the bunch train, but triggered

successively in four consecutive bunch trains. Such scenario

is applicable e.g. to normal machine operation, where less

statistics is required and the number of bunches sacrificed

for beam diagnostics could be reduced.

bunch train 1

bunch train 2

bunch train 3

bunch train 4

screen 1

screen 2

screen 3

screen 4

Figure 6: Possible pattern for kicking a single bunch from a

bunch train.

Figure 7 provides a summary of the scenarios described

above. They are just selected examples of how a TDS-based

slice emittance monitor can be set up, in terms of its kicker

and camera trigger configurations, in order to accommo-

date diverse patterns of kicked bunches. This configuration

scheme is flexible and, as a result, numerous combinations of

bunches designated for kicking are possible to be configured.

BUNCH PATTERN CONCEPT

The machine operation allows for a configurable number

of bunches within a bunch train. Also, the spacing between

bunches can vary, depending on the operating frequency

that is configured. The maximum operating frequencies for

FLASH and the European XFEL are 1 MHz and 4.5 MHz,

respectively, while lower frequencies (wider bunch spacing)

are also configurable. The description of number of bunches

within a bunch train and their spacing in the machine timing

bunch train 1
bunch train 2
bunch train 3

a) b) c)/ /
Screen 1

/ /3 3 3
/ /- -3

/ -/3 3
/ /- -3

a) b) c)/ /
Screen 2

/ /4 -4
/ /4 - 3
/ /4 -4

/ -/4 -

a) b) c)/ /
Screen 3

/ /- -5
/ /3 -5
/ /- 35
/ /3 -5

a) b) c)/ /
Screen 4

/ /- -6
/ /6 4 -
/ /- -6
/ / 36 4bunch train 4

1 2 3 4 5 6 7 8bunch nr 9

Figure 7: Summary of most typical operation modes of slice

emittance monitor.

system is referred to as bunch pattern. The bunch pattern

concept is based on a 9 MHz structure, so that maximum

operating frequencies of both XFEL and FLASH can be

accommodated (see Fig. 8).

The bunch pattern concept is implemented in a form of a

table of integer numbers (referred to as pattern table words),

and as such is exchanged across the machine timing system.

The number of bunches within a bunch train and their spac-

ing are described by appropriate values within a table word

corresponding to a given time position. As illustrated in

Fig. 8 (lower part) for the European XFEL, values indicating

bunch presence (red) are set for every second word which

corresponds to an operation frequency of 4.5 MHz .

FLASH

XFEL

fmax = 4.5 MHz

f = 1 MHz

Figure 8: Bunch pattern describing maximum frequencies

for FLASH (top) and XFEL (bottom).

The information contained in a pattern table word is com-

posed on a bit basis (see Fig. 9). Appropriate bits within a

word have meanings determined by the design of the timing

system. Three most significant bits serve for the purpose

of marking a given bunch to be kicked by one of the slice

emittance monitor stations (TDS injector, TDS BC1 or TDS

BC2). In Fig. 9 (middle) the pattern table words correspond-

ing to presence of a bunch at given time position are marked

with brown boundary. The pattern table words indicating

bunches to be kicked by one of the slice emittance monitors

(color code blue in the top), are marked red.

If a particular bunch is intended to be kicked, the pattern

word corresponding to this bunch has one of its TDS bits set,

depending on which slice emittance monitor is configured

to take the bunch out.
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Figure 9: Concept of the MTCA-based timing system and

structure of bunch pattern table word.

MTCA.4-BASED IMPLEMENTATION

The timing system is implemented in MTCA.4 standard

[11]. It is designed as double size AMC modules, referred to

as X2Timer cards. Each slice emittance monitor is provided

with a dedicated MTCA.4 crate equipped with a X2Timer

receiver, together with custom DOOCS server software [12]

for controlling the card and slice emittance monitor hardware

(see Fig. 10). For each bunch train the card:

• sets the TDS bits for the bunches to be kicked. This

information is then propagated to the interested parties,

e.g. the machine protection system (which needs to be

aware that this beam loss is intentional),

• supplies the correct trigger to the kickers and cameras

for bunches to be kicked.

By means of the DOOCS control software, a machine

operator can configure the kick pattern for a given slice

emittance monitor.

CONCLUSION

TDS-based multi-screen slice emittance monitors employ-

ing fast kicker magnets in combination with off-axis screens

will be installed at the European XFEL. A flexible design

of the timing system for the kickers and cameras, which

allows for configuring different kick patterns depending on

the desired operation modes, has been presented. The ap-

pliances based on the slice emittance monitor concept are

presently in the design and construction phase. The required

control software for the MTCA.4-based monitor hardware

is under development, with corresponding laboratory tests

being performed.

Commissioning of the injector of the European XFEL

will start in mid 2015. This will provide the opportunity to

operate the slice emittance monitor in the injector and gather

experience with the concept presented in this paper under

real operating conditions.
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Figure 10: Schematic layout of the hardware and software

setup of slice emittance monitor.
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Abstract
For seeding of a free-electron laser, the spatial and tempo-

ral overlap of the seed laser pulse and the electron bunch in

the modulator is critical. To establish the temporal overlap,

the time difference between pulses from the seed laser and

spontaneous undulator radiation is reduced to a few pico-

seconds with a combination of a photomultiplier tube and

a streak camera. Finally, for the precise overlap the impact

of the seed laser pulses on the electron bunches is observed.

In this contribution, we describe the current experimental

setup, discuss the techniques applied to establish the tempo-

ral overlap and analyze its stability.

INTRODUCTION
For the operation of an externally seeded free-electron

laser (FEL), relative beam-beam jitter between the electron

bunch and the laser pulse initiating the FEL gain process is

only acceptable to a certain extent. Inhomogeneities in the

electron beam slice parameters will directly translate into

fluctuating performance of the seeded FEL. The duration

of the region of the bunch with suitable electron beam pa-

rameters, such as slice energy spread, beam current, and

emittance, is limited, which defines the timing jitter budget.

Large jitter will naturally result in poor overlap quality. For

instance, a major limitation of the studies of direct seeding

with an high-harmonic generation (HHG) source at FLASH

was the quality of the temporal overlap [1, 2].

EXPERIMENTAL LAYOUT
Electron Beamline
The seeding experiment is installed at the FLASH1 beam-

line of FLASH [3], the free-electron laser user facility in

Hamburg, delivering high-brilliance SASE FEL radiation in

the extreme ultra-violet (XUV) and soft x-ray range wave-

length ranges. The superconducting linear accelerator of the

FLASH facility generates trains of high-brightness electron

bunches at a maximum energy of 1.25GeV. These bunch
trains, accelerated at 10Hz repetition rate, consist of up

∗ Work supported by Federal Ministry of Education and Research of Ger-
many under contract No. 05K10PE1, 05K10PE3, 05K13GU4, and

05K13PE3 and the German Research Foundation programme graduate

school 1355.
† christoph.lechner@desy.de

to 800 electron bunches at an intra-train repetition rate of

1MHz.

The seeding experiment is installed between the collima-

tion section of FLASH1 and the FLASH1 main undulator

system. The electron beamline, shown schematically in

Fig. 1, can be divided into three parts: (i) the modulator

section, (ii) the variable-gap undulator system, and (iii) the

photon extraction and diagnostics section. Of these, however,

only the modulator section was used for the measurements

presented in this paper. It comprises two electromagnetic

undulators (5 periods of 20 cm, maximum K value 10.8)
that originally had been installed for a longitudinal elec-

tron bunch diagnostics experiment [4]. At the exit of each

electromagnetic undulator, a magnetic chicane is installed.

Downstream of the seeding experiment, a combination of

a transverse-deflecting structure (TDS) and a dipole energy

spectrometer is installed. First, an arrival-time-dependent

transverse kick is applied in the TDS, an RF structure oper-

ated at 2856MHz. After this conversion of longitudinal to

spatial position, the contents of the longitudinal phase space

of the electron bunch can be measured on the observation

screen in the dispersive section downstream of the energy

spectrometer.

Laser System
The laser system used for seeding experiments at FLASH1

was originally installed for direct-HHG seeding experiments

at FLASH and consists of a 108.3MHz Ti:sapphire oscilla-
tor used as seed in a classical chirped pulse amplification

(CPA) scheme with 35mJ maximum pulse energy at 35 fs

FWHM minimal pulse duration. As described in the follow-

ing section, the oscillator is electronically synchronized to

a reference signal derived from an optical reference. The

amplifier is pumped by a frequency-doubled Nd:YAG laser

operating at 10Hz allowing to seed one electron bunch per

train [5].

For high-gain harmonic generation (HGHG) seeding at

short wavelengths, a conversion of the λ = 800 nm laser

pulses to UVwavelengths is required. For this, an in-vacuum

arrangement of two non-linear optical crystals in the accel-

erator tunnel is employed: While the first one converts the

laser light into its second harmonic, the second one emits

its third harmonic at 267 nm when overlapping the 800 nm

and 400 nm pulses [6].
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Figure 1: Layout of the hardware used in these measurements. The electron bunches arrive from the energy collimator of

FLASH1, the seed laser pulses are injected into the accelerator vacuum upstream of the last dipole of the energy collimator.

After modulation, the electron bunches are density-modulated in chicane C1. Finally, the longitudinal phase space of the

electron bunch is analyzed by the combination of a TDS and an energy spectrometer.

Synchronization System
For pump-probe experiments to benefit from femtosecond

XUV pulses delivered by FELs, synchronization of laser

systems and the electron bunch timing on the same time

scale is essential. The synchronization system at FLASH

is implemented with length-stabilized optical fibers dis-

tributing trains of laser pulses with a repetition rate of

216.667MHz [7]. These trains of optical pulses can be

directly applied in electron beam diagnostics like bunch ar-

rival monitors (BAMs) [8] or used for the synchronization

of optical lasers using balanced optical cross-correlators

(OXCs).

MEASUREMENT OF THE BEAM-BEAM
JITTER

Establishing Laser-electron Overlap
For the measurements, we used mildly compressed elec-

tron bunches with a peak current of 0.3 kA and an rms bunch

duration of about 0.3 ps at an energy of 700MeV. The elec-
tron bunches and the laser pulses from the seeding laser are

brought into spatial and temporal overlap in the modulator.

To establish the spatial overlap, OTR screen stations close to

the entrance and the exit of the modulator are used to image

the spatial profiles of both the electron beam and the seed

laser beam.

To establish the temporal overlap, the spontaneous undu-

lator radiation emitted by the electron bunches as well as the

seed laser pulses are extracted from the electron beamline.

The light is sent to a fast photomultiplier tube to reduce the

temporal offset of both signals to a few hundred picoseconds.

Next, the longitudinal phase space of the uncompressed elec-

tron bunch is measured by the above described TDS and

the laser timing is scanned electronically in sub-picosecond

steps. The laser-induced modulation can then be directly

observed on the TDS once the overlap is established. The

camera images of the observation screen in the dispersive

section were acquired using the FLASH data acquisition

(DAQ) system. For this measurement, the variable-gap un-

dulators were open and chicane C1 after the modulator was

set to R56 = 295 μm.
For time calibration of the longitudinal phase space

measurement, we determined the centroid position of the

streaked electron bunch for a set of phases of the 2856MHz

RF driving the TDS. From this data, the time calibration

was found to be (−4.58 ± 0.21) fs/pixel.

Data Analysis
The acquired images are analyzed using standard image

processing techniques: After subtracting of a background

image, which has been recorded without electron beam, a

region of interest (ROI) is determined. As the contour of

the longitudinal phase space cannot be predicted, the ROI is

determined by an image analysis algorithm. As the actual

image of the streaked electron bunch defines the ROI for

further analysis, the impact of fluctuations of the RF driving

the TDS is greatly reduced.

A series of 200 images was used for this analysis. From

the part of the image selected by the ROI, the slice energy

spread is determined. The local maximum of the slice energy

spread marks the center of the laser-electron interaction.

Figure 2 shows the arrival time information extracted from

the analyzed TDS images; the corresponding histogram is

in the right panel of this figure. From this data set, the

relative beam-beam jitter is determined to be (57.8± 5.0) fs.
For the error analysis, the effects introduced by the image

analysis procedure, the uncertainty determining the slice

with maximum slice energy spread, and the uncertainty of

the time calibration of the TDS have been taken into account.

Discussion
The contributions to the total beam-beam jitter that can

be measured independently are (i) jitter contribution of laser

amplifier in the seeding laser system, (ii) electron beam jitter

measured on the bunch arrival monitor (BAM), (iii) jitter of

the optical synchronization system (however, negligible with

∼ 1 fs rms [9]), and (iv) contributions of the synchronization
of the laser oscillator.

Using the bunch arrival monitor (BAM) downstream of

the second bunch compressor chicane of the FLASH linac,

the arrival time jitter of the electron bunches has been mea-

sured. In the time interval under consideration, the rms

arrival time jitter was 31 fs with the typical uncertainty for

the electron bunch parameters being 13 fs. This measure-

ment was performed in single-bunch operation after the

upgrade of the FLASH low-level RF (LLRF) control sys-

THP076 Proceedings of FEL2014, Basel, Switzerland

ISBN 978-3-95450-133-5

914C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology and Hardware: Electron Diagnostics, Timing, Synchronization and Controls



0 50 100 150 200
−200

−100

0

100

200

Bunch Number

T
im

e 
D

ev
ia

tio
n 

[fs
]

0 0.1 0.2
−200

−100

0

100

200

Probability

T
im

e 
D

ev
ia

tio
n 

[fs
]

Figure 2: Timing of the laser signatures for a series of 200 images of the longitudinal phase space. In the right panel, the

corresponding histogram is shown.

Table 1: Compilation of the Independently Measured rms

we obtain (48 ± 10) fs. In this beamtime, the typical in-loop
measured jitter of the RF-synchronization of the oscillator

of the seeding laser system was 55 fs, which is somewhat

overestimated due to the noise floor in the phase noise mea-

surement.

rms timing jitter [fs]
beam-beam jitter (on TDS) 57.8 ± 5.0
(i) beam arrival time (on BAM) 31 ± 13
(ii) laser amplifier 10 ± 1
(iii) synchronization system ∼ 1

tem to a MicroTCA.4-based solution [10]. The typical jitter

introduced by the amplifier of the seeding laser system is

(10 ± 1) fs.
Subtracting contributions (i) – (iii) from the total beam-

beam jitter extracted from the TDS images, we obtain

(48 ± 10) fs. This value includes the jitter of the RF-

synchronization of the oscillator of the seeding laser system,

for which the typical in-loop measured value in this beam-

time was 55 fs. We note that due to the noise floor in the

phase noise measurement, which originates from the pho-

todetector, the result of this in-loop measurement of the

timing jitter is somewhat overestimated. The measured tim-

ing jitter values are compiled in Table 1.

Assuming a desired minimum hit rate of p = 0.9, a beam-
beam jitter of 60 fs rms would require the homogeneous

region in the electron bunch to be at least 198 fs long. Prac-

tical minimum durations would be longer as we did not

consider the finite duration of the seed pulse or budget for

small temporal drifts.

Measurements at Other Facilities
A similar measurement of the relative beam-beam

jitter was performed at the seeded FEL user facility

FERMI@Elettra [11, 12]. There, a linearly chirped elec-

tron bunch is used to extract the jitter from electron energy

spectra measured at the beam dump. The laser-electron inter-

action in the modulator changes the energy of the electrons

in the modulated region, corresponding to a relocation of

charge density in the energy distribution. Measured energy

distributions are compared with those of a reference bunch,

determining the energy of the electrons before modulation.

In a linearly chirped electron bunch, the beam energy at

which this current reduction is observed can be related to

a longitudinal position. Time calibration was found to be

(0.22±0.02) pixel/fs by deliberately changing the laser tim-
ing by ±100 fs about the working point. At FERMI, the
analysis of 200 consecutive modulated electron bunches

resulted in an rms timing jitter of 68 fs [11].

SUMMARY AND OUTLOOK
In this paper, we show measured values for the relative

beam-beam jitter in the FLASH1 seeding experiment that

have been obtained from an analysis of the laser-electron

interaction that will also be used in seeding experiments.

Currently, the jitter is dominated by the RF-synchronization

of the laser oscillator of the seeding laser system. An all-

optical synchronization of this laser oscillator with a sub-

10 fs (rms) timing jitter to the optical reference has already

been tested. An upgrade of the laser synchronization to this

solution based on a balanced optical cross-correlator (OXC)

is expected for this year.
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A LOW-COST, HIGH-RELIABILITY FEMTOSECOND LASER TIMING
SYSTEM FOR LCLS*

Karl Gumerlock, Josef Frisch, Bruce Hill, Justin May, David Nelson, Stephen Smith,
SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract
LCLS has developed a low-cost, high-reliability radio-

frequency-based  (“RF”)  locking  system which  provides
phase  locking  with  sub-25-femtosecond  jitter  for  the
injector and experiment laser systems. This system does
not add significantly to the X-ray timing jitter from the
accelerator RF distribution. The system uses heterodyne
RF locking at 3808 MHz with an I/Q vector phase shifter
and variable event receiver triggers to control the timing
of  the  emission  of  the  amplified  laser  pulse.  Controls
software provides full  automation with a single process
variable  to  control  the  laser  timing  over  a
600 microsecond  range  with  up  to  4 femtosecond
resolution,  as  well  as  online  diagnostics  and  automatic
error  correction  and  recovery.  The performance  of  this
new  locking  system  is  sufficient  for  experiments  with
higher-precision  timing needs  that  use  an  X-ray/optical
cross-correlator to record relative photon arrival times.

LASER TIMING REQUIREMENTS
Lasers  in  the  LCLS  experiment  hutches  require  sub-

picosecond timing relative to the X-ray beam, originating
as  an  electron  beam  from  the  SLAC  linear  particle
accelerator (“linac”). The LCLS X-ray beam operates at a
maximum repetition rate  of  120 Hz and has a  pulse-to-
pulse timing jitter of approximately 60 fs RMS [1]. The
relative timing of the laser and X-rays is measured in the
experimental  chamber  by  an  X-ray/optical  cross-
correlator  with  approximately  10 fs  resolution [2].  This
cross-correlator  is  used  to  order  the  experimental  data
based on relative X-ray and laser arrival time.  Any laser
locking  system  must  not  substantially  add  to  the  total
uncorrected experiment timing jitter. This corresponds to
a target timing jitter of less than 75 fs RMS. The need to
improve  locking  system  jitter  at  LCLS  was  originally
identified by Glownia et al. [3]. 

The cross-correlators used at LCLS include an optical
delay  stage  to  allow  for  high  resolution  timing
measurements  over  a  wide  range  of  laser/X-ray  time
delays.  The  measurement  range  of  the  cross-correlator
itself  is  approximately  1 picosecond.  The  timing  jitter,
drift,  and the  accuracy  of  laser  time delay changes  are
required to keep the laser timed within that range, so that
the  cross-correlator  is  able  to  return  good  shot-to-shot
timing data. 

The  range  of  timing  scans  required  for  experiments
vary from sub-picosecond to 600 microseconds. The laser

system  timing  needs  to  be  adjustable  over  that  range
without additional user intervention or expert knowledge.

TIMING SYSTEM ARCHITECTURE
X-ray pulse timing is determined by the electron beam

timing, which is in turn controlled by the RF fields in the
accelerator  cavities.  The  accelerator  RF  sources  are
locked to a 476 MHz RF coaxial cable phase distribution
system (“RF reference”). This reference is re-stabilized to
the electron beam with each shot using electron arrival
time measured at RF phase cavities (Fig.  1) in the LCLS
undulator hall [1].  The RF reference is then transmitted
through  a  stabilized  coaxial  cable  to  the  experiment
hutches, where it is used as a phase reference for the laser
locking systems described in this text.

 LASER TIME CONTROL
The  experiment  laser  systems  use  a  mode-locked

Ti:sapphire  laser  oscillator  which  feeds  a  regenerative
amplifier  (“regen”).  In  some  systems,  a  multipass
amplifier is also used, however, the principle of operation
remains the same.

The mode-locked laser  oscillator  (Fig.  2)  operates  at
68 MHz, 1/7th of the 476 MHz RF reference frequency.
A  commercial  regenerative  amplifier  just  after  the
oscillator is designed to accept an external trigger input:
upon triggering, the regen selects and amplifies the next
pulse from the mode-locked laser. A similar system also
triggers any multipass amplifiers used downstream of the
regen.

A frequency counter continuously measures the mode-
locked laser cavity frequency. Controls software moves a
stepper  motor  to  coarsely  control  the  cavity  length  to
within 1 Hz of 68 MHz.

Figure 1: Laser timing system overview.

______________________________________________

*Work supported by DOE Contract DE-AC02-76-SF00515
* Linac Coherent Light Source (“LCLS”)
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Phase  locking  electronics  compare  the  phase  of  a
photodetector on the mode-locked laser output with the
accelerator reference and adjust a piezoelectrically-driven
mirror  (“piezo  actuator”)  to  finely  control  the  cavity
length in a phase-locked loop.

The  regenerative  amplifier  is  triggered  by  an  event
receiver connected to the LCLS event timing system. This
event  system  uses  a  119 MHz  base  clock  (1/4  of  the
476 MHz RF reference) which allows trigger outputs to
be set with 8.4 nanosecond resolution.

If  the  phase  of  the mode-locked laser  is  adjusted by
more than one cycle of 119 MHz, the regen will jump to
selecting a pulse on the next 68 MHz cycle of the mode-
locked  laser  (“regen  jump”).  At  initial  timing  system
setup and calibration, the output of a time interval counter
(Fig.  2)  is  used  to  determine  when  these  regen  jumps
occur,  by sweeping the phase control  while  monitoring
the  output  timing  relative  to  a  fixed  trigger.  This
information is then used to determine how to manipulate
the timing of  the regenerative  amplifier  trigger  and the
68 MHz mode-locked laser  phase  to  obtain  the  desired
output timing.

Because the phase locking of the mode-locked laser is
performed at 3808 MHz (8×476 MHz, or 56×68 MHz), it
is  possible  for  the  laser  timing  to  jump  by  ~262 ps
(1/3808 MHz) periods.  The time interval counter is also
used to detect  such jumps (“bucket  jumps”),  which are
corrected  automatically  by  software  adjustment  of  the
locking phase and regen trigger.

OPERATING MODES

Calibration
Normally,  calibration  is  only  performed  at  initial

installation, or after a hardware change.

The 3808 MHz vector  phase shifter  is  dialed through
approximately  30 nanoseconds  of  phase  shift  while  the
time interval counter reading is recorded. This determines
the points in the phase shift at which regen jumps occur.
The measured timing is then fit  to a sawtooth curve to

determine  the correct  settings for  the regen  trigger  and
phase  shifter  for  normal  locked  operation.  Both  the
3808 MHz  phase  locking  frequency,  as  well  as  the
119 MHz event timing system base clock from which the
120Hz event triggers are driven, are directly derived from
the 476 MHz RF reference. This makes the time interval
counter measurement more robust, as any jitter in the RF
reference affects both the “start” and “stop” edges for the
counter equally.

Unlocked Frequency Search
When the laser is unlocked, its free-running frequency

is  set  by  a  stepper  motor  which  coarsely  controls  the
length  of  its  mode-locked  oscillator  cavity.  In  this
operating mode, a frequency counter measurement is used
to drive a software feedback loop which moves the cavity
length motor to adjust the cavity frequency to within 1 Hz
of 68 MHz.  The accelerator frequency and the reference
for  the frequency counter  are  each  clocked by 10 MHz
rubidium (Rb)  references  with  < 1e-9  stability,  making
the frequency search process accurate and repeatable. 

Normal Locked Operation
During normal operation, the oscillator is phase-locked

to  the  RF reference  at  3808 MHz.  Timing changes  are
made  by  shifting  the  phase  of  the  3808 MHz RF and,
where  necessary,  changing  the  trigger  delay  for  the
regenerative  amplifier  in  8.4 ns  (1/119 MHz)  steps  to
avoid regen jumps while shifting phase. 

The  feedback  voltage  on  the  piezo  cavity  length
actuator  for  the mode-locked laser  is  monitored.  If  that
voltage  exceeds  a  set  range,  indicating  that  the  piezo
actuator is nearing the edge of its travel range, the cavity
length control stepper motor is adjusted to allow the piezo
actuator  to  be  centered  within  its  range  of  movement.
This  control  is  important  to  avoid  saturating  the  piezo
amplifier.

If the locking system loses phase lock, a hardware reset
in the feedback circuitry will attempt to re-establish lock.

The phase lock error signal and the frequency counter
are  monitored  in  software  to  determine  if  the  locking
system has both lost  lock and failed to recover.  In  this
case,  the  system will  switch back  “unlocked frequency
search” mode.

Bucket Jump Correction
If the phase locking of the mode-locked laser oscillator

is disturbed, it can briefly lose lock and then re-lock to the
3808 MHz, sometimes ending up at an overall  different
time  relative  to  the  X-ray—a  jump  of  one  or  more
3808 cycles,  referred  to  as  a  “bucket  jump”.  This  is
uncommon, occurring on average less than once per day.
However,  it  needs to be detected and corrected when it
occurs.

In normal locked operation, the time interval counter is
used  to  monitor  the  delay  of  the  regen  optical  output
relative to a fixed trigger. If a timing jump that is close to

Figure 2: Basic laser timing control.
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an integer multiple of ~262 ps (1/3808 MHz) is detected,
then the 3808 MHz phase shifter is directed to move by a
corresponding  integer  number  of  cycles,  returning  the
laser to the correct timing.

Note that because the time interval counter has a noise
of ~20 ps, it is only used to detect bucket jumps (that are
multiples  of  ~262 ps).  Bucket  jumps  are  corrected  by
adjusting the 3808 MHz vector phase shifter, which has a
resolution of up to 4 fs and noise of a few femtoseconds
RMS.

LASER PHASE DETECTION
The  laser-RF  phase  detection  system  measures  the

relative timing of the mode-locked laser  pulses and the
476 MHz  linac  RF  reference.  A  high-bandwidth
(10 GHz)  photodiode  converts  the  68 MHz  train  of
femtosecond laser pulses into a series of electrical pulses.
A narrow bandpass filter then selects the 56th harmonic at
3808 MHz. 

In  parallel,  the  476 MHz  reference  is  multiplied  in
diode frequency multipliers to 3808 MHz, then shifted in
phase by a software-controlled I/Q vector phase shifter.
This output from the phase shifter, and the laser signal of
the  same  frequency,  are  both  downmixed  against  a
3807.75 MHz  local  oscillator  to  250 kHz  intermediate
frequencies (“IF”).

A higher  frequency than  476 MHz was  chosen  for  a
phase detection frequency in order to reduce the dynamic
range  of  the phase  detector.  Power  of  2  harmonics  are
simple  to  generate  with  ×2  multipliers,  and  3808 MHz
was the highest power of two harmonic of 476 MHz that
did  not  have  a  reduced  response  due  to  limited
photodetector  bandwidth,  and  which  could  easily  be
processed  with  conventional  printed  circuit  board
(“PCB”) electronics and fabrication techniques.

The 250 kHz IF signals are compared in phase using a
precision  analog  multiplier  operating  as  a  mixer.  The
phase error output is then used as the input error term in a
phase-locked  loop  (“PLL”)  which  controls  the  cavity
length piezo actuator.

LASER PHASE FEEDBACK
The  laser  phase  locking  system  operates  as  a  PLL

where the output of the phase detector is used to control
the  frequency  of  the  laser.  An  op-amp-based  feedback
loop with infinite gain at DC, and a second-order roll-off
is used as described in Brennan [4]. If the feedback output
saturates,  the loop integrator  capacitor  is  shorted by an
analog switch, which resets the loop and allows the laser
to re-lock. 

The  overall  loop  gain  is  adjustable  with  an  analog-
voltage-based gain control. The loop bandwidth is set in
hardware by the resistors and capacitors in the feedback
loops.  Loop bandwidths between 1 kHz and 4 kHz are
used  depending  on the  dynamic  response  of  each  laser
installation.

HARDWARE DESIGN
The timing system hardware is constructed from a set

of independent modules to allow for easy upgrades and
maintenance. These modules are also used for other RF
systems at SLAC, and are based on the Stanford Research
Systems  (“SRS”)  “Small  Instrumentation  Module”
platform  (“SIM900”).  The  SIM900's  ±5 V  and  ±15 V
power supplies are used extensively, however, its built-in
RS-232 communication is not.

The  custom  locking  electronics  are  fabricated  using
surface  mount  components  on  inexpensive  FR-4  PCB
substrate  (Fig.  4).  This  combination  provides  good
performance at the desired 3808 MHz RF frequency at a
much lower price point compared to PTFE substrate.

The full SIM900 instrumentation crate (Fig.  5, center)
contains:

• Frequency  Multiplier:  Multiplies  the  476 MHz  RF
reference  from  the  accelerator  ×8  to  obtain  a
3808 MHz reference.

• Phase  Shifter:  Adjusts  the phase  of  the 3808 MHz
reference signal based on two analog input voltages
using an I/Q vector modulator.

• Phase  Controller:  Generates  the  analog-voltage-
based I/Q vector to drive the phase shifter. Accepts
commands from governing software to shift phase by
fractions  of  the  I/Q  circle.  Uses  stepper  motor

Figure 3: Laser phase detection.

Figure  4:  Frequency  Multiplier  PCB  mounted  in  SRS
SIM9B1 enclosure.
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controller firmware to provide a trapezoidal velocity
profile to the phase shift, and is capable of moves of
> 1e5 cycles of displacement (34 μs at 3808 MHz) at
a slew rate of ~1 ms/s with ~16 fs typical resolution.

• Laser  Receiver:  Selects  the  3808 MHz  harmonic
from the 68 MHz pulse train from the laser detector,
and downmixes it to a 250 kHz IF. The 3808 MHz
reference from the frequency multiplier is processed
in the same way along a parallel path with identical
components.

• Phase  Detector:  Compares  the  phases  of  the  two
250 kHz IF signals with a precision analog multiplier
(Analog Devices AD734) operating as a mixer.

• PLL: Provides the lead / lag feedback for locking the
laser loop. The loop parameters are programmed by
resistors and capacitors  on an externally-swappable
daughter-card.

• Laser  Interface: Contains  photodiode  signal
conditioning circuitry used for diagnostics.

The  locking  electronics  within  the  SIM900  crate  are 
further  assisted  by  a  trigger  resynchronization  module 
(Fig. 5, above SIM900) which uses the 476 MHz linac RF 
reference to reduce jitter on trigger signals originating 
from the LCLS event timing system.

Hardware Cost
The  per-laser  total  cost  of  the  new  LCLS  locking

system hardware, including all off-the-shelf-components,

is  approximately  US$40,000.  This  is  very  cost-
competitive with commercial  locking systems,  with the
additional  benefit  of  modularity  and  flexibility  in
setup/upgrading.

SOFTWARE DESIGN
The entirety of the controls for  the locking hardware

system are exposed through process variables (“PV”) in
the  LCLS  installation  of  the  Experimental  Physics  and
Industrial Control System (“EPICS”). A layer of EPICS-
based  software  interprets  and archives  system data and
runs  the  slow  loops  governing  the  movement  of  the
oscillator cavity length coarse adjustment motor.

Running  on  top  of  the  EPICS  code  is  a  Python
command  &  control  script  which  consumes  locking
system data  as  well  as  user  input  from EPICS channel
access  (“CA”).  This  program coordinates  movement  of
the  event  triggers  and  of  the  phase  controller  in  the
locking system crate to achieve the desired timing, based
on the desired laser delay as requested by the user.

The command & control program also monitors timing
data  for  anomalies  such  as  bucket  jumps,  or  other
indications that the system cannot operate as designed, for
example, if a photodiode becomes misaligned. Users are
alerted through output EPICS PVs, and if necessary, the
script disables locking system operation pending check-
out and calibration.

Both EPICS and Python are open source frameworks,
making  the  software  for  the  locking  system  portable
without  the  need  for  commercial  licensing  of  any
software tools.

LOCKING SYSTEM PERFORMANCE
The  noise  performance  of  the  LCLS  laser  locking

system  was  measured  using  an  Agilent  E5052  signal
source analyzer (Fig. 6). 

When compared to the original fiber-based LCLS laser 
timing  system [5-6],  phase  noise  between  1 kHz  and 
10 kHz is improved by more than 10 dB. This results in an 
RMS laser / RF reference timing jitter of ~25 fs between 
100 Hz and 10 kHz. Below 100 Hz, phase noise is 
dominated by the noise of the linac RF reference. Future 
efforts to reduce jitter will require improvements to the RF

Figure  6:  Trace  of  Agilent  E5052  phase  noise
measurement of LCLS locking system.

Figure 5: Full laser locking system inside rack enclosure.
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reference, however, the performance of the system in its 
current state is sufficient to fall well within the 1-
picosecond-wide arrival time window of the X-ray/optical 
cross-correlator.

Drift  of  the  RF-based  locking  system  has  been
measured at less than 1 ps/day. This is suboptimal when
compared  to  a  fiber-based  system,  and  future  upgrade
paths  to  the  LCLS  laser  locking  system  include  drift
correction using a parallel fiber distribution system.

As of the writing of this text, the new locking system
has been operating for a cumulative total  of 57 system-
months with only a single hardware failure, and no major
downtime.  When  problems  occur,  they  are
straightforward to address due to the modularity inherent
in the design of the locking system, and easy to debug
using the online diagnostics as well as numerous external
RF connections on the system crate itself.

CONCLUSION
LCLS has created a low-cost, modular, RF-based laser

locking system. The cost and performance of this custom
system  are  very  competitive  with  commercial  locking
solutions. The modularity of the system makes it  easily
repairable  and upgradable.  The software control  for the
system  runs  on  open  source  frameworks  and  does  not
depend on commercial code.

The resulting laser timing jitter of ~25 fs RMS, when
combined  with  the  X-ray  timing  jitter  of  ~60 fs  RMS,
ensures that the optical and X-ray pulses arrive within the
1 ps window needed for the cross-correlator, which gives
users shot-to-shot timing offsets used to order data during
analysis.

The new system has also met  reliability expectations
with only one hardware  failure in  57 system-months of
operation.
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MEASUREMENTS OF COMPRESSED BUNCH TEMPORAL PROFILE
USING ELECTRO-OPTIC MONITOR AT SITF ∗

Y. Ivanisenko†, V. Schlott, PSI, Villigen, Switzerland
P. Peier, DESY, Hamburg, Germany

Abstract
The SwissFEL Injector Test Facility (SITF) is an electron

linear accelerator with a single bunch compression stage at
Paul Scherrer Institute (PSI) in Switzerland. Electro-optic
monitors (EOM) are available for bunch temporal profile
measurements before and after the bunch compressor. The
profile reconstruction is based upon spectral decoding tech-
nique. This diagnostic method is non-invasive, compact and
cost-effective. It does not have high resolution and wide dy-
namic range of an RF transverse deflecting structure (TDS),
but it is free of transverse beam size influence, what makes
it a perfect tool for fast compression tuning.

We present results of EOM and TDS measurements with
down to 150 fs short bunches after the compression stage at
SITF.

INTRODUCTION
Hard X-ray FEL facilities are based upon multi-stage com-

pression of electron bunches. Bunch temporal profile moni-
toring is normally done after each compression stage. The
most common approach is to use an RF transverse deflecting
structure (TDS) [1].

Electro-optic monitor (EOM) represents another method
for bunch temporal profile measurements [2]. The trans-
verse electric field component of a moving charged particle
is enhanced by the Lorentz factor. For an ultra-relativistic
particle the field lines are concentrated in a thin disk, ap-
proaching zero thickness with Lorentz factor growing to
infinity. The disk circumference lies in a plane perpendicu-
lar to the propagation direction. An ultra-relativistic bunch
of particles will induce an electric field which is localized
in the longitudinal extent of the bunch itself. The bunch
length can be measured by sampling the distribution of its
electric field. In electro-optic monitor a traveling electric
field pulse can be converted into a laser pulse modulation of
the same duration in a non-linear crystal. A modulation is
produced on the top of a chirped laser pulse (with time-to-
wavelength correlation) by using the electro-optic spectral
decoding (EOSD) method. It is sufficient to know the spec-
trum of the pulse and its chirp to reconstruct the temporal
profile of a bunch.
Although achievable time resolution is limited, an EOM

has some advantages when compared to a TDS, since it is an
alternative non-invasive technique to measure the longitudi-
nal bunch profile. It requires much less beamline space and it

∗ The research leading to these results has received funding from the Eu-
ropean Community’s Seventh Framework Programme (FP7/2007-2013)
under grant agreement n.°290605 (PSI-FELLOW/COFUND)

† yevgeniy.ivanisenko@psi.ch

is only sensitive to a longitudinal distribution of charge. Both
are time domain measurement approaches with absolute cali-
bration. A TDS allows to measure bunch longitudinal profile
in a larger dynamic range by changing the deflecting gradi-
ent. TDS has the best resolution achieved to date [3]. But
it needs a separate RF system, and destroys the measured
bunch.

EOM SETUP AT SITF
The SwissFEL Injector Test Facility (SITF) is a 250 MeV

linear accelerator with a single bunch compression stage.
There are two EOMs installed at SITF: one in front of and
one behind the bunch compressor. A TDS is installed 1
meter downstream of the second EOM.
The EOSD measurement scheme is shown in Fig.1. An

in-house developed fiber laser oscillator generates about 1 nJ
pulses with the wavelength of 1030 nm and the spectral band-
width of 25 nm at 40MHz. A pulse picker lowers repetition
rate to 1MHz in front of an amplifier, that boosts up the pulse
energy to 5-10 nJ. A grating compressor pre-compensates
dispersion caused broadening of the pulse in the long fiber
to the tunnel.

A 2mm thick GaP crystal is installed in the vacuum beam
pipe on a specially designed actuator platform with all other
optical elements responsible for laser transport and polariza-
tion control. In case the crystal is put in the whole assembly
moves not disturbing the internal alignment. The laser en-
ters the vacuum through an optical view port and is directed
to the crystal by a mirror. Then it propagates through the
crystal, and it is reflected back at the end facet. After this
it moves against the direction of the electron bunch and is
guided out of the beam pipe to a spectrometer.
The linearly polarized laser beam is almost blocked by

nearly crossed polarizers configuration without external elec-
tric fields. The laser light polarization is changed due to the
electro-optic effect in the crystal in presence of an electron
beam. In perfect case laser pulse has to propagate in the
crystal synchronously to the electric field envelope of an

e-bunch
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pixel array
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Figure 1: EOM setup scheme.
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Figure 2: Spectrum to time calibration curve.

electron bunch. On practice the crystal bandwidth is sub-
stantially limited, hence the synchronicity with respect to
the laser cannot be supported for the entire spectral range of
the envelope.
The electron bunch temporal profile is now imprinted

into a polarization modulation of the chirped laser pulse. It
is converted into an intensity modulation after the second
polarizer. An optical spectrometer is used to record the
modulated laser spectrum. The laser pulse chirp calibration
is required to map the spectrum into time. It is done by
shifting the laser pulse arrival time by a known amount and
registering the modulation shift in terms of wavelength. The
final calibration (Fig. 2) is derived from a fit of time versus
wavelength data with at least 3-4 points, generally depending
on the fit model.

EXPERIMENTAL RESULTS
All bunch duration values are root mean square (RMS)

values of a fitted gaussian distribution. Error bars indicate
statistical error of 10 consequent measurements for TDS
and 100 for EOM both at 2-3 Hz repetition rate with stable
operation conditions. Bunch charge was kept at 100 pC
during the entire period of measurements. Profile plots are
showing the amplitude of the relative laser pulse modulation
of the EOM, the TDS signal is normalized to match its peak
with the EOM data. EOM and TDS do not have synchronous
readout and the corresponding measurements are done in
sequence one after the other.
RMS bunch length after the electron gun is 2.9 ps and

down to about 100 fs after compression. Bunch energy is
200MeV for all of the experiments described below. The
phase of the last acceleration module is varied to control
the bunch length. The energy reduction due to stronger off-
crest phases is compensated by a higher gradient of another
accelerating module.

Comparison with TDS
The aim is to study the dynamic range and resolution of

the EOM behind the SITF bunch compressor. Reference
measurements are done using the TDS. The measurement
overview is in Fig. 3 in terms of bunch duration. The EOM
bunch length results agree with the TDS in the range from
340 fs to 1.8 ps. The measured bunch profile is strongly dis-
torted beyond the lower margin. Frequency mixing effect is
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Figure 3: Bunch length measurements with EOM and TDS.

responsible for laser pulse spectrum deformations in case the
frequency content induced by EO modulation is comparable
with that of the probing laser pulse [4]. One solution is to
reduce the laser pulse chirp at the crystal. In our experiment
the full available compression of the laser pulses was ap-
plied to achieve the minimum chirp. Each additional grating
compressor reduces the pulse energy by one third, therefore
it would need more pulse energy from the laser. A feasible
way is to reduce dispersion by using a shorter fiber to the
tunnel.
The longest bunch was measured with stronger chirped

laser pulses. Signal to noise ratio falls down to one in this
case and no reliable fitting can be applied for bunches longer
than 1.8 ps. The laser spectrum stability can be improved to
increase signal to noise ratio. The situation becomes better
for the nominal 200 pC bunch charge. Thicker EO crystal
would result in larger modulations, but it would decrease the
resolution due to stronger THz envelope dispersion. One
could equip a in-vacuum actuator with several EO crystals
of different thickness to cover broader bunch length range.

Three single shot profile pairs are shown in Fig. 4 (a,b,c)
and one profile taken with a bunch after non-linear compres-
sion (Fig. 4(d)). Figure 4(a) indicates the situation when
frequency mixing distorts the profile shape and limits the
EOM resolution to about 300 fs. Bunch profiles of a gaussian
shape were obtained in the measurement with 310 ± 20 fs
pulses (plot (b)). The EOMbunch length value is 10% higher
with respect to the value acquired by TDS. The profile pe-
culiarities are completely smeared out by frequency mixing.
Plots (c) and (d) represent bunch temporal profiles in case
of linear and non-linear compression correspondingly. The
triangular shape in the second plot has more high frequency
content, which is more sensitive to broadening by frequency
mixing.
EOM profiles in Fig. 5(a) are obtained from single shot

measurement series. Bunch arrival time jitter is excluded
by matching centers of all distributions to make comparison
easier. The spread of amplitudes is 12%, the bunch charge
stability is better than 1%. The modulation amplitude is
clearly correlated to arrival time (Fig. 5(b)), but the modula-
tion duration is not as much correlated. Therefore it cannot
be related to the bunch current fluctuation, but rather some
internal EOM modulation efficiency which drops towards
the trailing part of the laser pulse.
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Figure 4: Bunch temporal profiles.

Role of Transverse Beam Size
The EOM measures longitudinal charge distribution and

should not be influenced by transverse beam parameters.
This assumption was tested by measuring with transversely
defocused bunches after compression. The quadrupole mag-
net to the EOMdistance is 1.6m, the magnet to TDS distance
is 2.5m. TDS measurements are presented with and without
beam size subtraction. This procedure subtracts a trans-
verse profile of unstreaked beam from the streaked beam
size quadratically. The results are summarized in Fig. 6.

Blue line and points represent TDS results without beam
size subtraction. The unstreaked beam contribution is neg-
ligible when the beam optics is optimized for the best tem-
poral resolution at the TDS screen (Iquad = 1 A). Now
we change the quadrupole magnet current and observe the
growth of the unstreaked distribution up to almost 3 times
the streaked beam size matched to the screen. The value
measured with EOM goes only slightly down. It can be
caused by transverse-longitudinal coupling of the bunch due
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Figure 5: 15 consequent shots, settings like in Fig.4(c).
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Figure 6: Bunch duration versus transverse size.

to residual dispersion. The main conclusion is that EOM
measurements do not require transverse matching in very
broad range of transverse parameters.

CONCLUSIONS
EOM measurements of temporal profile with compressed

bunches were successfully carried out at SITF. A direct
comparison to TDS has shown that in current state the EOM
system is capable to cover the range between 300 fs and
1.8 ps. Measured temporal profiles agree well with TDS in
the mentioned range. Frequency mixing deforms spectrum
already at the modulation length of 340 fs and it also smears
out shorter profile features of longer bunches.

SwissFEL will require to resolve about 200 fs pulses after
the first bunch compressor in nominal mode, which is not
yet covered by the EOM. The resolution can be improved by
using 3 times as small pulse chirp as currently.
An experimental test was performed to demonstrate that

EOM requires no transverse optics matching prior to bunch
lengthmeasurements. This fact makes it a perfect tool for fast
tuning of bunch compression, while transverse re-matching
time can be spared for the final setup.
An electro-optic monitor possesses several advantages

over TDS. It is a compact, non-invasive, much cheaper diag-
nostic equipment for bunch temporal profile measurements.
Nowadays it can be built utilizing a reliable commercial
femtosecond laser. It certainly lacks the dynamic range and
resolution of TDS, but better laser spectrum stability and a
shorter fiber to the tunnel can already contribute significantly
to improving the resolution range.
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COHERENT RADIATION DIAGNOSTICS FOR LONGITUDINAL BUNCH
CHARACTERIZATION AT EUROPEAN XFEL
P. Peier, H. Dinter, and Ch. Gerth, DESY Hamburg, Germany

Abstract

European XFEL comprises a 17.5 GeV linear accelera-
tor for the generation of hard X-rays. Electron bunches
from 20 pC to 1 nC will be produced with a length of a
few ps in the RF gun and compressed by three orders of
magnitude in three bunch compressor (BC) stages. Euro-
pean XFEL is designed to operate at 10 Hz delivering bunch
trains with up to 2700 bunches separated by 222 ns. The
high intra-bunch train repetition rate offers the unique pos-
sibility of stabilizing the machine with an intra-bunch train
feedback, which puts in turn very high demand on fast longi-
tudinal diagnostics. Two different systems will be installed
in several positions of the machine. Five bunch compres-
sion monitors (BCM) will monitor the compression factor
of each BC stage and be used for intra-bunch train feedbacks.
A THz spectrometer will be used to measure parasitically
the longitudinal bunch profile after the energy collimator at
17.5 GeV beam energy. We will present concepts for fast
longitudinal diagnostics for European XFEL based on co-
herent radiation, newest developments for high repetition
rate measurements and simulations for the feedback capa-
bility of the system.

INTRODUCTION
European XFEL will be a linac-driven hard X-ray free

electron laser operating at wavelength down to 0.1 nm [1].
The machine will produce up to 2700 short (2-100 fs) X-ray
pulses per macro pulse (10 Hz) with a repetition rate of up to
4.5 MHz. The X-ray pulse generation requires kA peak cur-
rent of the electron bunches which will be achieved by three
stages of bunch compression (BC0, BC1 and BC2 in Fig. 1).
The corresponding bunch lengths are indicated in Table 1
(source: start-to-end simulations [2]). A high power laser

Table 1: RMS electron bunch lengths in European XFEL
for three different charges. Highlighted row: used in simu-
lations.

Charge Gun BC0 BC1 BC2
20 pC 4.5 ps 1.5 ps 180 fs 5 fs

100 pC 4.8 ps 1.6 ps 200 fs 12 fs

1000 pC 6.8 ps 2.2 ps 300 fs 84 fs

will generate 4 ps - 7 ps rms long electron bunches in the nor-
mal conducting photocathode gun. In the subsequent super
conducting acceleration module (1.3 GHz) and the longitu-
dinal phase space linearizer (3.9 GHz) the beam gets an en-
ergy of 130 MeV. In BC0 the bunches are compressed by a
factor of three before they are accelerated to 700 MeV in the

first part of the linear accelerator (L1). In the second com-
pression stage (BC1) the length of the bunches is reduced by
a factor of eight and they are accelerated to 2.5 GeV in L2.
In BC2 the bunches are compressed to their final length (fs
level) and in L3 they are accelerated to the maximum energy
of 17.5 GeV. The electrons are then transported through an
energy collimator to the distribution area and to SASE1 or
SASE2 undulator beamlines, respectively.

Stable X-ray SASE output requires among other parame-
ters precise control of the longitudinal shape of the electron
bunches. The longitudinal shape is tailored only in the BCs.
Bunch compression is achieved with an accelerating mod-
ule running off-crest to induce an energy chirp in the elec-
tron beam and a magnetic chicane. In operation the com-
pression level is mainly defined by the phase setting of the
corresponding acceleration module. Five bunch compres-
sion monitors (BCM), three independent and two redundant,
will measure at full repetition rate a quantity that is directly
related to the current profile. The independent BCMs are
the monitors of a feedback system controlling the RF phase
settings. In addition one broadband infrared spectrometer is
used to resolve accurately the final longitudinal bunch pro-
file with single bunch resolution. It will be installed after the
energy collimator where the electrons are fully compressed
and have their final energy of 17.5 GeV. The spectrometer
works best for short bunches producing short wavelength
diffraction radiation.

In this paper, we will describe the requirements on the
BCMs and feedback system in European XFEL as well as
design considerations for the monitors. The performance
of the whole system is estimated using simulation tools
and operation experiences gained at the VUV Free-electron-
LASer-Hamburg (FLASH).

MONITORING THE LONGITUDINAL
BUNCH SHAPE

Requirements and Concepts

Table 2: Longitudinal diagnostic requirements overview
(numbers in brackets: injector).

Charge 20 - 1000 pC

Energy (0.005)0.13 - 17.5 GeV

Bunchlength 5 - 2000(7000) fs rms

RF phase stability 0.01 deg

Bunch spacing min. 222 ns

Repetition rate 10 Hz
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Figure 1: Main components of European XFEL.

Several longitudinal diagnostic systems have to be in-
stalled in European XFEL to cover the complete parame-
ter range listed in Table 2. The current profile can be ac-
curately monitored with a longitudinal profile monitor [3]
consisting of a transverse deflecting structure (TDS, [4]) in
combination with fast kicker magnets and off-axis screens.
One bunch out of the bunch train is streaked in the TDS and
kicked to the profile monitor where it is recorded by a cam-
era. The TDS system offers direct profile measurement of
a single bunch with femtosecond resolution. However, the
system is destructive to the electron bunch and not capable
of measuring all bunches in a bunch train. It is not sensitive
to variations over the bunch train which may be caused by
phase drifts of the low level RF (LLRF). The TDS based
longitudinal profile monitor will be the reference system.

The longitudinal bunch shape determines the spectral
content of the coherent radiation emitted by the electrons
when passing a discontinuity such as Coherent Synchrotron
Radiation (CSR), Coherent Diffraction Radiation (CDR),
and Coherent Transition Radiation (CTR). The spectral
density distribution of the coherent radiation emitted by a
bunch composed of N electrons is given by Eq. 1, where
d2P0/dωdΩ denotes the single electron spectrum for the
process under consideration and F (ω,Ω) the longitudinal
bunch form factor. F is the normalized Fourier transform
of the longitudinal current profile.

d2P
dωdΩ

=
d2P0

dωdΩ

(
N + N (N − 1) |F (ω,Ω) |2

)
(1)

Spectrally resolved measurements of the coherent radiation
with a spectrometer directly yield the absolute value of the
(complex) formfactor (CRISP4). The actual longitudinal
bunch shape can be derived by making certain assumptions
and using mathematical reconstruction methods [5]. By in-
tegrating the spectral intensity in a certain frequency range,
we get a single signal that is correlated to the current pro-
file of the bunch (BCM). Small variations in bunch shape
lead to variations in the detected signal and can be used as
monitor signal for the feedback system.

The longitudinal current profiles of a bunch with 100 pC
bunch charge at several positions in the machine are de-
picted in Fig. 2. The corresponding formfactors are shown
in Fig. 3. Analyzing the curves in Fig. 3 we find that THz
detectors have to be used after BC0, BC1 and BC2. There
will be no system to measure the coherent radiation between
the electron gun and BC0 (10 GHz range).
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Figure 2: Longitudinal bunch profile from beam dynamics
simulations.
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Figure 3: Longitudinal form factor derived from beam dy-
namics simulations.

Bunch Compression Monitor (BCM) and 4stage

Coherent Radiation Infrared Spectrometer

(CRISP4)

The BCMs have to be simple and reliable monitors pro-
viding robust signals from each bunch to be used for the RF
phase feedback system. The signal generation should not
depend on the beam orbit and must not disturb the beam it-
self. The monitors are composed of a cubic vacuum cham-
ber, a screen mover and an in-vacuum diffraction radiation
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Figure 4: 3D CAD model of screen station for BCMs and
CRISP4. Courtesy of N. Leuschner, DESY.

screen. The image export of the 3D CAD model of the vac-
uum station is shown in Fig. 4. The generated THz/infrared
radiation is transported through an optical beamline to the
detectors.The BCMs for European XFEL will be very simi-
lar to the proven systems installed at FLASH [6]. There the
BCMs are used for slow RF phase feedback.

CRISP4 was also developed for FLASH [5] and a copy
will be installed in European XFEL. The grating spectrome-
ter was designed to cover the wavelength range from 4 μm to
440 μm with two sets of gratings. 120 pyro-electric sensors
convert the radiation in the respective frequency band into
an electrical signal. At FLASH, CRISP4 is mainly operated
with an off-axis transition radiation screen and fast kicker
magnets. CTR is much more intense than CDR for the same
electron beam parameters but it is destructive to the electron
bunch. Therefore, the system is limited to measure one sin-
gle bunch of the bunch train. At European XFEL, CRISP4
will get the radiation of each bunch of the bunch train from
a diffraction screen. Sufficient intensity is generated by co-
herent diffraction due to the high energy and the high peak
current of the electron bunches. CRISP4 will provide CDR
spectra taken with one set of gratings at full repetition rate.

SIMULATIONS AND RESULTS
In order to design each monitor station and to choose the

most appropriate detectors, the longitudinal bunch proper-
ties, radiation process, radiation transport and detector re-
sponse have to be taken into account. We developed a simu-
lation tool which combines different codes and inputs. We
are now able to calculate the expected signal depending on
the RF phase of the accelerating modules and the BC chi-

Figure 5: Simulation of relative detector response when
changing RF phase by ±0.01 deg versus edge frequency of
THz high-pass filter. (a) pyro-electric sensor, (b) quasi op-
tical detector (Schottky-diode with antenna).

cane setting. And therefore we are able to assess the re-
quired sensitivity of the sensors in order to provide reliable
monitor signals to the feedback system.

Starting from the nominal acceleration module phase and
amplitude settings we varied the phases by a small amount
and calculated the according BCM response for two differ-
ent detectors: pyro-electric sensor (Fig. 5 (a)) and quasi
optical detector based on a Schottky-diode with antenna
(Fig. 5 (b)). The scan range was chosen ±0.01 deg. The
expected signal change was then compared to the noise of
the detectors. With intent to improve the response of our
systems, we also include spectral THz filters into our simu-
lations [7]. The longitudinal formfactors (Fig. 3) are close
to one for low frequencies and therefore small changes in
bunch length will only affect the slope of the formfactors at
higher frequencies. In order to increase the sensitivity of
the BCMs to small changes in bunch length at the expense
of lower signal amplitude, a high-pass spectral THz filter is
used to suppress the low frequencies. The results of the cal-
culations for BC0 are summarized in Fig. 5. The red curves
in both plots denote the relative change of the signal of the
respective detector when changing the acceleration phase
by ±0.01 deg versus the edge frequency of a high-pass THz
filter. The blue band denotes the absolute signal divided by
the noise of the detector.

The relative signal change can slightly be improved when
introducing THz filters, but the noise grows much more.
The signal to noise ratio cannot be improved significantly.
In addition we find that the Schottky-diode with antenna is
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the detector of choice at this location. The oscillations of
the signals correspond to the structure of the longitudinal
formfactor depicted in Fig. 3.

CONCLUSION
The coherent radiation diagnostics for European XFEL is

based on the monitors installed in FLASH. Several proper-
ties have to be improved or adapted. The main improvement
necessary is the modification towards the higher bunch repe-
tition rate (4.5 MHz). The mechanical design is completely
new and has to comply with European XFEL design and
vacuum specifications. A rigid full metal diffraction radia-
tion screen (-holder) will be integrated in all monitors.

Several software tools are available to simulate the com-
plete path: from RF phase setting to detector signal. Sim-
ulation results and experience from FLASH showed that
uncooled detectors like pyro-electric elements (all wave-
lengths) and Schottky-diodes with antennas (long wave-
lengths) are well suited to provide feedback capable signals
for a fast intra-bunch train feedback.
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LONGITUDINAL DIAGNOSTICS OF RF ELECTRON GUN  

USING A 2-CELL RF DEFLECTOR* 

M. Nishiyama
#
, T. Takahashi, T. Toida, K. Sakaue, M. Washio, Waseda University, Tokyo, Japan 

T. Takatomi, J. Urakawa, KEK, Ibaraki, Japan 

Abstract 

We have been studying a compact electron accelerator 

based on an S-band Cs-Te photocathode rf electron gun at 

Waseda University. We are using this high quality 

electron bunch for many application researches. It is 

necessary to measure the bunch length and temporal 

distribution for evaluating application researches and for 

improving an rf gun itself. Thus, we adopted the rf 

deflector system. It kicks the electron bunch with 

resonated rf electromagnetic field. Using this technique, 

the longitudinal distribution is mapped into the transverse 

space. The rf deflector has a 2-cell standing wave π-

mode structure, operating in TM210 dipole mode at 2856 

MHz. It provides a maximum vertical kick of 1.00MV 

with 750 kW input rf-power which is equivalent to the 

temporal resolution of around 58 fs bunch length. In this 

conference, we report the details of our rf deflector, the 

latest progress of longitudinal phase space diagnostics and 

future prospective. 

INTRODUCTION 

A photocathode rf electron gun is now widely utilized 

for an accelerator system in many facilities due to its 

controllability of initial beam profile and ability to 

generate low emittance beam.  In Waseda University, we 

built a compact electron accelerator system based on an 

S-band Cs-Te photocathode rf electron gun. The rf gun is 

an improved BNL type IV 1.6 cell rf gun. It is applied to 

many researches, such as a pulse radiolysis experiment 

for tracing rapid initial chemical reactions by ionizing 

radiation [1], a laser Compton scattering for generating 

soft X-ray [2] and synchrotron radiation and transition 

radiation for generating coherent THz wave [3][4]. In 

these experiments, it is necessary to measure the bunch 

length and temporal distribution for evaluating temporal 

resolution, luminosity and coherence, respectively. The 

measurement of the bunch length is also helpful for 

studying the effect of rf acceleration. Thus, we adopt the 

rf deflector system.  

THE METHOD OF BUNCH LENGTH 

MEASUREMENT USING RF DEFLECTOR 

Figure 1 shows a principle of measuring the bunch 

length and temporal profile using an rf deflector. An rf 

deflector is one of rf cavities. It has been used as a strong 

tool for bunch length and temporal profile measurements 

in FELs and other facilities recently. Electromagnetic 

field of its own resonates in an rf deflector when rf power 

is supplied. In Waseda University, the rf deflector 

generates the electromagnetic field of the TM210 mode. 

Lorentz force gives the transverse momentum on the 

electron beam by the high frequency time variation of the 

magnetic field and the beam is “kicked” horizontally. The 

electric field has no effect on the beam in the rf deflector, 

because it doesn’t exists on the axis of the beam. Thus, 

the rf deflector can convert the longitudinal information 

of the electron beam into the transverse one. Using this 

technique, the temporal profile of an electron beam can be 

obtained directly as an image on screen. 

 

Figure 1: Bunch length measurement using an rf deflector. 

Considering the transfer matrix between the rf deflector 

and the screen, the transverse position of each relativistic 

electron on the screen, Δx, as a function of longitudinal 

position from the bunch centroid along the bunch, Δz, is 

given approximately by 

 Δx =
eV

T

p
z
c
Lsin kΔz +ϕ( ) ≅

eV
T

p
z
c
L kΔzcosϕ + sinϕ#$ %&  (1) 

where c is the light velocity, pz is the longitudinal 

momentum, VT is the deflecting voltage, L is the drift 

length between the rf deflector and the screen, k is the rf 

wave number, and φ is the rf phase [5]. The 

approximation is made that |Δz| <<1/k because the 

longitudinal position is much shorter than the rf 

wavelength of 0.105 m. Operating at the zero-crossing 

phase like Figure 2, we can substitute φ=0 to Eq. (1), 

 Δx =
eV

T

p
z
c
LkΔz  (2) 

This phase gives the best kicking effect with the 

horizontal beam size corresponding to the bunch length 

(σx∝cσt). 

 ____________________________________________  
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Figure 2: The schematic of rf deflection by rf zero-

crossing phase. 

Considering the beam size, from Eq (2), the bunch 

length σt is given by 

 σ
t
=

p
z
c

eV
T
ωL

σ 2

x
on

−σ 2

x
off

 (3) 

and the temporal resolution σt0 is given by 

 σ
t
0

=
p
z
c

eV
T
ωL

σ
x
off

 (4) 

where ω is the rf angular frequency, σxon and σxoff are 

beam sizes when the rf deflector is on and off, 

respectively. From Eq (4), it is clear that the temporal 

resolution can be better when we increase the deflecting 

voltage VT, the angular frequency ω and the drift length L, 

and it can be worse when we increase the beam size σxoff, 

and the momentum pz. ω is unique to the power supply 

and L is limited by the size of the facility. Thus, it is 

necessary to increase the deflecting voltage VT and to 

decrease the beam size σxoff for better temporal resolution.  

DESIGN AND MANUFACTURE OF RF 

DEFLECTOR [6] 

We used HFSS (High Frequency Structure Simulator) 

for the design of the rf deflector cavity and GPT (General 

Particle Tracer) for the evaluation of its performance. We 

carried out a simulation imposing the boundary condition 

which generates the electromagnetic field of TM210 mode 

in the cavity. Comparing an rf deflector of a rectangular 

geometry with that of a pillbox geometry, magnetic field 

on the axis of the beam in the rectangular rf deflector was 

stronger than the pillbox one. From the viewpoint of the 

Q value, the length in the x direction should be 1.4 times 

longer than the length in y directions. As for the length in 

the z direction, we started to study the length of time 

which the beam in the cavity was the half cycle of the 

magnetic field cycle, assuming that the beam has the light 

velocity. To increase the Q value of the cavity, we 

optimized while reducing as much as possible the energy 

losses in the cavity wall, increasing the most magnetic 

field strength in the cavity by reducing the surface of the 

cavity with rounded corners of a rectangular rf deflector. 

However, it became clear that this rf deflector could not 

measure the bunch length of 100 fs with any design 

because the power supply from the Klystron is limited in 

our accelerator system. Therefore, to achieve much better 

temporal resolution, we started to design the 2-cell rf 

deflector. The deflecting voltage VT of the 2-cell rf 

deflector is 1.41 times higher than that of 1-cell rf 

deflector. After all, we designed the impedance matching 

with the waveguide using HFSS and adjusted the length 

in the z direction by evaluating the deflection of an 

electron beam using GPT. Figure 3 shows the photograph 

of the rf deflector. The parameters of the manufactured rf 

deflector and the designed rf deflector are given in Table 

1. The parameters of the manufactured rf deflector are 

almost as designed. Figure 4 and Figure 5 shows the 

result of magnetic field distribution measurement by bead 

perturbation method and that of rf resonant frequency 

measurement by reflecting method using the network 

analyzer respectively. The ratio of magnetic field peak in 

the 2-cell was almost 1:1 as designed and the 

electromagnetic field of π-mode is resonated around 2856 

MHz. It provides the deflecting voltage of 1.00MV with 

750 kW input rf power which is equivalent to the 

temporal resolution of around 58 fs bunch length with 

beam size of σxoff. 

 

 

Figure 3: The photograph of the rf deflector. 

Table 1: Parameters of RF Deflector 

Parameters Results Design value 

π-mode 
2855.348 

MHz 

2855.372 

MHz 

0-mode 
2859.874 

MHz 

2859.922 

MHz 

Δf 4.526 MHz 4.55 MHz  

Q value on π-mode 16298 17282 

Ratio of magnetic field 1:0.9875 1:1 

Coupling constant β 0.839 1.000 
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Figure 4: Result of magnetic field distribution 

measurement. 

 

Figure 5: Result of rf resonant frequency measurement. 

MEASUREMENT OF BUNCH LENGTH 

AND TEMPORAL PROFILE USING RF 

DEFLECTOR 

Confirming the rf deflector was manufactured almost as 

designed, we installed the rf deflector in the accelerator 

system at Waseda University and carried out the 

measurement of the bunch length and temporal profile. 

Figure 6 shows the setup for the measurement. 

 

Figure 6: Setup for the bunch length measurement. 

In the accelerator system, Nd: YLF laser is used as the 

seed laser for the rf gun. It oscillates infrared pulsed laser 

of which the wavelength is 1047 nm. Then the required 

number of pulses are picked up, amplified, and converted 

to ultraviolet pulses. These pulses have the pulse width of 

about 4 ps and the wavelength of 262 nm. They are 

irradiated to the Cs-Te cathode of an rf gun almost 

perpendicularly. The rf gun is the uppermost of the 

beamline and a solenoid magnet is after the rf gun to 

compensate the emittance increase due to space charge 

effect. Two quadrupole magnets to focus the beam size 

σxoff are 1.28 m and 1.38 m away from the cathode. The rf 

deflector is 1.55 m and is supplied rf power of 750 kW 

separated from the Klystron output of 10MW using the 

directional coupler. Proper amount of rf power can be 

supplied with the attenuator so that all of the electron 

beam is projected on the screen. The rf phase of the 

deflector is determined independently from the rf phase of 

the gun with the phase shifter put after the directional 

coupler. 2.27 m away from the cathode, the screen is 

installed for measuring the beam profile. Therefore, the 

drift length L is 0.72 m. 

At the measurement of the bunch length, we first 

calibrated the deflecting voltage VT. From Eq. (1), the 

centroid of the electron beam (Δz=0) with rf phase shift is 

given by 

 Δx =
eV

T

p
z
c
Lsinϕ  (5) 

Thus, we can calculate the deflecting voltage VT by 

measuring the amplitude of a sinusoidal curve which the 

centroid of an electron beam draws with the rf phase shift. 

Figure 7 shows the result of the centroid shift. The 

deflecting voltage is calculated to be about 0.40 MV with 

the rf power of 192 kW from the amplitude of 12.195 mm 

using Eq. (5).  

 

Figure 7: Deflecting voltage calibration. 

Then we carried out the measurement of the bunch 

length and temporal profile. Figure 8 shows the typical 

electron beam profiles with rf deflector “off” (left) and 

“on” (right). The bottom line profiles show the projection 

to x direction. The charge of the electron beam was about 

200 pC in this experiment. Temporal information is 

clearly projected on the screen. From the beam size σxoff 

=365 µm when the rf deflector was “off”, and the beam 

size σxon=4.20 mm when the rf deflector was “on”, the 

bunch length was calculated to be about 3.79 ps using Eq. 

(3). This result is consistent with the pulse width of 

ultraviolet laser, 4 ps, irradiated to the cathode. 
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(8-a) (8-b) 

Figure 8: Electron beam profiles with rf deflector “off” 

(8-a) and “on” (8-b). The bottom line profiles show the 

projection to x direction. 

Changing the charge to 1 nC by controlling the 

intensity of ultraviolet laser, we also carried out the 

measurement. Figure 9 shows the result. 

 

Figure 9: Electron beam profile. The bottom line profiles 

show the projection to x direction. 

Comparing Fig. 9 with Fig. 8-a, the beam profile and 

the projection to x direction of both figures are different. 

The profile and projection in Fig. 9 are expanded due to 

the space charge effect with higher charge of 1 nC. 

We also changed the rf phase of rf gun and carried out 

the bunch length measurement when the charge is 200 pC 

and 1 nC. Figure 10 and Figure 11 are the results of bunch 

length measurement when the charge is 200 pC and 1 nC 

respectively. 

 

Figure 10: RF phase dependence of the bunch length, 

beam energy, and charge (200 pC). 

 

Figure 11: RF phase dependence of the bunch length, 

beam energy, and charge (1 nC). 

Comparing Fig. 10 with Fig. 11, the bunch length 

increases in both figures with the increase of the rf phase. 

This is because the charge of electron beam increases 

with the increase of the rf phase. Considering the bunch 

length in detail, not only the absolute value but also the 

variation of the bunch length is larger when the charge is 

1 nC due to the space charge effect. 

 

SUMMARY AND PROSPECTS 

Using the rf deflector, which we designed for our 

accelerator system, we succeeded in measuring the bunch 

length and temporal profile of an electron beam generated 

from the photocathode rf gun at Waseda University. For 

the measurement, the deflecting voltage was calculated to 

be about 0.40 MV with the rf power of 192 kW 

experimentally. The bunch length dependence on the 

charge of the electron beam and on the rf phase of the gun 

was obtained from this measurement. The charge is the 

key factor in the bunch length measurement. In near 

future, we will carry out the experiment to obtain the 

phase space of the electron beam using the rf deflector 

and a bending magnet. Through these experiments, we 

will examine the dynamics of the electron beam generated 

from the rf gun in Waseda University and utilize the rf 

deflector to cater to applied reseaches. 
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COMMISSIONING AND RESULTS FROM THE BUNCH ARRIVAL-TIME
MONITOR DOWNSTREAM THE BUNCH COMPRESSOR AT THE

SwissFEL INJECTOR TEST FACILITY

V. Arsov#, M. Aiba, M. Dehler, F. Frei, S. Hunziker, M. Kaiser, A. Romann,V. Schlott, 
PSI, Villigen, Switzerland

Abstract
A high bandwidth Bunch Arrival-Time Monitor (BAM)

has  been  commissioned  downstream  the  bunch
compressor at the SwissFEL Injector Test Facility (SITF).
A new acquisition front  end allowing utilization of  the
ADC  full  dynamic  range  was  implemented.  The
resolution  was  measured  as  a  function  of  the  bunch
charge  for  two  different  electro-optical  intensity
modulators  (EOM).  BAM  measurements  of  machine
relevant  parameters  were made.  A comparison with the
results from other diagnostics shows good agreement.

INTRODUCTION
SwissFEL is planned to start user operation in 2017 at

charges  between 10 pC -  200 pC [1]. To secure  stable
machine operation by applying feedbacks, as well as for
decoupling of error  sources manifested  as bunch arrival
time jitter, the latter should be measured non-destructively
with resolution of 10 fs. In addition, BAM should have a
low drift in the order of 10 fs/day. Such requirements are
fulfilled  for  a  scheme  based  on  Mach-Zehnder  type
electro-optical  modulator  (EOM)  [2],  interfaced  to  a
single-mode optical  fiber  link,  through  which  reference
laser pulses from a mode locked laser (few 100 fs pulse
duration)  are  distributed  [3].  These  fiber  links  are
stabilized in length via optical cross-correlation. A pick-
up signal generated from the electron bunch is sampled at
zero crossing with one of the reference laser pulses. At
zero  crossing  this  pulse  is  not  modulated,  but  any
temporal-offset  of  the  beam  produces  a  modulation
voltage,  which  is  converted  in  the  EOM  to  amplitude
modulation.  With  proper  calibration,  this  amplitude
modulation  is  interpreted  in  terms  of  arrival-time.  An
advantage of the method is that when acquiring the BAM
signal  with a  fast  ADC by sampling the amplitude and
baseline points of the laser pulse-train, not only the pulse
which interacts with the electron bunch is measured, but
also multiple  pulses  preceding  it,  thus  obtaining  online
information about the instantaneous BAM resolution. The
technical  difficulty is, that for the low charges foreseen
for  Swiss  FEL,  the  pick-up  response  is  small,  thus
limiting  the  resolution,  as  demonstrated  with  the  first
BAM  prototype  installed  in  SITF upstream  the  bunch
compressor [4].  This paper describes the commissioning
of a second BAM downstream the bunch compressor, for
which several  improvements  were implemented,  aiming
for higher resolution at low charge.

IMPROVEMENTS IN THE BAM SETUP
The general system topology and schematic layout  was

already  described  in  [4].  The  new  BAM  front-end  is
located  close  after  the  last  dipole  of  the  SITF  bunch
compressor. Among the improvements aiming to increase
the resolution is the use of higher bandwidth components.
The  EOMs  are  40  GB/s  (33  GHz),  PowerBit  SD40
(Oclaro) and MXAN-LN40 (Photline) installed in the first
and  the  second  BAM  channels.  All  the  RF cables  are
PhaseMaster160 from Teledyne with 40 GHz band width,
low-drift at 24°C and with low sensitivity to radiation [5].
The pick-up Type KX00-0258 with cone-shaped buttons
and 40 GHz bandwidth was developed by DESY and TU-
Darmstadt  for  the  European  XFEL  and  produced  by
Orient  Microwave  [6].  The  design  is  for  the  European
XFEL  beam  pipe  diameter  of  40.5  mm.  The  vacuum
chamber is adapted on  both sides to the 38 mm beam
pipe of the SITF with 20 cm long tapers. For SwissFEL
the same cone-shaped button pick-up feedthroughs were
adapted  for  16  mm  beam  pipe  diameter.  A  prototype
KX00-0293 has been ordered at Orient Microwave and is
expected  to  arrive  for  test  at  PSI  at  the  beginning  of
September.   It  is  expected  that  the  smaller  beam pipe
diameter  of  SwissFEL  will  provide  for  stronger  RF
signals, thus improving the resolution at low charge.

The only low bandwidth components inherited from the
first  BAM  are  the  limiters  N9356C (25dBm threshold,
26.6  GHz  bandwidth,   Agilent),  which  allow  higher
voltages  and  full  utilization  of  the  EOM  half-wave
voltage range. A higher bandwidth limiter Type N9355F
(50 GHz, 10 dBm) was  also tested, but for higher input
voltages than the nominal 10 dBm it starts to distort the
signal, thus spoiling the resolution.

The  next  modification  aiming  the  achievement  of
higher resolution at low charge is the combination of a
photoreceiver  and  an  offset-DAC.  The  photoreceiver
accepts higher input  optical powers (~2mW) and has 3V
pk-pk output at 0.5mW optical  input. The amplification
stage  is  externally  accessible,  allowing  optimal
adjustment of the  RF signal thresholds, thus preventing
saturation.  The offset-DAC shifts the RF signal by a DC
voltage to optimally match it to the acquisition ADC input
thus utilize the full resolution (presently 12 bit). The use
of this combination showed considerable improvement in
the BAM resolution, which otherwise was unsatisfactory
despite  the  high  bandwidth  components  [7].  A  16  bit
ADC which is expected to further improve the resolution
was recently installed and beam tests are pending.   ______________________________________________

#vladimir.arsov@psi.ch
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Another improvement for BAM is the implementation
of  continuous  bunch  synchronous  acquisition.  The
concept  is  described  in  [8],  therefore  it  will  only  be
summarized shortly here.  The raw BAM traces from the
two BAM channels are stamped with the bunch ID within
the  10  Hz  cycle  and  passed  to  the  server  as  a  single
EPICS structured record. On the server side there are two
buffers,  which  continuously  exchange  –  while  the  first
one is filled with data, the second one is slowly read at
about  1  Hz  with  a  high  level  application,  e.g.  Matlab.
There  the traces  are  split  back  and converted  to  bunch
stamped arrival-time and instantaneous BAM resolution
values.  The continuous stamping has 100% reliability (no
invalid events) with occasional slippage, i.e. omission of a
following event (<0.1 ‰ occurrence). 

BAM MEASUREMENTS

BAM Charge Sensitivity
Figure 1 shows the pick-up charge response of the first

BAM channel  when  the  reference  laser  pulse  is  swept
across the RF transient with a vector modulator.

Figure 1: BAM pick-up signal sensitivity on the charge
for the EOM1: PowerBit SD40 (Oclaro).

In the range 90pC – 200 pC the pick-up response was
strong  enough  to  engage  the  limiter  and  to  completely
utilize the EOM half-wave voltage range (V = 4.6 V). In
this charge range the measured BAM resolution was 10 fs
– 13 fs (Figure 2, red circles), which at these conditions is
solely limited by the 12 bit ADC. For lower charges the
pick-up response was weaker and 100% modulation could
not  be  achieved.  The  resolution  was  correspondingly
lower, reaching 40 fs at 25 pC (Figure 2, red circles).

Figure 2: BAM resolution for the two EOM channels as a
function of the bunch charge.

The EOM of the second BAM channel (MXAN-LN40,
Photline) has a halve-wave voltage  in the order of 9 V.
The pick-up response was similar to the one of Figure 1
(same type of pick-up), but due to the larger V the slope
steepness  is  smaller  and  so  is  the  measured  resolution
(Figure 2, yellow triangle) . For EOM2 the resolution in
the range 90 pC - 200 pC varied between 12 fs -16 fs and
for 25 pC was reduced to 60 fs.

Measurement  of  the  Bunch  Compressor
Dispersion Parameter R56  with BAM

The bunch compressor (BC) dispersion parameter R56

was measured in two ways. An established method is to
use a transverse deflecting structure (TDS) and measure
the position offset on a BPM when the energy  is varied in
a  small  range  E.  This  method  is  destructive  for  the
beam.  The  alternative  non-destructive  method  is  to
measure the arrival time offset t with BAM for the same
small energy change. All cavities were operated on-crest
(no  compression),  including  the  one  used  normally  to
produce  an energy  chirp on the beam for  compression.
This cavity will be called FINSB03 further in the text. 

Figure 3: Scheme of the R56 measurement with the TDS
and BAM. Beam energy E1(red) < E2(green) < E3(blue).

The measurement is schematically shown on Figure 3.
The higher energy beams (blue) take the shorter path in
the bunch compressor  and arrive  earlier  at  the detector
(BAM2). On contrary, the lower energy beams (red) take
the longer path in the bunch compressor and arrive later at
BAM2.  Similarly,  the  time-dependent  transverse
deflection  from  the  TDS  results  in  different  beam
positions on the BPM, which are proportional to the small
relative energy variation. A measure for the strength of
the effect is the BC dispersion parameter R56. Equation (1)
shows the  dependence  between the arrival  time change
and the energy change:  

(1)

Prior  to  the  R56 measurement,  the  beam energy  was
precisely  measured  as  a  function  of  the  low-level  RF
input to FINSB03 with a dipole spectrometer situated at
the  end  of  the  machine.  A set  value  variation  between
0.2584 and 0.2784 (a.u.)  corresponded to bunch energy
variation of (200.70 ± 2.95) MeV. 

R56 was calculated from equation 1, where  the arrival
time  was  measured  with  BAM.  For  this  particular
measurement the charge was 45 pC for which the BAM
resolution  was  24  fs.  An  example  for  one  such
measurement is shown on Figure 4, where the arrival time

δ t=
R56

c0

⋅
Δ E
E
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is plotted as a function of the above mentioned FINSB03
set energy variation. R56 is determined from the slope of
the linear fit by accounting of all calibration constants.  

Figure 4:  Example of the BAM sensitivity on FINSB03
amplitude change at on-crest operation corresponding to
energy variation of (200.70 ± 2.95) MeV.

Several  sets  of  such  measurements  were  made  for  a
fixed BC angle to evaluate the statistical errors. The BC
angle  was  varied  between  1°  and  5°.  The  results  are
shown on Figure 5 for the TDS  and BAM. The error bars
are the rms values from the multiple measurements at a
fixed angle.  Both methods show good agreement with the
theoretical curve (solid line).

Figure  5:  Measurement  of  the  R56  for   different  BC
angles with TDS and BAM.

Measurement of the Energy Jitter with BAM
For  this  measurement,  the FINSB03 cavity,  normally

used  to  produce  an  energy  chirp  on  the  beam  for
compression,  is  operated  at  the  negative zero-crossing,
thus decompressing the beam. The principle is shown on
Figure 6 schematically.

Figure 6: Arrival time dependence on the energy change
DE/E  caused  by  the  RF  field  U =±U 0sin(2π ft )  
at  zero-crossing  with  a  gradient  slope

S =
Δ E
E

1
t
=

1
E

dU (t )
dt

∣t=0 .

Usually  for  bunch compression,  FINSB03  is  set  off-
crest  on the  positive slope S  to create an energy chirp,
such that the beam head gains less energy  than the beam
tail, leading to compression in the magnetic chicane.

In the proposed measurement, FINSB03 was operated
at  zero-crossing  at  the  negative  slope,  thus
decompressing the beam. At these conditions, the initial
arrival time jitter is enhanced. To quantify the effect, the
reciprocal compression factor FC is introduced:

(2)

The compression  factor  is  the  ratio  between  the  rms
bunch  lengths  before  and  after  the  bunch  compressor,
with a larger compression factor meaning shorter bunch.
In  equation  (2) the  reciprocal  compression  factor  FC is
expressed in terms of arrival time t and arrival time offset
t  behind the  bunch  compressor  and  measured  with
respect to the bunch centre. FC  > 1 means bunch arrival-
time  delay  and timing  jitter  increase  (decompression),
whereas  FC  <  1  means  earlier  bunch  arrival-time  and
timing jitter decrease (compression).  

Figure 7: Arrival-Time jitter change when the FINSB03
cavity is cycled between on-off-on state. A clear decrease
of  the  arrival  time  jitter  (lower  plot,  green  trace)  to
roughly 150 fs in the off-state is visible. The red curve on
the lower plot is the instantaneous BAM resolution.

The effect of the  timing jitter increase is illustrated in
Figure 7,  showing the arrival  time (upper plot) and the
arrival time jitter (lower plot). The lower plot shows also
the instantaneous BAM resolution, measured online and
simultaneously with the arrival time traces. The average
BAM resolution was 20 fs at 50 pC.

Initially FINSB03 was turned on and set at the negative
zero-crossing slope, leading to a large arrival time jitter
band in the  order  of  250fs  (rms).  When FINSB03 was
switched off, no additional energy chirp was induced to
the beam and the jitter band  shrunk  to  roughly 150 fs
(rms).  Eventually  FINSB03  was  turned  on  again,
recovering the large jitter band.

FC  can  be  directly  measured  with  BAM  as  a  jitter
enhancement  at given RF settings compared to the jitter
without  compression.  FC can  be  also  calculated  from
equations (1) and (2) with  R56  = -46.9 mm.rad2  (nominal

FC =
t+ δ t

t
=1+

δ t
t
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BC angle 4.1°) and E = 130 MeV. The slope S of the field
gradient  (Figure  6)  is  calculated  from  the  FINSB03
forward  power  P  by using  the  calibration  for  the  field
amplitude U0 from [9]:

(3)

The  measurements  were  made  at  three FINSB03
settings:  0  MW  (FINSB03  was  off),  4.5  MW  and  9.4
MW. The timing jitter values were normalized to the one
corresponding  to  FINSB03  switched  off,  at  which  the
slope  S  was  constant and  the  reciprocal  compression
factor FC  equals one. The results are shown on Figure 8. 

Figure 8: Beam decompression measured with BAM as
rms arrival time jitter increase when the FINSB03 cavity
is on (cavity powers 4.5 MW and 9.4 MW) at  negative
zero-crossing of the RF compared  to the uncompressed
state (FINSB03 RF-off).

The blue markers are the BAM measurements. The red
markers are the arrival-time measurements corrected with
the  energy  jitter  contribution  of  all  RF-cavities  to  the
arrival-time. The error  bars are calculated from the rms
RF-cavity power change and the arrival-time resolution.
The solid line is the model dependence. There is a good
agreement between the measurement and the theoretical
value.  This  measurement  was  dominated  by the  timing
jitter upstream the bunch compressor, which was properly
measured with BAM by accounting the influence of the
RF-cavity phases and amplitudes.

Diagnostics Response Measurement
The diagnostics response measurements are thoroughly

described  in  [10].  The  BAM  downstream  the  BC  was
among  the  used  longitudinal  diagnostics  components.
During runtime  BAM was acquiring bunch  ID stamped
traces at 10 Hz simultaneously with the actuators used in
the diagnostic response – bunch charge, cavity phases and
amplitudes.   After  splitting and conversion  into bunch-
stamped  arrival  time  the  data  were  available  for

correlation with the other parameters. The measurements
were made at 20 pC for which the  BAM resolution was
50 fs, presently still limited by the ADC resolution and
the insertion loss of the offset-DAC. With  the new triple
photoreceiver  having  more  amplification  and  less
saturation at high optical powers, a resolution of 40 fs was
achieved at this charge (Figure 2).   

CONCLUSION
10fs BAM resolution was demonstrated  for 200 pC,

thus  meeting  the  specifications  for  the  initial  phase  of
SwissFEL at high charge. With the use of a 16 bit ADC
card and a pick-up with 16 mm beam pipe diameter, it is
expected  to  achieve  an  even  better  resolution.  The
measurements are pending before the decommissioning of
SITF. The BAM downstream the bunch compressor was
successfully used to measure SITF machine parameters.
Presently  the  BAM  server  runs  with  Matlab,  with  the
possibility  to  export  the  bunch  stamped  events  in
structured  EPICS  records.  The  goal  is  eventually  the
whole data processing to be done on the FPGA.  
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ELECTRON BEAM DIAGNOSTICS FOR COXINEL
M. Labat, N. Hubert, M. El Ajjouri, L. Cassinari,

C. Bourrassin-Bouchet, A. Loulergue, M.E. Couprie,
Synchrotron SOLEIL, France

Abstract
On the path towards more compact free electron lasers

(FELs), the project COXINEL was recently funded: a trans-
fer line will be installed to adapt a plasma accelerated beam
(from LOA) into an in-vacuum undulator built by SOLEIL.
This experiment should enable to demonstrate the first FEL
based on a plasma accelerator. Because plasma beams are
intrinsically very different from RF acceletor beams (much
shorter, divergent and smaller with a higher energy spread
and energy jitter), their transport and matching in the undu-
lator is critical if willing to obtain a significant amplification.
This is why special care has to be taken in the design of the
beam diagnostics to be able to measure the transverse beam
sizes, energy spread and jitter, emittance and bunch length.
For these purposes, several diagnostics will be implemented
from the plasma accelerator exit down to the undulator exit.
In each station, several screen types will be available and
associated to high resolution imaging screens. In this paper,
we present the experimental layout and associated simulation
of the diagnostics performances.

COXINEL LAYOUT
COXINEL project [1] was recently funded by the Euro-

pean Research Council. This project aims at demonstrating
the operation of a plasma accelerator based Free Electron
Laser. The key concept relies on an innovative electron
beam longitudinal and transverse manipulation in between
the plasma accelerator and the undulator. Indeed, typical
plasma accelerator beams exhibit percent level energy spread
which intrinsicly disables any FEL amplification. The very
small transverse dimensions and very large divergence of
those beams also tend to dramatically spoil the initial emit-
tance along the transport to the undulator. We proposed to
use a "demixing" chicane to sort the electrons in energy and
reduce the slice energy spread from 1 % to 0.1 %. Following
the chicane, a set of quadrupoles is used to maintain the
transverse density seen by the FEL radiation constant all
along the undulator.
The COXINEL layout is illustrated in Figure 1. COX-

INEL will use the plasma accelerator of the Laboratoire
d’Optique Appliquée (Palaiseau, France). The downstream
equipements are under preparation at Synchrotron SOLEIL.
They consist, following the electron beam path, in a triplet of
quadrupoles, a demixing four dipoles chicane, a second set
of quadrupoles, an undulator and a final beam dump. The ex-
pected electron beam and FEL parameters are summarized
in Table 1. The targetted wavelength is 200 nm in first phase
and 40 nm in second phase. The FEL will be operated in
seeded mode.

Table 1: COXINEL Expected Parameters. (*) At the plasma
accelerator exit.

Parameter Value
Electron beam

Energy 400 MeV
Energy spread (*) 1 %
Charge 10 pC
Peak current (*) 500 A
Electron beam duration in ID 15 fs-FWHM

Undulator

Period 20 mm
Length 2 m
Peak magnetic field 0.9 T

Since the experiment relies on a refine manipulation of
the electron beam phase space, beam diagnostics are vital
on this project. Their location is indicated in Figure 1.

Figure 1: COXINEL layout.

DIAGNOSTICS STATIONS
Six diagnostics stations (DS) will be implemented on

COXINEL. They are all designed on the same principle to
ease their operation and reduce their cost. The fisrt one will
be installed just after the first triplet, the second one in the
demixing chicane, the third one on the first beam dump, the
fourth and fifth at entrance and exit of the undulator and the
last one will be on the final beam dump. They consist in:

• a motorized tree than can position on the beam axis
three different targets at 45o (see Figure 2),

• three targets: OTR screen, YAG:Ce or LYSO:Ce screen
and calibration grid,

• an extraction viewport,

• an optical system to image the targets’ surface,
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• a ccd camera for image acquisition.

Those stations enable position, transverse dimensions, en-
ergy, energy spread and emittance measurements.

Figure 2: Motorized tree for the insertion of the diagnostics
station screens.

Position and Transverse Size Measurement
To measure the electron beam position and transverse

dimensions, a screen is inserted on the electron beam path
at 45o incidence. OTR, YAG:Ce or LYSO:Ce screens can
be used. The screen surface is then imaged thanks to an
optical system on to a CCD camera. All diagnostics stations
are identical and all mounted screens are 1” diameter. The
imagers specifications are summarized in Table 2.

To be imaged on a 4 mm large CCD, a field of 20 mm has
to be reduced by a factor 5. Assuming standard pixel size
of 7 µm, this would give a resolution of 35 µm in the image
plane. To satisfy the requirements both in terms of field and
resolution, we decided to equip the optical system with two
possible magnifications, swapping one to the other using a
translation stage. In each case, the system consists of a set
of four focussing lenses of fixed focal length. The distance
between the second and the third lens is simply changed
to adapt the magnification. The final performances of the
systems are summarized in Table 3.
But the imaging of electron beams using OTR or scintil-

lator screens can be compromised when the electron beam
(or some internal structures) becomes typically as long as
optical wavelengths. In such cases, coherent OTR (COTR)
is emitted with an intensity far above the incoherent OTR or
the fluorescence in the case of the scintillator screens, and
with a transverse distribution which no longer corresponds

to the initial electron beam one. Such effects have been
extensively observed on several machines [2, 3].

On COXINEL, the electorn beam duration will vary from
a few fs at the source up to ≈ 20 fs inside the undulator,
corresponding to a spectral range of 300 nm up to 10 µm,
allowing strong coherence effects in the visible range. First
simulations of the COTR electric field distribution imaged
on the CCD are presented in Figure 3, revealing the presence
of a ring.

Figure 3: Calculation of the 3D OTR electric field in the
image plane using [3]. Electron beam parameters are those
of Table 1. Beam duration: 1 fs-rms.

For accurate transverse size measurements, COTR has to
be mitigated. Several methods have been proposed, relying
on spectral, temporal or spatial separation. We will test
spectral and spatial selection and compare their efficiency.
But we will also use the COTR emitted for other elec-

tron beam diagnostic. Measuring the COTR spectrum or
performing autocorrelation will provide some information
on the electron bunch length. COTR measurement in the
far field could also be an other way to measure the electorn
beam energy.

Energy Measurement
The electron beam energy and energy spread will be mea-

sured at DS2, DS3 and DS6. Indeed, those three DS are
located in a dispersive section of the transport beam line. In
all DSs, the electron beam deviation is ensured by the same
type of dipole magnets. The maximum available field is 1 T
while the nominal field is 0.53 T in the demixing chicane
i.e. before DS2 and DS3 and XX T before DS6. Basic equa-
tions of electron beam deviation in a magnetic field enable
to simulate the electron beam distribution expected at DS2,
DS3 and DS6 and therefore to predict the measurable energy
range as illustrated in Figure 4.
With the nominal field in DS2, the measurable energy

range is 330 - 520 MeV with a resolution of 0.32 MeV to
0.1 MeV depending on the zoom which is used.
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Table 2: COXINEL Imagers Specifications. *: horizontal x vertical plane. ?: last imagers specifications are not defined yet.

Imager 1 2 3 4/5 6

σx [mm - rms] 0.4 0.35 0-20 0.15 ?
σz [mm - rms] 0.2 0.2 0.2 0.15 ?
Field [mm]* 15x15 20x20 20x20 20x20 20x20
Res. [µm - rms] 40 5 5 10 10
facq [Hz] 10 10 10 10 10
Charge min [pC] 10 10 10 10 10
Charge max [pC] 100 100 100 100 100

Table 3: COXINEL Imagers Expected Performances. Res.
is the resolution in µm.

Imager 1 2 3 4/5 6

Zoom 1

M 0.18 0.18 0.18 0.18 0.18
Field [mm] 20 20 20 20 20
Res. [µm] 41 41 41 41 41

Zoom 2

M - 1.5 1.5 0.74 0.74
Field [mm] - 2.4 2.4 4.9 4.9
Res. [µm] 5 5 10 10

Figure 4: Calculation of the electron beam distribution on
the target plane at DS2, DS3 and DS6 as a function of energy.

OTHER ELECTRON BEAM
DIAGNOSTICS

Charge Measurement

The electron beam charge will be measured just after the
first triplet, i.e. close to the plasma source, and at the un-
dulator exit. We will use commercial Integrated Current
Transformer from Bergoz, which allow accurate measure-
ment even at the low expected charge of 10 pC.

Beam Position Measurement
The beam position can be measured on the diagnostics

stations but not on-line. This is why other diagnstics are used
for this purpose: cavity Beam Position Monitors (cBPM)
and a stripline.
Two cBPM will be installed at the entrance and exit of

the undulator, to ensure accurate orbit measurement and
control where the amplification will occur. Both are systems
provided by the Paul Sherrer Institute [4] which will be first
tested on the SOLEIL’s linac. The expected resolution is
below 1 µm even at low charge.

The stripline is designed at SOLEIL as illustrated in Fig-
ure 5. The expected resolution is higher, 30 µm at 1 pC but
more simple of operation. It will be installed at the exit of
the undulator.

Figure 5: 3D modeling of the COXINEL stripline. Courtesy
M. El Ajjouri.

DIAGNOSTICS FOR SEEDING
Because of space constraints, one single undulator will be

used for the experiment. So that to see some amplification,
the FEL has to be operated in seeded configuration. The seed
will be generated via Harmonic Generation in gas using a
leak of the drive laser used for plasma acceleration. It will be
injected via a viewport using a mirror located in the middle
of the chicane (where the electron beam deviation is the
largest: few 30 mm).
Seeding requires accurent alignment of the seed on the

electron beam in the spatial, temporal and spectral domain.

Spatial Alignment
The seed will be aligned on the electron beam trajectory

using DS4 and DS5. Indeed, the electron beam position
can be recorded at these two locations and then used as
reference to steer the seed. The screens reflectivity at the
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seed wavelength (200 nm) has been measured and any type
of screen could be used.

Temporal Alignment
Temporal alignment is a more serious issue. Both elec-

tron beam and seed will be ≈ 10 fs long, requiring a few fs
temporal diagnostic. One way could be to make an auto-
correlation between the two infra-red lasers generating the
electron beam and the seed at the exit of DS4 or 5. In this
case, an appropriate setup has to be implemented to allow
propagation of the drive laser through out DS4. An other
way could be to use a streak camera at DS4 or 5. The tem-
poral resolution could be 300 fs-fwhm meaning that a final
scanning will be required to find the synchronism condition.

Spectral Alignment
The spectral alignment will be done using a spectrometer

located at the undulator exit. We plan to install a commercial
system with a spectral range of 300 - 30 nm at least. The
device will then enable to visualize both the seed and the syn-
chrotron radiation spectra. Again, space constraints require
the use of a short focal length spectrometer, but resolution
below 0.1 % could still be reached.

CONCLUSION
The COXINEL project aims at demonstrating FEL am-

plification on a plasma accelerator, relying on a refine ma-
nipulation of the electron beam phase space. The experi-
ment will take place at Laboratoire d’Optique Appliquée
which provides the plasma source. SOLEIL is preparing
the downstream equipments: essentially magnets, undulator
and diagnostics. The electron beam will be characterized all
along the FEL line in terms of charge, position, transverse di-
mensions, emittance, energy and energy spread. Installation
and first experiments are scheduled in 2015.
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Abstract

High-brightness electron bunches with small transverse

emittance are required to drive X-ray free-electron lasers

(FELs). For the measurement of the transverse emittance,

the quadrupole scan and multi-screen methods are the two

most common procedures. By employing a transverse de-

flecting structure, the measurement of the slice emittance

becomes feasible. The quadrupole scan is more flexible

in freely choosing the data points during the scan, while

the multi-screen method allows on-line emittance measure-

ments utilising off-axis screens in combination with fast

kicker magnets. The latter is especially the case for high-

repetition multi-bunch FELs, such as the European X-ray

Free-Electron Laser (XFEL), which offer the possibility of

on-line diagnostics. In this paper, we present comparative

measurements of projected and slice emittance applying

these two methods at the SwissFEL Injector Test Facility

and discuss the implementation of on-line diagnostics at the

European XFEL.

INTRODUCTION

Control and optimization of the transverse emittance as

well as the slice emittance of the driving electron bunch

are crucial to the performance of X-ray free-electron lasers

(FEL). The principle of emittance measurement is described,

for instance, in detail in Ref. [1]. The emittance to be recon-

structed at a reference point is based on the second-order

beam moments with ǫ2 = 〈x2
0
〉 · 〈x ′2

0
〉 − 〈x0x ′

0
〉
2. Transporta-

tion of the beam moments to a downstream position using

the transport matrix R yields the relation

〈x2
〉 = R2

11〈x
2
0〉 + 2R11R12〈x0x ′0〉 + R2

12〈x
′2
0 〉. (1)

The squared beam size 〈x2
〉 can be accessed directly us-

ing observation screens. At least three measurements for

three different transport matrices R are required to obtain the

second-order beam moments at the reference point. Com-

monly, linear least squares method is employed for the fit to

the equation system. The same procedure can be adapted

for the y-plane.

Variation of the transport matrices can be achieved

with the quadrupole scan or multi-screen method. In the

quadrupole scan method, the measurement point is fixed and

the strengths of the quadrupoles between the reconstruction

and measurement point are changed. In the multi-screen

∗ minjie.yan@desy.de
† Now at Deutsches-Elektronen Synchrotron DESY

method, the measurement point is chosen at different down-

stream locations to provide various transport lattices.

The quadrupole scan is more flexible in arranging data

points, but cannot be performed in parallel to the FEL op-

eration. The multi-screen method requires more space and

diagnostic stations, but provides the possibility of parasitic

emittance measurements utilizing off-axis screens. Such

online diagnostics are highly demanded at high repetition

multi-bunch FEL, such as the European XFEL [2]. A com-

parison of different aspects of these two methods is studied

in Ref. [3].

Combined use of a transverse deflecting structure (TDS)

with these two methods allows for measurement of the slice

emittance. The longitudinal coordinate of the bunch is trans-

lated by the TDS to one transverse direction. The emittance

in the other transverse plane perpendicular to the streak di-

rection can then be determined in a time-resolved domain.

Careful consideration in the accelerator optics has to be

taken into account for the time resolution, which is corre-

lated inversely to the TDS streak parameter [4]

S ∼
eV0k

pc

√

βy,TDS · sin(∆µy ). (2)

Comparative measurements of projected and slice emit-

tance using these two methods have been conducted at the

SwissFEL Injector Test Facility (SITF) at PSI in Switzerland.

In this paper, the experimental setup is described and the

results are discussed.

DIAGNOSTIC SECTION

One main purpose of the SITF [5] is to demonstrate the

feasibility of the SwissFEL. A schematic layout of the SITF

is shown in Fig. 1. The nominal beam energy is 250 MeV

and the charge can be varied from 10 pC to 200 pC.

The diagnostic section for the comparative emittance mea-

surement is located downstream of the bunch compressor at

a nominal energy of 250 MeV. An S-band TDS streaks the

bunch in the vertical direction and enables slice emittance

measurement in the horizontal plane. The TDS is followed

by several matching quadrupoles, a 3.5-cell FODO section

with multiple standard screen stations and a high-resolution

transverse profile monitor [6]. The screen stations inside the

FODO section are equipped with optical transition radiation

(OTR) screens. The high-resolution profile monitor, which

employs a scintillator screen, is designed in a special config-

uration to achieve resolution much smaller than the thickness

of the scintillator and more robust than the OTR screen for

operation with low charge bunches due to its higher light

COMPARISON OF QUADRUPOLE SCAN AND MULTI-SCREEN
METHOD FOR THE MEASUREMENT OF PROJECTED AND SLICE

EMITTANCE AT THE SwissFEL INJECTOR TEST FACILITY
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TDS: Transversely Deflecting Structure
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Accelerating
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Figure 1: Schematic layout of the SwissFEL Injector Test Facility. The diagnostic section for emittance measurement,

comprising S-band TDS, matching quadrupoles and FODO section, is located downstream of the bunch compressor.

yield. Hence, the high-resolution profile monitor was cho-

sen for the quadrupole scan method, which has flexibility in

selecting the measurement screens.

(m
)

s (m)

     βx      βy

   
  β

x,
y

     Quads for 
multi-quad scan      FODO section

     reconstruction point

Figure 2: Accelerator optics (starting from the TDS) used

for the multi-screen method. The same optics is used for

both projected and slice emittance measurement.

Figure 2 shows the beamline layout of the diagnostic sec-

tion starting from the TDS (top) and the design optics for

the multi-screen method (bottom). The same optics is used

for both projected and slice emittance measurement. From

the TDS, where a large βy in the streaking direction is

essential to a good time resolution (see Eq. 2), the beam

is matched with help of five quadrupoles into the 3.5-cell

quasi-symmetric FODO section with phase advances of 72◦

and 52◦ in each cell in x and y plane, respectively. The re-

construction point is marked in the figure, and seven OTR

screens (i.e. seven data points) are available for each mea-

surement. The phase advances in x and y from the TDS to

the individual OTR screens are shown in Fig. 3 (left). For

the measurement of projected emittance, a total of 206◦ and

153◦ are covered in the x and y plane, respectively. Only

five OTR screens are utilized for the measurement of slice

emittance as bunches imaged at the first and last OTR screen

in the FODO cell with phase advances of ∆µy = 189◦ and

∆µy = 342◦, respectively, lack sufficient streaking from the

TDS due to the sin(∆µy ) term in Eq. 2.
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Figure 3: Phase advances from TDS to the individual mea-

surement point for (left) projected and slice emittance mea-

surement using multi-screen method, and (right) slice emit-

tance measurement using quadrupole scan method.

The high-resolution profile monitor used for the

quadrupole scan method is installed at the end of the FODO

section and denoted with a green dot in Fig. 2. One single

quadrupole (the fifth quadrupole in Fig. 2) is scanned for

the measurement of projected emittance, covering phase

advances in total of about 180◦ in both x and y planes [7].

Five quadrupoles (the first five quadrupoles in Fig. 2) are

employed together for the measurement of slice emittance.

The reconstruction point for the slice emittance and its value

of twiss parameters are the same as those in the multi-screen

method, which makes additionally a comparison of the re-

constructed optics using these two methods possible. The

phase advances for the measurement of slice emittance are

illustrated in Fig. 3 (right). With the combined use of the

five quadrupoles, the horizontal phase advance ∆µx covers

from 30◦ to 180◦ with equal steps and a constant ∆µy = 90◦

for the maximum streaking effect of TDS can be achieved.

The multi-quadrupole scan has been used routinely for opti-

mizing the slice emittance at the SITF [8].

EXPERIMENTAL RESULTS

The comparative measurements were performed using

electron bunches with an energy of 200 MeV. All acceler-

ating modules were operated on-crest. A bunch charge of

200 pC was chosen in order to get enough light emission

from the streaked bunch using OTR screens. The beam sizes

are defined using Gaussian fit to the transverse profiles. The
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errors given in this paper include only statistical errors and

are determined according to error propagation.

Projected Emittance

During the measurement using multi-screen method, the

images taken with the fourth OTR screen display clear fea-

tures affected by the OTR point spread function and therefore

are omitted for the reconstruction of emittance.
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Figure 4: Fits of the beam ellipses using multi-screen method

(left) and single quadrupole scan (right) for the measurement

of projected emittance. The lines represent each measured

beam size.

The results of the projected emittance measurements are

shown in Fig. 4, and the reconstructed normalized pro-

jected emittances ǫN together with the mismatch parameters

Bmag [1] are summarized in Table 1. The results obtained

with these two methods are comparable, but the normal-

ized emittances derived using the multi-screen method are

slightly larger than that using single quadrupole scan in both

planes. Errors from optics mismatch are minimized in the

single quadrupole scan method, while the mismatch parame-

ters of 1.12 and 1.07 in the multi-screen method indicate that

there’s still some errors coming from the optics mismatch.

Table 1: Summary of Projected Emittance Measurements

Multi-screen method Single quad-scan

ǫN,x 513 ± 8 nm 486 ± 2 nm

ǫN,y 495 ± 6 nm 458 ± 3 nm

Bmag,x 1.12 1.00

Bmag,y 1.07 1.06

Slice Emittance

The machine was operated with the same settings as for

the projected emittance measurement. Several matching

iterations were performed to match the core slice to the

design optics. The rms bunch length was determined to be

approximately 3 ps. Each slice has a width of one fifth of

the bunch length. The core slice is defined as the one at the

longitudinal mean position of the bunch.
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Figure 5: Normalized horizontal slice emittance and

slice mismatch parameter obtained with (top) multi-screen

method and (bottom) quadrupole scan method. The grey

bars with errorbars represent the current in each slice.

Figure 5 shows the normalized horizontal slice emittance

and slice mismatch parameter obtained with (top) multi-

screen method and (bottom) quadrupole scan method with

the TDS operated around the RF zero-crossing. The grey

bars with errorbars represent the current in each slice. The

reconstructed slice emittance from these two methods shows

the same tendency in the slices, with relative constant emit-

tance in the slices with negative indices and increasing emit-

tance values towards the positive indices. The slice mismatch

parameters from these two methods show the same feature

as well. The slice emittances from the multi-screen method

are in general larger than that from the quadrupole scan

method, which has been observed in the projected emittance

measurement as well.
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Figure 6: Normalized horizontal slice emittance and

slice mismatch parameter obtained with (top) multi-screen

method and (bottom) quadrupole scan method with the TDS

operated around the other RF zero-crossing, i.e. with 180◦

phase shift compared to Fig. 5. The grey bars with errorbars

represent the current in each slice.

In order to examine the influence of the TDS streak and

the initial bunch correlation in (y′, z) on the reconstructed

longitudinal distribution, we repeated the slice emittance

measurement at the other TDS RF zero-crossing (see Fig. 6),

i.e. with 180◦ phase shift compared to Fig. 5. The consis-

tency of the reconstructed slice emittance and slice mismatch

parameter derived at these two TDS RF zero-crossings is a

good confirmation of our measurements and excludes the

influence of an initial bunch correlation. The feature of mea-

suring larger slice emittance from the multi-screen method

than the quadrupole scan method is still observed.

Since the design twiss parameters at the reconstruction

point are the same in these measurements, they can be com-

pared as well. Table 2 summarizes the reconstructed param-

eters of the core slice using these two methods. Though the

slice emittance measured with the multi-screen method is

larger than that with quadrupole scan, there is a good agree-

ment between the twiss parameters, which may indicate a

possible calibration error of the OTR screens. Another pos-

sible explanation for this discrepancy is the worse emittance

resolution of the multi-screen method due to the smaller

β-function at the OTR screens in the FODO cell.

Table 2: Summary of Core Slice Emittance

TDS phase 1st. 2nd.
Multi-screen method

ǫN,x (nm) 369±11 353±13

βx (m) 6.58±0.32 6.23±0.31

αx -0.95±0.05 -1.03±0.04

Bmag,x 1.10 1.18

Quadrupole scan method

ǫN,x (nm) 321±7 314±7

βx (m) 6.19±0.21 5.73±0.18

αx -0.86±0.02 -0.90±0.02

Bmag,x 1.12 1.19

βDesign,x (m) 9.43

αDesign,x -1.02

CONCLUSION

We have compared the projected and slice emittance us-

ing the multi-screen and quadrupole scan method at the

SITF. The results are comparable and verified further by

measurements at both TDS RF zero-crossings. The fact that

the multi-screen method obtains generally slightly larger

emittance might result from a calibration error of the OTR

screens or a worse emittance resolution due to smaller β-
function in the FODO cell.
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Abstract
Accurate timing synchronization on the femtosecond time-

scale is an essential installation for time-resolved experi-

ments at free-electron lasers (FELs) such as FLASH and the

upcoming European XFEL. To date the required precision

levels can only be achieved by a laser-based synchroniza-

tion system. Such a system has been successfully deployed

at FLASH and is based on the distribution of femtosecond

laser pulses over actively stabilized optical fibers. Albeit

its maturity and proven performance this system had to un-

dergo a major redesign for the upcoming European XFEL

due to the enlarged number of stabilized optical fibers and

an increase by a factor of up to 10 in length. The experience

and knowledge gathered from the operation of the optical

synchronization system at FLASH has led to an elaborate

and modular precision instrument which can stabilize po-

larization maintaining fibers for highest accuracy as well as

economic single mode fibers for shorter lengths. This paper

reports on the laser-based synchronization system focusing

on the active fiber stabilization units for the European XFEL,

discusses the most recent performance results, which already

meet the stringent requirements for operation.

INTRODUCTION
The optical synchronization system for the European

XFEL will adopt to the greatest possible extent the proven

and reliable system from FLASH. The long term experience

with the optical synchronization system at FLASH has led

to numerous enhancements and deeper understanding of

the issues involved in such a complex and sensitive preci-

sion arrangement. Consequently, for the European XFEL an

inimitable possibility arises to incorporate all the gathered

knowledge from the bottom up into a new benchmark setting

synchronization system.

A schematic representation of the synchronization system

is shown in Figure 1. The master-oscillator (MO) distributes

a stabilized 1.3GHz reference to which the master laser-

oscillator (MLO), with a repetition rate of 216.7MHz (a

sixth of the MO frequency), is locked. While this MLO lock

still employs a simple homodyne scheme at FLASH, the

locking of the MLO at the European XFEL will benefit from

a more robust and drift-free approach [1]. The stabilized

pulse train from the MLO is split into multiple channels

and guided to the individual link stabilization units (LSUs)

through the free-space distribution (FSD). Each LSU actively

stabilizes the effective length of its assigned optical link fiber,

which can be conveniently guided through the entire FEL to

stations obliged to femtosecond timing stability.

∗ cezary.sydlo@desy.de

The optical synchronization supplies 12 stations the sta-

bilization of the RF reference [1], 7 laser-to-laser locking

stations (L2L) [2] and 7 stations with direct usage of the

pulse train for bunch arrival-time measurement (BAM) [3].

One notable feature in this optical synchronization system

is the slave laser-oscillator (SLO) at the end of the FEL. A

sub-synchronization will be located in the experimental hall

at the end of the beamlines to facilitate all the synchroniza-

tion needs for the pump-probe lasers on-site. Additionally, it

will stabilize all stations between 2.1 km and the end of the

experimental hall. Hence, two more links with a length of

3.5 km are provided for SLO to MLO locking. On the one

hand this serves as a redundancy improving reliability and

robustness. On the other hand these two long links can be

cross-correlated in-situ for diagnostics providing numbers

for the actual synchronization accuracy. One more LSU

is included in this planning to reserve space for later use

yielding 24 LSUs in total for the main synchronization.

The latest status of the LSUs deployed at FLASH is de-

scribed in [4], while a redesigned LSU has been introduced

in [5] and is shown in Figure 2.

MEASUREMENTS
Set-up
The set-up for measuring the residual error of the fiber-

link stabilization is kept as close as possible to the operation

conditions at the European XFEL. A 1.3GHz signal source

is used as the Master-Oscillator (MO) to lock the Laser-

Oscillator at its repetition frequency of 216.7MHz, which is

a sixth of the 1.3GHz. The 200 fs pulses of the MLO centred

around an optical wavelength of 1553 nm are distributed to

the Link-Stabilization-Unit (LSU) and the out-of-loop (OOL)

optical cross-correlator (OXC). The LSU is connected to

3.6 km of polarization maintaining fiber (PMF) with a partly

reflecting fiber mirror at its end, which reflects a part of the

light back to the LSU for timing detection. The transmitted

part is fed into the OOL-OXC for timing error measurement.

All components are placed in a climatized laboratory except

for the fiber. The fiber is installed in a large hall at the DESY

campus next to the laboratory to emulate completely uncon-

trolled ambient influence. As temperature and humidity do

influence optical fibers [6] only such a test environment can

guarantee proper test conditions. Identical to the installation

in the European XFEL only the 3.6 km PMF is subjected to

changes of temperature and humidity. All complementary

fibers such as the dispersion compensating fiber, the piezo

fiber stretcher, erbium doped fiber amplifier, etc., are left in

the climatized laboratory. The deviation between the fiber

length of 3.6 km and the European XFEL length of 3.4 km is
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Figure 1: Schematic representation of the optical synchronization system for the EuropeanXFEL. Themaster synchronization

will be located close to the injector and stabilize all stations up to 2.1 km. Also the slave laser oscillator of the sub-

synchronization will be synchronized in the experimental hall 3.4 km downstream. All the stations between 2.1 km and the

experimental hall will be synchronized from there.

Figure 2: Laboratory prototype of the new Link Stabilization

Unit for the European XFEL. This very prototype has been

deployed for the stabilization of the 3.6 km link and the

corresponding out-of-loop timing error measurements.

chosen to account for the fiber cabling paths. Consequently,

the overall fiber length is longer and the response time of the

fiber link is about 40 μs in total. A schematic of the set-up

is depicted in Figure 3.

Figure 3: Schematic of the used setup to measure out-of-

loop timing error. The Master-Oscillator (MO) delivers a

stable 1.3GHz signal to lock the Master-Laser-Oscillator at

a sixth of its frequency. The Link-Stabilization-Unit (LSU)

stabilizes the 3.6 km PMF, which is installed in an adjacent

hall. The residual error is measured out-of-loop (OOL) with

an Optical Cross Correlator (OXC).

Discussion of Results

The set-up described before has been aligned, calibrated

and measured for about one day. The measurement results

are shown in Figure 4. Most noticeable from 25 h of op-

eration is the large jitter of about 15 fs peak-to-peak (Gray

color).

The residual drift observed over this time range has been

calculated by a convolution of the raw data with a Hanning-

window of 1 h full length and is about 8 fs represented by

the black colored curve in Figure 4. The standard deviation

for the raw data is calculated to 3.3 fs while subtracting the

drift it reduces to 2.8 fs.

Especially the work on this drift is quite delicate as these

levels of timing error are easily obtained from temperature

and humidity dependence of pretty much everything. Table 1

contains temperature and relative humidity coefficients of

materials which are commonly used in optics set-ups. These

numbers already suggest that even small temperature vari-

ations can very easily cause the observed drifts. For this

reason an optical table made out of superinvar (compare

Table 1) has been installed in the synchronization room of

the European XFEL to reduce these effects. However, tests

in the laboratory do not benefit from this type of material as

standard steel tables are used there. Also, for these lengths

of stabilized fibers another effect has been observed. The

temperature of the fiber does not only affect its effective

length, but also its chromatic dispersion [7]. This effect

changes the optical pulse shapes in the OXCs and therefore

affects timing detection. Distinguishing between all these

temperature effects on the femtosecond level has become a

quite tedious task. Nevertheless, this work is ongoing and

promises to further enhance the timing stability.
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Figure 4: In the top graph the compensated length change of the fiber and the corresponding temperature is shown. The

delay is given for one-way and therefore represents the drift of 3.6 km polarization maintaining fiber. The steps in this curve

are 1.2mm or 4 ps for each motor tuning step. The lower graph presents the measured residual out-of-loop timing error at

the end of the stabilized fiber. Gray color shows the raw data, while the black line is a convolution with a Hanning-window

of 1 h full length to distinguish between jitter and drift.

Table 1: Temperature and Humidity Influence of Various

Materials

Material Temperature Rel. humidity
fs / K / m fs / %RH / m

Aluminum ≈77 -

Steel [8] 33 -

SMF28e [6] 40 2.5

Furukawa PSOF [6] 3.2 0.4

Air (at 1550nm) 3 0.03

Superinvar [8] <1 -

CONCLUSION
The results presented in this work are already well in

agreement with the synchronization requirements for the Eu-

ropean XFEL. We obtained jitter levels of 15 fs peak-to-peak

and overall 3.3 fs RMS over 25 h. The design state for the

LSUs has already been frozen and is ready for production.

However, for each systematic error there is also a sys-

tematic solution. The limits of achievable synchronization

errors with reasonable complexity are not reached yet. Fur-

ther work will concentrate on these limits to be prepared for

potentially increased requirements in the future.
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DESIGN AND TEST OF WIRE-SCANNERS FOR SwissFEL
G.L. Orlandi∗, M. Baldinger, H. Brands, P. Heimgartner, R. Ischebeck, A. Kammerer, F.Löhl,

R. Lüscher, P. Mohanmurthy†, C. Ozkan, B. Rippstein, V. Schlott, L. Schulz, C. Seiler, S. Trovati,
P. Valitutti, D. Zimoch, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

Abstract
The SwissFEL light-facility will provide coherent X-rays

in the wavelength region 7-0.7 nm and 0.7-0.1 nm. In Swiss-

FEL, view-screens and wire-scanners will be used to monitor

the transverse profile of a 200/10 pC electron beam with a

normalized emittance of 0.4/0.2 mm mrad and a final energy

of 5.8 GeV. Compared to view screens, wire-scanners offer

a quasi-non-destructive monitoring of the beam transverse

profile without suffering from possible micro-bunching of

the electron beam. The main aspects of the design, labora-

tory characterization and beam-test of the SwissFEL wire-

scanner prototype will be presented.

INTRODUCTION
SwissFEL will provide coherent X-rays light in the wave-

length region 7-0.7 nm and 0.7-0.1 nm [1]. Electron bunches

with charge 200/10 pC and normalized emittance of 0.4/0.2

mm.mrad will be emitted by a photocathode at a repetition

rate of 100 Hz according to a two-bunches train structure

with a temporal separation of 28 ns. Thanks to a RF kicker

switching the second electron bunch of the beam train into

a magnetic switch-yard, the SwissFEL linac will simulta-

neously supply two distinct undulator chains at a repetition

rate of 100 Hz: the hard-Xrays line Aramis and the soft-

Xrays line Athos. The electron beam will be accelerated

up to 330 MeV by a S-band RF Booster and to the final

energy of 5.8 GeV by a C-band RF linac. Thanks to an

off-crest acceleration in the RF Booster, the electron beam

will experience a two-stages longitudinal compression from

an initial bunch length of 3/1 ps (RMS) down to 20/3 fs

(RMS) in two magnetic chicanes. Two X-band RF cavities

will compensate the quadratic distortion of the longitudinal

phase space due to the off-crest accelerating scheme of the

beam and the non-linear contribution of the magnetic disper-

sion. A laser-heater in the Booster section will smooth down

possible micro-structures affecting the beam longitudinal

profile of the beam. Macro-bunching can be detrimental

to the monitoring of the beam profile based on scintillator

or OTR screens (Optical Transition Radiator) because of

the emission of coherent OTR. As an alternative to view

screens, wire-scanners (WSC) can be used to monitor the

beam transverse profile. Moreover, the quasi-non-invasive

feature of the WSCs - compared to view screens - can be

beneficial to monitoring the beam transverse profile during

FEL operations of the machine. In the following, results on

design, characterization and beam test of wire-scanners for

SwissFEL will be presented.

∗ gianluca.orlandi@psi.ch
† presently at Massachusetts Institute of Technology, MA, USA

WSC DESIGN

Wire-Scanners can be used to measure the transverse pro-

file of the electron beam in a particle accelerator [2–4]. Car-

bon or metallic wires with different diameter (D) - stretched

on a wire-fork - can be vertically inserted at a constant ve-

locity into the vacuum chamber by means of a motorized

UHV linear stage to scan the beam transverse profile with

an intrinsic resolution D/4 (rms). An encoder mounted on

the linear stage allows the relative distance of the wire from

the axis of the vacuum chamber to be measured at each ma-

chine trigger event. The interaction of the electron beam

with the wire produces a "wire-signal" - scattered primary

electrons and secondary particles (mainly electrons, positron

and bremsstrahlung photons) - which is proportional to the

number of the electrons sampled by the wire in the bunch.

The Beam Synchronized Acquisition (BS-ACQ) - over a

sufficient number of machine trigger shots - of the wire

position and the wire-signal - detected by a loss monitors

downstream the wire - allows the beam transverse profile

along the horizontal or the vertical direction to be recon-

structed. In SwissFEL, view screens and WSCs will be used

to monitor the transverse profile of the electron beam which

varies between 500 μm and 5 μm (rms) along the entire

machine. View-screens will be mainly equipped with YAG

crystals. In SwissFEL, only WSCs are in principle able to

discriminate the 28 ns time structure of the two-bunches

emitted at 100 Hz by the photocathode. The SwissFEL

WSCs are designed according to the following criteria, see

Fig. 1: use a single UHV linear stage to scan the beam pro-

file in the X,Y and X-Y directions; use Tungsten wire with

different diameters from 5 to 13 μm to ensure a resolution

in the range 1.5-3.5 μm; equip each wire-scanner station
with spare/different-resolution wires; detect the wire losses

in the bunch charge range 10-200 pC and resolve the 28 ns

time two-bunches structure of the electron beam; BS-ACQ

of the read-out of both the encoder wire position and the

loss-monitor; wire-fork suitably designed for routine scan-

ning of the beam profile during FEL operations (no beam

interception with the wire-fork); wire-fork equipped with

different pin-slots where the wires can be stretched at dif-

ferent relative distances so that the scanning time can be

minimized and optimized according to the WSC position

in the machine, see Fig. 1. In SwissFEL the wire losses

will be measured by means of scintillator fibers (PMMA,

Poly-Methyl-Methyl-Acrylate, Saint Gobain BCF-20, emis-

sion in the green) winding up the beam pipe. The fiber are

directly connected to a photomultiplier (PMT,Hamamatsu

H10720-110). For more information on the detection sys-
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tem of the wire-signal in SwissFEL, see these conference

proceedings [5].

Figure 1: View of the Transverse section of theWSC vacuum

chamber and, in particular, of the wire-fork and of the CF16

vacuum chamber. The wire-fork is equipped with 3 different

pin-slots where the wire can be stretched. The distance of the

"wire-vertex" from the vacuum-chamber axis can be set at 8,

5.5 and 3 mm in correspondence of the 3 different pin-slots.

WSC SIMULATIONS
Most part of the primary and secondary particles resulting

from the interaction of a relativistic electron beam with a

metallic wire are emitted within a narrow cone with respect

to the direction of incidence. Since, only a small fraction of

the solid angle of emission of the wire-signal can be covered

by a loss-monitor, the efficiency of the wire-losses detec-

tion strongly depends on the relative distance between the

wire and loss-monitors. In order to determine the most suit-

able distance of a loss-monitor from a wire in SwissFEL,

the particle composition and the related energy and angu-

lar distribution of the particle shower has been evaluated

with the Monte Carlo code FLUKA [6]. In FLUKA simula-

tions, Tungsten wires with a diameter of 13 μm and 25 μm
and beam energies of 340 MeV, 1.33 GeV, 2.99 GeV and

5.2 GeV are considered. The electron beam is modelled as a

pencil beam (no energy spread) travelling along the axis of a

CF16 vacuum-chamber (inner diameter 16 mm, outer diam-

eter 18mm). Both the angular and the energy distributions -

expressed as number of particles per unit primary particle

- of the primary and secondary particles are calculated in

FLUKA, see Figs. 2,3. Electrons and photons mainly con-

tribute to the wire-signal, see Fig. 2. Moreover, 95% of the

particle shower is emitted within a polar angle less than 0.1

rad, i.e., intercepts the CF16 vacuum chamber within 80 mm

and 4000 mm from the wire, see Fig. 3.

Beam tests of WSCs and loss-monitor response were car-

ried out at the 250 MeV SwissFEL Injector Test Facility

(SITF) [7]. For such a purpose, a scintillator fiber wind-

ing around the vacuum chamber was installed just before

the high energy bending dipole of the machine [5]. The

loss-monitor response was tested intercepting alternatively

with several OTR screens - 300 μm thick Si Wafer with a

200 nm Al coating - a 180 pC electron beam with energy

245 MeV and recording the corresponding time-integration

of the fiber-signal read-out (instead of WSCs, OTR screens

were used in this measurement in order to avoid any de-

pendence of the loss-monitor response on the variation of

the beam profile along the machine). The loss-monitor re-

sponse measured as a function of the different OTR screen -

i.e., as a function of the relative distance OTR screen loss-

monitor - is shown in Fig. 4. The curve in Fig. 4 shows a

maximum of the signal for a distance between OTR-screen

and loss-monitor of about 2.5 m in agreement with previ-

ous measurements [8]. Taking into account the radius of

the CF40 vacuum-chamber of SITF, from this measured

value of the optimum distance screen-loss-monitor a mean

emission polar angle of about θSi,300 μm = 7.6 mrad can
be estimated for the particle shower produced by the inter-

action beam-screen. In order to rescale this result to the

case of a Tungsten foil, the Rossi-Greisen formula [9] can

be used. The Rossi-Greisen formula allows to calculate

the rms scattering angle of a charged particle experiencing

multiple Coulomb interaction while crossing a block of ma-

terial. The resultant average scattering angle scales down

with the charge energy and is proportional to the square-root

of the normalized material thickness per radiation length

of the material. According to the Rossi-Greisen formula,

the mean emission polar angle for Tungsten foils 13 μm and

25 μm thick can be extrapolated from the previous result

θSi,300 μm = 7.6 mrad: θSi,300 μm/θW ,25 μm = 0.67 and
θSi,300 μm/θW ,13 μm = 0.93. Taking into account the scal-
ing formulae above, the following optimum distances of a

loss-monitor from a 25 μm and a 13 μm thick Tungsten wire

can be estimated: 0.7 m and 1 m, respectively. Under the

limit of applicability of this extrapolation method, an opti-

mum distance between wire and loss-monitor of about 1m

can be estimated (in agreement with FLUKA results).

WSC BENCH AND BEAM TESTS
Reliable WSC measurements require a precise knowledge

of the relative position of the wire with respect to the cen-

troid of the beam at each machine trigger event. For such

a purpose, the read-out of both the encoder wire-position

and the loss-monitor must be acquired in a BS-ACQ mode.

The encoder read-out can provide a precise position of the

wire provided that appreciable vibrations are not affecting

the wire during the scan. The mechanical stability of a scan-

ning wire can be measured in a test-bench by imaging the

moving wire with a high speed camera. The wire vibration

during a scan can be evaluated from the analysis of the cen-

troid and the sigma of the projected images of the moving

wire. Wire vibration measurements have been performed

for different WSC set-ups, i.e., for different wire diameters,

stepping motors and motor controllers. The mechanical sta-

bility of a Tungsten wire (25 um diameter) stretched on a

wire-scanner fork was measured for different velocities (0.1-

10 mm/s) of a 3-phase stepping motor. Measurements were

performed by imaging the wire by means of a high speed

camera (camera frame rate 1kHz) and a microscope 10X

(resolution 1px=1um). Appreciable vibrations of the wire
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Figure 2: FLUKA results of the energy distribution of the

wire losses for a beam energies of 340MeV and 5.2GeV.

were observed only for a wire velocity larger than 1mm/s.

For a wire speed of 2mm/s, a vibration amplitude of about

0.6 μm (rms) was measured. A second series of vibration

measurements have been performed in vacuum (10−4mbar)
on a prototype of the SwissFEL WSCs (2-phase stepping

motor) for a velocity range of the wire 0.2-2 mm/s, see Fig. 1.

A back-illuminated Tungsten wire (13 μm) was imaged by a
camera with a frame rate of 500 fps equipped with a 200mm

lens (projected pixel size 9.7 μm). In Figs. 5, the relative
variation of the centroid and the sigma of the projected image

of a 240 μm long portion of the wire in motion at a velocity

of 2 mm/s is shown. After subtracting in quadrature from the

rms values of the centroid and sigma distributions - Figs. 5 -

the corresponding rms values measured with the wire at rest,

it results that, for a wire velocity of 2 mm/s, the centroid

vibration is about 1.3 μm and the apparent enlargement of

the sigma due to possible oscillation of the wire at a fre-

quency higher than 500 Hz is about 0.1 μm. In conclusion,
the results of the measurements of the mechanical stability

of the SwissFEL WSCs indicate that, for the wire velocity

range of interest for SwissFEL 0.2-2 mm/s, the measured

vibration of the wire is less than the resolution limit which

can be achieved in a measurement of the beam profile with

a Tungsten wire with a diameter of 5 μm.
Several WSC tests on the electron beam have been also

carried out in SITF. Two different techniques were adopted

to detect the wire-signal produced by a Tungsten wire with

a diameter of 25 μm. In the former case, the wire-signal
was retrieved as the difference of the charge read-out of two

Beam-Position-Monitors (BPM), the one upstream the wire

Figure 3: FLUKA results of the angular distribution of pho-

tons and electrons composing the wire losses.
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Figure 4: Measured beam losses as a function of the distance

of the loss monitor from the single OTR screen intercepting

the beam (charge 180 pC, energy 245 MeV).

and the other downstream the wire just behind the bending

dipole of the high energy spectrometer. In this case a 10

Hz BS-ACQ of both the BPMs and encoder position of the

wire was possible. In the latter case, the wire-signal was

directly measured by a loss-monitor (scintillator fiber); no

BS-ACQ available in this case. In both cases, the vertical

profile of the beam measured by the WSC was compared

with the beam profile measured by an OTR screen placed at

the same longitudinal position of the wire. Results of both

campaigns of measurements are shown in Fig. 6 (BPM read-

out of the wire-signal) and in Fig. 7 (loss-monitor read-out of

the wire-signal). Taking into account that the WSC data are

not corrected by the transverse jitter of the beam, the OTR
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Figure 5: Wire vibration measurements results: relative vari-

ation of the centroid (a) and the sigma (b) of the projection

of the camera image of the wire vs. camera frames number.

Figure 6: Measurements of the vertical profile of the electron

beam: OTR vs.WSC results.

measurements vs. WSC measurements - see Fig. 6 - show an

excellent linearity (less tha 2 % deviation) as well as the com-

parison of the WSC-loss-monitor and OTR measurements

shows a good agreement within 8%, σY=0.244+/-0.002 mm
(OTR), σY=0.265+/-0.008 mm (WSC).

CONCLUSIONS
Design and tests of the SwissFEL WSCs are presented.

Results of the test-bench measurements of the mechanical

stability of the prototype system indicate that, for the wire ve-
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Figure 7: Measurements of the vertical profile of the electron

beam with OTR screen and loss-monitor read-out of the

WSC signal.

locities of interest for SwissFEL (0.2-2 mm/s), the measured

wire vibration is less than the intrinsic resolution expected

for a 5 μm thick Tungsten scanning the transverse profile

of the electron beam. WSC tests on the beam indicate that

WSC measurements of the beam transverse profile are con-

sistent with analogous measurements performed with OTR

screens.
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TRANSITION RADIATION OF AN ELECTRON BUNCH AND IMPRINT
OF LORENTZ-COVARIANCE AND TEMPORAL-CAUSALITY

Gian Luca Orlandi∗,
Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

Abstract

The study of Transition Radiation (TR) of a bunch of N
electrons offers a precious insight into the role that Lorentz-
covariance and temporal-causality play in an electromag-
netic radiative mechanism of a relativistic beam. The con-
tributions of the N single electrons to the radiation field are
indeed characterized by emission phases from the metallic
surface which are in a causality relation with the tempo-
ral sequence of the N particle collisions onto the radiating
screen. The Lorentz-covariance characterizing the virtual
quanta field of the relativistic charge is also expected to im-
print the radiation field and the related energy spectrum.
The main aspects of a Lorentz-covariance and temporal-
causality consistent formulation of the TR energy spectrum
of an electron bunch will be described.

INTRODUCTION
The electromagnetic field of a relativistic charge in a rec-

tilinear and uniform motion can induce the boundary inter-
face between two media with different dielectric properties
to emit radiation, the so called Transition Radiation (TR)
[1, 2]. Forward and backward radiation is emitted with an
angular distribution scaling down with the Lorentz factor γ
of the relativistic charge (γ = E/mc2) and a frequency band-
width determined by the plasma frequency and the finite
dimension of the radiating surface. TR finds various appli-
cation in beam diagnostics of a particle accelerator: to mon-
itor the beam transverse profile by imaging the visible light
spot (OTR, Optical Transition Radiation) emitted by the
charged beam while crossing a metallic foil [3] or to mea-
sure the length of the charged beam via spectroscopic anal-
ysis of the coherent enhancement of the radiation intensity
[4]. For observation condition of the radiation in the visible
or in the far infrared, the interface vacuum-metal practically
behaves like an ideal conductor. The modelling of the radia-
tor surface as an ideal conductor allows a better comprehen-
sion of the dynamics of the charged distributions involved
in TR emission and of the attribute as "polarization radia-
tion" that is sometimes given to TR. An ideal conductor sur-
face can be indeed schematized as a double layer of charge.
The collision of a bunch of N relativistic electrons with the
metallic surface can be modelled as the interaction of an
incident relativistic charge with a double layer of charge (a
beam collision at a normal angle of incidence onto the radi-
ator surface is supposed in the present paper). At the same
time, the radiation emission can be interpreted as the result
of the dipolar oscillation of the double layer of charge which
is induced by the relativistic electron bunch, see Fig. 1. The
∗ gianluca.orlandi@psi.ch

observation of a backward emitted component in the TR can
be indeed explained as the result of a dipolar oscillation of
a double layer of charge. The propagation of the radiation
field from the metallic surface can be interpreted in terms
of the Huygens-Fresnel principle and formally expressed in
terms of the Helmholtz-Kirchhoff integral theorem. Under
far-field approximation, the Helmholtz-Kirchhoff integral
theorem allows to express the single harmonic component
of the radiation field as the Fourier transform - calculated
with respect to the coordinates of the radiator surface - of the
transverse component of the electric field of the relativistic
charge, the so called virtual quanta field. The density-like
Lorentz-covariance characterizing the electric field of the
incident electron bunch is expected to characterize both the
TR field and the corresponding energy spectrum. Signature
of the Lorentz-covariance is the dependence of the radiation
energy spectrum on the Lorentz-invariantdistribution of the
transverse coordinates of the N electrons. Besides Lorentz-
covariance, the TR field and the related energy spectrum of
the N electron bunch are also expected to bear the imprint
of the temporal-causality constraint: the emission phases
of the N single electron amplitudes composing the radia-
tion field must be causality related to the temporal sequence
of the N electron collision onto the metallic screen, which
only depends on the distribution of the longitudinal coordi-
nates of the N electrons. Lorentz-covariance and temporal-
causality are physical constraints an electromagnetic radia-
tive mechanism by a relativistic charged beam must fulfill.
Both these two constraints are expected to imprint the TR
energy spectrum of a bunch of N electrons. The failure in
implementing the one of the two physical constraints in the
formula of the TR energy spectrum of a bunch of N elec-
trons implies necessarily also the defect of the other and
vice-versa. In the present paper, a Lorentz-covariance and
temporal-causality consistent formulation of the TR energy
spectrum of a relativistic bunch of N electrons is presented
and the agreement of the presented model with well-known
results of the TR theory of a single electron is demonstrated
[5–7]. The breaking point between a Lorentz-covariance
and temporal-causality consistent or inconsistent theoreti-
cal model of TR of a bunch of N electrons is discussed.

TR ENERGY SPECTRUM
Causality and Covariance

The case of a bunch of N relativistic electrons at normal
incidence onto a metallic screen is considered in the present
paper. The N electrons are supposed to move with a com-
mon rectilinear and uniform velocity �w = (0,0,w) along
the z-axis of the laboratory reference frame. The radiator
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Figure 1: In the picture sequence [(a) → (e)], a simplified
representation of the TR emission is sketched. The inci-
dent relativistic charge induces a dipolar oscillation on the
double layer of charge, i.e., the metallic surface. With the
charge approaching the metallic foil, the conduction elec-
trons, initially at rest on the metallic surface, undergo a tan-
gential displacement due to the electric component of the
Lorentz force (the transverse component of the electric field
is γ times stronger than the longitudinal one). Subsequent
to the initial transverse motion, the conduction electrons are
also displaced along the longitudinal direction because of
the magnetic component of the Lorentz force. As a result of
the dipolar oscillation, the double layer of charge generates
the TR emission. Due to the simplicity of this pictorial rep-
resentation, charge oscillation and radiation emission are ar-
tificially distinct in two different phases. In reality, such two
phases are intrinsically and temporally indistinguishable.

surface is supposed to behave as an ideal conductor in the
radiation frequency range of interest. The Fourier transform
of the electric field travelling with the electron bunch reads

�E(�k,ω) = −i(8π2e)
[�k − (ω�w/c2)]
[k2 − (ω/c)2]

×

× ���
N∑
j=1

e−i�k ·�r0 j ��� δ(ω − �w · �k), (1)

where [�ρ0 j = (x0 j , y0 j ), z0 j ] ( j = 1, ..,N) are the spatial
coordinate vectors of the N electrons at the reference time

t = 0. The (x, y) components of the Eq.(1) are normally re-
ferred as virtual quanta field. The harmonic component of
the radiation field of the N electrons can be obtained by ap-
plying the Helmholtz-Kirchhoff integral theorem [1] to the
electric field of the incident charge on the boundarymetallic
surface. Under far-field approximation, this reads

E tr
x,y (�κ,ω) =

k
2πD

∫
S

d�ρEvq
x,y (�ρ,ω)e−i�κ ·�ρ , (2)

where �ρ = (x, y) are the spatial coordinates of the radi-
ator surface S having an arbitrary size and shape, k =
ω/c = 2π/λ is the wave number, �κ = (kx , ky ) =
k sin θ(cos φ,sin φ) is the transverse component of the
wave-vector and D is the distance from the radiator surface
to the observationpoint. From Eqs.(1,2), the harmonic com-
ponent of the TR field of the N electrons reads [5–7]

E tr
x,y (�κ,ω) =

N∑
j=1

Hx,y (�κ,ω, �ρ0 j ) e−i(ω/w)z0 j (3)

where, with α = ω

wγ
,

Hx,y (�κ,ω, �ρ0 j ) =
iek

2π2Dw
× (4)

×
∫
S

d�ρ
∫

d�τ
τx,y e−i�τ ·�ρ0 j

τ2 + α2 ei(�τ−�κ) ·�ρ .

TR energy spectrum can be finally obtained

d2I
dΩdω

=
cD2

4π2

∑
μ=x,y

( N∑
j=1

���Hμ, j
���2 (5)

+

N∑
j,l ( j�l)=1

e−i(ω/w)(z0 j −z0l ) Hμ, j H∗μ,l
)
.

where Hμ, j = Hx,y (�κ,ω, �ρ0 j ) (μ = x, y), see Eq.(4). The
evidence of the temporal-causality constraint in the expres-
sion of the TR field stays in the emission phases from the
radiator of the N single electron radiation field amplitudes
Hμ, j which are in a causality relation with the temporal se-
quence of the N electron collisions onto the metallic screen,
only dependent on the distribution of the N electron longitu-
dinal coordinates z0 j ( j = 1, ..,N), see Eqs.(3,4). Temporal-
causality consistent is the formula of the TR energy spec-
trum - see Eqs.(5) - where the reciprocal interference of
N single electron radiation field amplitudes only depends
on the reciprocal emission delays (z0 j − z0l ), j, l = 1, ..,N .
The covariant dependence of the TR energy spectrum - see
Eqs.(3,4,5) - on the distribution of the N electron transverse
coordinates (x0 j , y0 j ) ( j = 1, ..,N) appears evident after
performing the integral calculus in the Eq.(4) [5]. In fact,
for a round radiator surface S with a radius R larger than
the beam transverse size (R � ρ0 j =

√
x2

0 j + y2
0 j ), the TR
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field - Eqs.(3,4) - reads

E tr
x,y (�κ,ω) =

N∑
j=1

2iek
Dw

κ

κ2 + α2 e−i[(ω/w)z0 j +�κ ·�ρ0 j ] ×

×
(

cos φ
sin φ

) [
ρ0 jΦ(κ,α, ρ0 j ) −

(R + ρ0 j )Φ(κ,α,R + ρ0 j )
]
, (6)

where, with (J,K) Bessel function of 1st and 2nd kind,

Φ(κ,α, ρ0 j ) = αJ0 (κ ρ0 j )K1 (αρ0 j ) +
α2

κ
J1(κ ρ0 j )K0(αρ0 j ). (7)

From Eqs.(5,6,7), the formula of the TR energy spectrum
of a N electron bunch at normal incidence onto a circular
radiator with a finite radius R (0 ≤ R < ∞) follows

d2I
dΩdω

=
d2Ie

dΩdω

( N∑
j=1
|Aj |2 (8)

+

N∑
j,l ( j�l)=1

Aj A∗l e−i[(ω/w)(z0 j −z0l )+�κ ·(�ρ0 j−�ρ0l )]
)

where

d2Ie
dΩdω

=
(eβ)2

π2c
sin2θ

(1 − β2cos2θ)2 (9)

is the well-known Frank-Ginzburg formula and

Aj = ρ0 jΦ(κ,α, ρ0 j ) − (R + ρ0 j )Φ(κ,α,R + ρ0 j ). (10)

In Eqs.(8,9,10), the N electron transverse coordinates
(x0 j , y0 j ) ( j = 1, ..,N), on the one hand, contribute to de-
termine the well-known three-dimensional form factor, on
the other hand, leave a covariant mark on both the temporal
incoherent and coherent components of the TR energy spec-
trum. The case of the TR emission from an infinite metallic
surface (S = ∞) can be obtained from the results above un-
der the limit R → ∞. Under the limit R → ∞, Eq.(10) - see
also Eq.(12) - reads

Aj → ρ0 jΦ(κ,α, ρ0 j ). (11)

Finally, with reference to Eqs.(8,9,11), the formula of the
TR energy spectrum of N electrons hitting an infinite radi-
ator (S = ∞) can be obtained. It is worth to stress that, in
order to obtain the results of TR from an infinite radiator
(S = ∞) - Eqs.(8,9,11) - the following formal procedure is
applied: first, in the implicit expression of the TR field - see
Eq.(3,4) - the integral calculus with respect to the radiator
surface S is performed for a round screen with a finite ra-
dius R; finally, the limit R → ∞ is applied to the resultant
expression of the TR field. In the following subsection, the
consequences of applying directly the limit S → ∞ to the
implicit expression of the radiation field - Eq.(3,4) - will

be described. Numerical simulations of the angular distri-
bution of the TR intensity - refer to the temporal incoher-
ent part of the TR energy spectrum, see Eqs.(8,9,11) - are
shown in Fig. 2 for a given value of the beam transverse
size and different values of the observed wavelength and
beam energy. A beam transverse size dependent diffractive
cut-off clearly affects both the angular and spectral distribu-
tions of the TR intensity [5–7], see Fig. 2. Some relevant
results already well-known in literature can be derived from
the results reported above, see Eqs.(8,9,10). In the case of a
single electron travelling along the z-axis, it can be indeed
demonstrated [5] that under the limit R → ∞ and ρ01 → 0

{
(R + ρ0 j )Φ(κ,α,R + ρ0 j ) → 0
ρ0 jΦ(κ,α, ρ0 j ) → 1 (12)

the TR field - Eq.(6) - tends to

E tr,e
x,y (�κ,ω) =

2iek
Dw

κ

κ2 + α2

(
cos φ
sin φ

)
(13)

from which the Frank-Ginzburg formula follows, see Eq.(9).
Furthermore, in the case of a single electron with ρ01 → 0
and a radiator with a finite radius R the well-known result
of the TR field of a single electron hitting a round radiator
can be obtained from Eq.(6,7,12)

E tr
x,y (�κ,ω) =

2iek
Dw

κ

κ2 + α2

(
cos φ
sin φ

)
× (14)

×
[
1 − αRJ0 (κR)K1(αR) − α

2 R
κ

J1(κR)K0(αR)
]
.

See Eq.(14) and compare it with Eqs.(8,9) in [8].

Causality and Covariance Defect

In previous section, the formula of the TR energy of an N
electron beam normally hitting an infinite metallic surface
(S = ∞) - see Eqs.(8,9,11) - was derived according to the
following procedure: first, the integral calculus in Eq.(3,4)
with respect to a finite screen size (S < ∞) is performed;
finally, the limit S → ∞ is applied to the so obtained re-
sult. If this procedure is inverted, i.e., if the limit S → ∞
is directly applied to the implicit expression of the TR field
- see Eq.(3,4) - before the integral calculus with respect the
radiator surface S is performed, then the TR field reads [7]

E tr
x,y (�κ,ω) =

N∑
j=1

E tr,e
x,y (�κ,ω) e−i[(ω/w)z0 j +�κ ·�ρ0 j ], (15)

and the related formula of the TR energy spectrum reads:

d2I
dΩdω

=
d2Ie

dΩdω

(
N + (16)

N∑
j,l ( j�l)=1

e−i[(ω/w)(z0 j −z0l )+�κ ·(�ρ0 j−�ρ0l )]
)

where E tr,e
x,y (�κ,ω) is given in Eq.(13). Looking at

Eqs.(15,16), it appears evident the covariant role of the
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Figure 2: TR angular distribution for different beam energy:
(a) 500, (b) 750 and (c) 1000 MeV ; wavelength λ = 680 nm
(Red curve), λ = 530 nm (Green curve), λ = 400 nm (Blue
curve); Gaussian bunch of N = 105 electrons with σ = 50
μm. Blue, Red and Green curves from Eqs.(8,9,11), (Black
curve) from Eq.(9).

transverse coordinates of the N electrons is completely
missed. In fact, in both the N single electron radiation field
amplitudes and the temporal incoherent part of the TR en-
ergy spectrum any dependence on the Lorentz-invariant dis-
tribution of the N electron transverse coordinates (x0 j , y0 j )
( j = 1, ..,N) disappeared. Moreover, looking at the for-
mula of the TR field - Eq.(15) - it turns out that the causal-
ity role played by the N electron longitudinal coordinates
z0 j ( j = 1, ..,N) in determining the emission phases of the
N single electron radiation amplitudes is completely mixed

up (indistinguishable) with the role of the N electron trans-
verse coordinates (x0 j , y0 j ) ( j = 1, ..,N). The transverse
coordinates of the N electrons indeed do not determine the
emission phases but only contribute to determine the obser-
vation phases as a function of the N electron distances from
the z-azis of the reference frame. But, according to the for-
mulation given in Eq.(15), the transverse coordinates of the
N electrons seem to play the same causal role played by the
N electron longitudinal coordinates.

CONCLUSIONS
Transition radiation (TR) emission of a bunch of N elec-

trons is ruled by Lorentz-covariance and temporal-causality
as other electromagnetic radiative mechanism by relativistic
charged beams. In case of normal incidence, the Lorentz-
covariance consistency for a model of TR means that the
Lorentz-invariant dependence on the transverse coordinates
of the N electrons is transmitted from the electric field of the
relativistic bunch to the TR energy spectrum. At the same
time, the clear and strict dependence of the emission phases
of the N single electron radiation field amplitudes from the
radiator surface on the distribution of the N electron longi-
tudinal coordinates - i.e., on the temporal sequence of the N
electron collision onto the metallic screen - is the signature
of the temporal-causality in a model of TR. The formal pro-
cedure how to implement in the radiation field expression
the integral calculus with respect to the radiator surface rep-
resents the breaking-point between a Lorentz-covariance
and temporal-causality consistent or inconsistent model of
TR.
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Electron bunch and bunch train charges will be 

measured by a Bergoz [4] in-flange Integrating Current 
Transformer (ICT-CF6-60.4-040-020:1-H-UHV-
THERMOE) with 1.25Vs/C sensitivity and the AISI 
316LN option.  Beam charge signals will be processed by 
Bergoz BCM-IHR Integrate-Hold-Reset electronics with 
the 10 kHz option feeding a beam synched triggered 
digitizer. An ICT will be installed in the upstream portion 
of the 2 MeV transport and another just upstream of the 
high power dump to allow monitoring of the overall 
transport efficiency.  Due to the 10 kHz measurement rate 
limitation only a subset of the planned 78 kHz bunches 
will be measured. 

The low and high power beam dumps will be 
electrically isolated to allow measurement of the collected 
electron beam. 
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   Transverse beam profiles will be measured using 
pneumatic plunging 0.1 X 30 mm YAG:Ce screens 
mounted in  profile monitor stations as shown in Fig. 6 
and 7.  There will be six located of these stations installed 
at key locations in the beam transport.     
   Images from the YAG screen that is oriented orthogonal 
to the electron beam are transported by two mirrors and 
fixed lens to a GigE CCD camera. Software was 
developed that allows line-out profile data at any angle 
cut through the image as shown in Fig. 8. 

 

 

 
 

 

 
 
 

 

 

 
Beam loss detectors will be distributed at 14 key 

locations throughout the beam line to provide a tuning aid 
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and will be used to optimize transport efficiency. Elevated 
radiation doses need to be avoided especially in the 
wiggler sections where they can lead to a partial 
demagnetization of the permanent magnets with a 
detrimental effect on the free-electron laser process. The 
primary loss sensor will be a photomultiplier tube based 
loss detector. The design of this detector is based on ones 
developed at Jefferson Lab and used at CEBAF. CeC PoP 
will plan to use the Hamamatsu R11558 PMT in the 
detectors.  

Loss signals will be processed using a VME module 
developed at JLAB that provides dual parallel analog 
circuits for each detector. An integrating channel provides 
fast response (<1 us) with configurable interlock 
threshold comparison for machine protection, a second 
channel which employs a log amp provides wide 
dynamic range (>50 dB) for tuning [7]. 

 

-
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EVOLVEMENT OF THE LASER AND SYNCHRONIZATION SYSTEM
FOR THE SHANGHAI DUV-FEL TEST FACILITY∗

B. Liu†, X.T. Wang, X.Q. Liu, S.P. Zhong, W.Y. Zhang, T.H. Lan, L. Feng, D. Wang
SINAP, CAS, Shanghai 201800, China

Abstract
Many attractive experiments including HGHG, EEHG,

cascaded HGHG, chirped pulse amplification etc. are car-

ried out or planned on the Shanghai Deep- Ultraviolet Free-

Electron Laser test facility. These experiments are all utiliz-

ing a laser as seed, and need precise synchronization between

the electron beam and the laser pulse. We will describe the

history and current status of the seeding and synchroniza-

tion scheme for the SDUV-FEL together with some related

measurement results in this paper.

INTRODUCTION
High gain free-electron lasers (FELs) are being developed

to serve as high-intensity coherent radiation sources for ad-

vanced user applications. One of the most feasible ways for

delivering short-wavelength FEL is self-amplified sponta-

neous emission (SASE) [1, 2]. However, SASE radiation

starts from shot noise of the electron beam, and results in a

poor temporal coherence. With the growing interest in fully

coherent sources, various seeded FEL schemes have been

proposed on the basis of harmonic generation and seeding

of external lasers. A typical scheme is high-gain harmonic

generation (HGHG) [3], which has been demonstrated from

the infrared to the soft X-ray spectral region [4–7].

Seeded FEL schemes need precise synchronization of

laser and beam. Usually the electron beam duration for FEL

is from picosecond down to femtosecond, and pulse length

of the seed laser is at the same level. Thus the synchro-

nization precision should be sub-picosecond and sometimes

even down to femtosecond level. Such stringent requirement

could be fulfilled with various ways, such as high harmonic

phase-locked loop (PLL) and optical cross-correlation [8].

FEL experiments of HGHG, echo-enabled harmonic gen-

eration (EEHG) [9–11]and cascaded HGHG [12–14] have

been carried out, and chirped pulse amplification [15,16] are

underway at Shanghai Deep-Ultraviolet Free-Electron Laser

test facility (SDUV-FEL) [17], which is consisting of an

injector, a main accelerator, a bunch compressor, two laser

modulation stages, and a long undulator section. The seed

laser interacts with the electron beam in the two modulator

undulators.

All these experiments are externally seeded, and precise

synchronization between the seed laser and electron beam

is necessary. In this paper, the history and current status

of related laser and synchronization systems are reviewed.

Some measurement results are also presented.

∗ work supported by the National Natural Science Foundation of China
(Grant No. 11175241)
† liubo@sinap.ac.cn

LASER SYSTEMS
The SDUV-FEL was originally a SASE test facility, and

had only one Nd:YLF laser system serving as the drive laser.

With some modification on the laser transport system, it had

been successfully turned into a HGHG test facility since

2009. One Ti:Sapphire laser system was put into operation

as the dedicated seed laser in 2010 and an optical parametric

amplifier (OPA) systemwas added to extend the capability in

2011. Currently, a rather complicated laser transport system

has been established to fulfill different requirements, which

is shown in Figure 1.

Radiator

OPA

Oscillator

Amplifier

Ti:Sa Laser

Shielding Wall

Nd:YLF Laser

Amplifier

Mod 2 Mod 1

Seed 3 Seed 2 Seed 1

Linac RF Gun

JAGUAR

Figure 1: Layout of the laser transport system.

There are three laser injection points and two modulation

sections along the beam line. The seed laser could be coming

either from the Nd:YLF system or from the Ti:Sa system

depending on the requirement of the planned experiment.

Nd:YLF Laser
The basic parameters of the Nd:YLF laser system is shown

in Table 1.

Table 1: Parameters of the Nd:YLF Laser System

Parameter Value Remark
Wavelength 1047 nm fundamental

Pulse length 8.7 ps FWHM

Repetition rate 119MHz oscillator

Repetition rate 2Hz (100Hz max.) amplifier

>5mJ@1047 nm amplifier

Pulse energy >2mJ@523 nm 2nd harmonic

>1mJ@262 nm 4th harmonic

The Nd:YLF laser is mainly used to drive the RF gun at

its fourth harmonic through two BBO crystals, while the

residual fundamental and second-harmonic light could be

used as the seed laser.
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Ti:Sapphire Laser
The basic parameters of the Ti:Sapphire laser system is

shown in Table 2.

Table 2: Parameters of the Ti:Sa Laser System

Parameter Value Remark
750 −-860 nm

Center wavelength 1160 −-1600 nm OPA signal

1600 −-2600 nm OPA idler

Pulse length 35 fs, 130 fs, 1 ps FWHM

Repetition rate 79.333MHz oscillator

Repetition rate 1 kHz amplifier

>3.5mJ@800 nm amplifier

Pulse energy >400 μJ OPA signal

>300 μJ OPA idler

The Ti:Sapphire laser system is utilized as a dedicated

seed to provide various wavelength output at different pulse

length. With the OPA system, the laser seed could be tuned

continuously from 1160 nm to 1600 nm or from 1600 nm to

2600 nm, thus we could continuously tune the FEL output

without varying the electron beam energy.

SYNCHRONIZATION SYSTEM
Tuning of the Synchronization
At first, the seed laser and the electron beam are adjusted to

be transversely overlapped through two frosted YAG screens

which are placed upstream and downstream the modulator,

respectively.

The longitudinal overlap of the seed laser and the beam is

accomplished in two steps. Coarse synchronization is tuned

with a PD and an oscilloscope. The beam and the seed laser

could be observed by detecting the undulator radiation signal

of the electron beam and the seed laser simultaneously by a

PD downstream the modulator. By using a 1 GHz PD and

a high resolution oscilloscope with 6 GHz bandwidth and

25 GS/s sampling rate, the electron beam and the seed laser

could be temporally overlapped with a precision better than

100 ps.

Final precise synchronization is achieved by observing

the radiation signals from the radiator while fine tuning the

seed laser delay. When the seed laser does not interacts with

the electron beam, only the spontaneous emission could be

observed in the radiator undulator, which is rather weak.

While one adjusts the laser delay with femtosecond level

precision to the right direction, the stronger and stronger

radiation signal will indicate final synchronization of the

seed laser and the electron beam.

After longitudinal position is tuned to be fully coincident,

the optimal interaction between the laser and the beam could

be found by fine tuning of the transverse position while

observing the radiation. Other parameters, such as the mod-

ulator gap, chicane strength and the radiator gap, could also

be optimized to fulfill the resonant condition, and hence

increase the signal to noise ratio.

Original Scheme
The first HGHG experiment on SDUV-FEL is accom-

plished with a seed laser coming from the drive laser, which

is actually the residual fundamental output after the first BBO

crystal. The distribution system for the reference signals is

shown in Figure 2. The frequency of master RF oscillator

is 119 MHz, which is the same as the repetition rate of the

drive laser oscillator, while the 2856 MHz reference for low-

level RF systems is generated by a multiplier. Path length of

the IR laser from the source to the interaction point inside

modulator is designed almost equal to that of the UV laser

plus electron bunch, and can be finely adjusted remotely by

a motorized delay stage.

Optical Adjustment and
Delay Stage

D
rive

L
aser

Accelerator Accelerator

Reference Oscillator
119MHz

Bunch Compressor Undulators

K

LLRF

K

LLRF

Beam Diagnostics

Sync-
Lock

24 X
2856MHz

IR Laser

UV Laser

Beam Diagnostics

Figure 2: Original reference distribution system for the

SDUV-FEL.

The auto-correlation measurement demonstrates that the

pulse length of the drive laser is 8.7 ps (full width at half

maximum, FWHM). In this experiment, the electron beam is

accelerated on crest and the bunch compressor is off. That is

to say, the electron beam and the laser will be of the similar

length.

The coherent radiation intensity versus the laser delay is

shown in figure 3. The FWHM is about 15 ps, which agrees

with the laser pulse length measurement result.

Figure 3: Measurement result of the seed laser scanning.

Current Scheme
In 2010, a Ti:Sapphire system was integrated into the

SDUV-FEL to do some more sophisticated experiments.
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The new laser oscillator is working at 79.333 MHz, which is

2/3 of the drive laser. To make the laser pulse synchronized

to the electron bunch, the timing and synchronization system

must be upgraded to adapt to the changes, which is shown in

Figure 4. A new customized master source based on crystal

oscillator was built to provide phase-locked 119 MHz and

79.333 MHz references with very low phase noise. A com-

mercial delay generator is used to scale down the reference

frequency and provide triggers with different delays.

D
rive

L
aser

Seed
L

aser

AcceleratorBunch Compressor Undulators

K

LLRF

K

LLRF

Beam Diagnostics
Beam Diagnostics

Sync-
Lock

Sync-
Lock

Mult.
*24=2856MHz

Master Osc.
119MHz

Mult.+Div.
*2/3=79.333MHzDG645BNC 555

2Hz

2Hz

1KHz

Accelerator

Figure 4: Current synchronization scheme for the SDUV-

FEL.

After the new dedicated Ti:Sapphire seed laser is put into

use, it's able to measure the beam profile directly. The new

seed laser is 130 fs FWHM, and can resolve the bunch profile

easily in sub-picosecond level.

Two different cases are demonstrated in Figure 5. One is

for the uncompressed bunch (Fig. 5(a)), while the other is

for the compressed bunch with the theoretical compression

ratio of 2 (Fig. 5(b)). The results agree well with the theory

and the simulation. The intensity fluctuations observed are

mainly contributed by the beam energy instability and the

timing jitter between the seed laser and the beam.

A rough estimation of the timing jitter between the laser

and the beam could also be done from the scanning result.

From the measurement data, one could estimate that the

timing jitter during a short time period is about 1.0 ps. Fur-

ther optical cross-correlation experiments are considered to

verify these estimations.

Direct measurement of the relative phase between the

laser and reference signal could also give some information

of the synchronization system, as shown in Figure 6. Short

time jitter is at sub-picosecond level, however, the drift is

rather large. Further measurements are planned in order to

determine which part contributes most, the reference distri-

bution or the laser locking box.

Future Plan
For the SDUV-FEL, the bunch length of electron beam is

at picosecond level, thus jitter and drift is not a big problem

during various FEL experiments. However, for future FEL

facilities, especially for user experiments, jitter and drift will

be of great concern. Based on the pulsed laser technolo-

gies, a high performance synchronization system has been

developed [18] to fulfill the requirements for future XFELs.

Development of such kind of system is also planned in China

and some key technologies will be tested on the SDUV-FEL,

Figure 5: Seed laser delay scan for (a) the uncompressed

beam and (b) the compressed beam.

Figure 6: Jitter between the seed laser oscillator and the

reference signal for (a) 5 minutes and (b) 200 minutes.
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as shown in Figure 7. An Er-doped fiber laser locked to the

RF oscillator will generate femtosecond laser pulses as ref-

erence. Through a phase stable fiber distribution subsystem,

the reference optical pulses will be sent to different locations

along the facility. The drive and seed lasers can be locked to

the reference with laser-laser synchronization device which

is based on optical cross-correlation, while the low noise

RF signals for LLRF systems will be regenerated from the

reference with the RF-laser synchronization device based

on balanced optical-microwave phase detector. The stable

reference can also be used for beam diagnostics directly.
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Accelerator Accelerator

Reference
Oscillator

Bunch Compressor Undulators

Optical Oscillator
(Er-Doped Fiber Laser)
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K

LLRF

Laser-Laser
Sync

Laser-Laser
Sync

Beam Diagnostics Beam Diagnostics

Laser
-RF

Laser
-RF

Distribution System for Pulsed Laser

Figure 7: Future upgrade plan for the SDUV-FEL synchro-

nization system.

CONCLUSION
Two solid-state laser systems serving as the drive and

seed lasers have operated at SDUV-FEL for a few years.

Kinds of seeding schemes are developed to fulfill different

requirements of various FEL experiments. The pulse energy

has been increased to provide more electron charge and more

modulation power through several upgrades. Energy stability

and pointing stability are main concerns in the future.

Precise synchronization between the laser and the beam is

achieved, which is a necessity for seeded FEL experiments.

A general approach is established to make the synchroniza-

tion process easy and regular. The electron bunch profile is

measured with the laser scanning technique, and the results

agree with the theoretical expectation and the simulation.

Current synchronization is obtained by RF phase-locked

loop, and all reference signals are derived from the same

crystal oscillator. However, RF phase-locked loop has some

limitations, such as low precision and large long-term drift,

which is not a big problem for the long electron bunches

and single-stage HGHG operation. But for cascaded HGHG

and very short bunches, it requires much more stringent

synchronization down to a few femtoseconds. A pulsed laser

based optical synchronization system is under consideration

for the SDUV-FEL, which will improve the synchronization

precision and stability.
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LONGITUDINAL RESPONSE MATRIX SIMULATIONS FOR THE
SWISSFEL INJECTOR TEST FACILITY

A. Saa Hernandez∗, B. Beutner†, F. Frei, R. Ischebeck, PSI, Villigen, Switzerland

Abstract
The Singular Value Decomposition (SVD) method has

been applied to the SwissFEL Injector Test Facility to iden-
tify and better expose the various relationships among the
possible jitter sources affecting the longitudinal phase space
distribution and the longitudinal diagnostic elements that
measure them. To this end, several longitudinal tracking
simulations have been run using the Litrack code. In these
simulations the RF and laser jitter sources are varied one-by-
one within a range spanning several times their measured
stability. The particle distributions have been dumped close
to the diagnostic locations and the measured quantities an-
alyzed. A matrix has been built by linearly fitting the re-
sponse of each measured quantity to each jitter source. This
response matrix is normalized to the stability of the jitter
source and the instrumentation accuracy, and it is inverted
and analyzed using SVD. From the eigenvalues and eigen-
vectors the sensitivity of the diagnostics to the jitters can be
evaluated.

INTRODUCTION
The SwissFEL free electron laser [1] is currently being

constructed at the Paul Scherrer Institute. The SwissFEL
Injector Test Facility (SITF) has been operated since 2010 as
a platform to develop and test the different components and
optimize the procedures necessary to operate later Swiss-
FEL.
Several sources of jitter and drift affect the longitudinal phase
space dynamics of the SITF. In order to identify and better
expose the various relationships among the error sources and
the longitudinal diagnostics that measure them, longitudinal
response matrix simulations have been performed for the
SITF in a similar manner as previously realized for Swiss-
FEL [2]. These simulations have been used to predict the
response matrix later measured at SITF during two shifts. A
detailed description and analysis of the experimental results
is given on a separate contribution [3].

A scheme of the SITF showing the longitudinally relevant
elements is sketched in Figure 1. The electrons emerge from
an S-band RF photoinjector and are accelerated by a booster
linac based on normal conducting S-band RF technology,
which simultaneously generates the necessary energy chirp
for the magnetic compression. In front of the magnetic
chicane a fourth harmonic X-band cavity, phased for decel-
eration, linearizes the longitudinal phase space for optimal
bunch compression. The last drift section is dedicated to the
beam characterisation.
The bunch charge is measured with stripline beam position
∗ angela.saa-hernandez@psi.ch
† presently at DESY, Hamburg

monitors (BPM), that were calibrated via a Faraday cup and
a wall-current monitor [4]. BPMs in dispersive sections
measure the horizontal beam position from which the mean
particle energy is inferred, while the energy distribution is
measured by imaging the incoherent synchrotron radiation
with a monitor (SRM) [5]. The bunch arrival time monitor
(BAM) samples the deviation of a RF pick-up signal from
the electron bunch with a pulsed reference laser [6]. The
absolute bunch length is measured in a destructive manner
using a transverse deflective cavity (TDC) and imaging the
bunch at a screen, while the relative bunch length variations
are measured with a bunch compression monitor (BCM)
based on coherent diffraction radiation (CDR) generated as
the electron bunch passes through a hole in a foil. After
passing through THz filters, the emitted CDR is detected
by Schottky diodes [3]. An overview of the longitudinal
diagnostics relevant for the response matrix studies is also
shown in Figure 1.

SIMULATIONS
To analyze the sensitivity of the electron beam to RF-

phase, RF-amplitude, and charge errors the entire beamline
must be considered. The beamline is modeled in LiTrack [7],
a one-dimensional tracking code which includes the effect
of longitudinal wakefields. The physics model of Litrack
is more appropriate for highly-relativistic beams. For this
reason the following trick is applied to study the entire beam-
line; initially a low-energy high space-charge 3D tracking
simulation is done with Astra [8] and a particle distribu-
tion at 130 MeV (after FINSB02) is generated. The energy
and longitudinal coordinates of these particles are used as a
1D input distribution for the LiTrack simulation, where it is
firstly tracked backwards to the photocathode and afterwards
tracked forward including the error sources. A total of 11
error sources have been studied in this work; the phase and
amplitude of the photoinjector RF gun (φSS , ASS), the phase
and amplitude of the three S-band accelerating cavities (φS1,
AS1, φS2, AS2, φS3, AS3), the phase and amplitude of the
linearizer X-band cavity (φX , AX ) and bunch charge (Q)
due to laser fluctuations. The nominal settings of the charge
and RF parameters in the simulations, presented in Table 1,
are taken such to match those of the experiments performed
at SITF. Thus, bunches of 20 pC are accelerated to a final
energy of 200 MeV and compressed approximately 7 times
their original length, from 1.9 ps (570 µm) down to 266 fs
(79 µm) in the experiment, and only down to 85 µm, approx-
imately 10% less compression, in the simulations with the
same RF settings.

The tracking simulations are run varying the error sources
one by one, in five steps, within the range shown in Table 1.
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Figure 1: Scheme of the SwissFEL Injector Test Facility. In green the longitudinal diagnostics sketched at their positions,
in red the error sources studied in this work.

Table 1: Initial settings and variation range of the longitu-
dinal error sources that match the experimental conditions.
The stability was measured during the experiments.

Parameter Settings Variation Range Stability
φSS 4.3 ◦ ± 1.5 ◦ 0.039 ◦
ASS 7.02 MV ± 7.4 % 0.041 %
φS1 -0.02 ◦ ± 1.5 ◦ 0.022 ◦
AS1 53.57 MV ± 1.7 % 0.011 %
φS2 -2.5 ◦ ± 1.5 ◦ 0.026 ◦
AS2 70.80 MV ± 0.5 % 0.007 %
φS3 -37.5 ◦ ± 1.5 ◦ 0.035 ◦
AS3 102.65 MV ± 6.0 % 0.056 %
φX 180.04 ◦ ± 1.5 ◦ 0.18 ◦
AX 14.21 MV ± 8.6 % 0.13 %
Q 20 pC ± 9 % 0.9 %

This range was defined experimentally. An example of the
particle distribution tracked along the beamline for the five
steps of the φS3 variation range is shown in figure 2. The
particle distribution is projected along the longitudinal posi-
tion axis and the energy axis. The variation in arrival time
and bunch compression is clearly visible for the different
steps.

Figure 2: Particle distribution tracked with Litrack along the
entire beamline, for the five steps variation of φS3.

The particle distributions are dumped close to the diag-
nostic locations and analyzed such to extract the parameter
that would be measured by each diagnostic element. In this

manner, most of the diagnostic elements are not yet modeled
in this first approximation to the response matrix problem.
Thus, to get the energy at the position of the SRM and of
the BPMs in the bunch compressor (BPM-E1, BPM-E2)
the energy outputs provided by the LiTrack code close to
those positions are simply taken. Similarly, to get the charge
from the stripline BPMs the charge output of the LiTrack
code after the bunch compressor is taken. To get the bunch
length at the screen which images the bunch deflected by
the TDC the particle distribution is projected along the lon-
gitudinal position axis and the rms is taken. Similarly, for
the energy spread measurements at the SRM the rms from
the particle distribution projected along the energy axis is
taken. The BCM is the only diagnostic element which had
to be modeled in order to be able to extract from the particle
distribution the parameter it measures. To get the relative
bunch length variations the current profile was generated
from the projection of the particle distribution along the
longitudinal position axis. From this, the power spectrum
was derived and subsequently multiplied by the single elec-
tron spectrum and the spectral responsivity of the detectors
used. The single electron spectrum was simulated by the
numerical code THz Transport [9], taking into account the
experimental geometry. For the two BCMs, the CDR is
thereafter integrated in two spectral bands (BCM-D1r: 0.6
− 2 THz, BCM-D2r: 0.26 − 2 THz). The cut-on frequency
of the high pass THz filter determines the sensitivity of the
BCM.

Figure 3: CDR radiation power corresponding to the φS3
phase variation range and transmission of the THz filters and
the spectral responsivities of the corresponding detectors
(blue and yellow).

An example of the CDR generated for the five steps of the
φS3 variation range is shown in Figure 3. All the diagnostics
elements, the corresponding measured parameters and
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Table 2: Longitudinal Diagnostics and Their Resolution
Diagnostics Quantity measured Resolution
BPM-E1 energy 0.013 MeV
SRM-E energy 0.024 MeV
SRM-∆E energy spread 0.024 MeV
BPM-E2 energy 0.013 MeV
BCM-D1r CDR, integr. 0.6−2 THz 1.6 mV (0.8 %)
BCM-D2r CDR, integr. 0.26−2 THz 2.4 mV (0.6 %)
BPM-Q charge 0.062 pC (0.3 %)
BAM-t bunch arrival time 52 fs
TDC-σz bunch length 40 fs

its resolution, estimated experimentally, are presented in
Table 2.

The quantities measured by the diagnostics are plotted for
the error variation range. The response of the diagnostic to
the error is defined by the slope of the linear fit. An example
of the φS3 variation measured by the 9 available diagnostic
elements is shown in Figure 4.
The same is done for each of the 11 error sources, such

that a 11 × 9 response matrix is obtained. To convert it into a
dimensionless matrix where the terms can be compared, the
responses are multiplied by the stability of the error sources
and divided by the diagnostic resolution, shown in Tables 1
and 2, respectively. The resulting dimensionless response
matrix is presented in Table 3. It can be observed that while
the charge measurement using BPM-Q is only sensitive to
the charge variation, all other diagnostics are sensitive to a
combination of error sources.

Thus, in order to analyze the response matrix R the SVD
method has been used. For this purpose R is decomposed
into three matrices according to:

R = U · Σ · VT (1)

where the matrix Σ, presented in Table 4, contains the
square roots of the singular values ordered from greatest
to least along its diagonal. With the aim to account for
the most significant correlations, we have restricted Σ to
the first five singular values, and neglected the remaining
ones. In order for the matrix multiplication to be consistent
we have eliminated the corresponding column vectors of U
and V. From the resulting matrices U and V with reduced
dimensionality, shown in Tables 5 and 6, we can observe:

• The first singular value indicates a mode acting mainly
on the bunch compression, which relates the variations
of φS3 and φX with the measurements from BCM-D1r
and BCM-D2r. It is worth emphasizing that for the
simulations the bunch length was roughly 10% longer
and the bunch shape showed steeper rising and falling
edges than the profile measured during the experiments.
These deviations affect the resolution of the BCM, and
since the resolution from the experimental measure-
ment is used for normalization, this leads to an increase
of the sensitivity of the BCM in the present simulations.

• The second singular value indicates a mode acting
on the mean energy of the particles. The diagnos-
tics BPM-E1, BPM-E2 and SRM-E measure energy
changes caused mainly by variations of the phases φS3
and φX and the amplitudes AS3 and AX .

• The third singular value indicates a mode acting on the
charge, which is measured by BPM-Q and in a smaller
scale by the BCM monitors that measure variations of
the bunch charge.

• The fourth singular value, almost 103 times smaller
than the first one, indicates a combined mode acting on
energy spread, bunch compression and charge, caused
by the phase and amplitude of FINSB03 (φS3 and AS3)
and the phase and amplitude of FINXB (φX and AX ).

• The fifth singular value is already so small, more than
105 times smaller than the first singular value, that is
just dominated by noise and has no constructive impact
on the response matrix.

CONCLUSIONS
A diagnostics response matrix for the SwissFEL Injector

Test Facility has been simulated and afterwards experimen-
tally measured. The simulation work used to predict the
measurement results has been presented here. Because this
simulation work does not yet include modeling of the differ-
ent diagnostics including the detector responses, no quantita-
tive comparison is yet to be done between the simulated and
experimental response matrices. Still, the predicted sensitiv-
ities of some diagnostics to certain error sources and also
the coupling between them have been later experimentally
confirmed.
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Figure 4: Variation of the φS3 in five steps measured by each of the diagnostic measurements. A linear fit gives the response
of the different diagnostics to this RF actuator.

Table 3: Response Matrix of the Diagnostics to the RF Variation (Matrix R).
Q φSS φS1 φS2 φS3 φX ASS AS1 AS2 AS3 AX

BPM-E1 -0.01 -0.03 0 0.10 2.75 0 0.20 0.46 0.35 3.26 -1.31
SRM-E -0.01 -0.01 0 0.06 1.60 0 0.12 0.27 0.21 1.90 -0.76
SRM-∆E -0.02 -0.04 -0.16 -0.24 -0.47 1.34 -0.01 -0.02 -0.01 0.15 0.05
BPM-E2 -0.01 -0.03 0 0.10 2.75 0 0.20 0.46 0.35 3.26 -1.31
BCM-D1r 2.41 0.28 1.29 2.07 5.39 -11.09 0.17 0.36 0.26 0.37 -0.98
BCM-D2r 3.07 0.12 0.57 0.92 2.36 -4.90 0.08 0.16 0.12 0.16 -0.44
BPM-Q 3.00 0 0 0 0 0 0 0 0 0 0
BAM-t 0 0.01 0 -0.03 -0.73 0 -0.05 -0.12 -0.09 -0.87 0.35
TDC-σz 0 0 -0.02 -0.03 -0.07 0.15 0 0 0 -0.01 0.01

Table 4: Matrix Σ
1 2 3 4 5

1 14.52 0 0 0 0
2 0 6.59 0 0 0
3 0 0 3.41 0 0
4 0 0 0 0.02 0
5 0 0 0 0 0.001

Table 5: Matrix U
1 2 3 4 5

BPM-E1 0.12 0.63 0.04 -0.02 -0.03
SRM-E 0.07 0.37 0.02 -0.01 -0.02
SRM-∆E -0.10 0.05 0.11 0.60 0.77
BPM-E2 0.12 0.63 0.04 -0.02 -0.03
BCM-D1r 0.88 -0.14 -0.26 0.35 -0.11
BCM-D2r 0.42 -0.10 0.45 -0.62 0.47
BPM-Q 0.05 -0.06 0.85 0.36 -0.39
BAM-t -0.03 -0.17 -0.01 0 -0.12
TDC-σz -0.01 0 0.01 0.06 0.06

[7] K.L.F. Bane and P. Emma, “Litrack: A Fast Longitudinal
Phase Space Tracking Code with Graphical User Interface”,
in Proc. 2005 Particle Accelerator Conf., Knoxville, 2005, pp.
4266-4268.

Table 6: Matrix V

1 2 3 4 5
Q 0.25 -0.13 0.96 0 0
φSS 0.02 -0.01 -0.01 -0.02 0.08
φS1 0.10 -0.04 -0.03 -0.12 0.23
φS2 0.16 -0.04 -0.04 -0.17 0.02
φS3 0.45 0.48 -0.05 0.66 -0.31
φX -0.82 0.33 0.26 0.20 -0.15
ASS 0.02 0.04 0 -0.04 0.11
AS1 0.04 0.10 0 -0.08 0.22
AS2 0.03 0.07 0 -0.06 0.17
AS3 0.09 0.74 0.08 -0.28 0.49
AX -0.10 -0.27 -0.01 0.63 0.70

[8] K. Flötmann, “ASTRA A Space Charge Tracking Algorithm”,
user manual available at: http://www.desy.de/~mpyflo/
Astradokumentation/

[9] THz Transport, developed by B. Schmidt, DESY.
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CAMERALINK HIGH-SPEED CAMERA FOR BUNCH PROFILING
Daniel Llorente, Rasmus Ischebeck, Helge Brands, Patrick Pollet, Volker Schlott

Paul Scherrer Institut, Villigen, Switzerland

Abstract
In the context of upcoming SwissFEL linear 

accelerator, we are working on a high-speed high-
resolution instrument capable of delivering good 
sensitivity even in dark conditions. The camera selected is 
a PCO.Edge with SCMOS technology and an ultra-low 
noise sensor with 2560x2160 pixel resolution working at 
100Hz. This allows for single bunch monitoring in 
SwissFEL, allowing eventually for on-the-fly inter-bunch 
image processing. 

The communication between the PCO.Edge camera and
a last-generation Kintex7 FPGA has been demonstrated 
using a prototyping evaluation board and an 850-nm 
optical link connected to a 10Gbit SFP+ transceiver. 
Rudimentary packet processing has been implemented to 
confirm the satisfactory operation of the new link-layer 
protocol X-CameraLinkHS, specifically development for
high-speed image transmission. We aim for online image 
processing and investigating the feasibility of achieving 
inter-bunch feedback (< 10 ms).

SYSTEM DESIGN FOR PROCESSING 
IMAGE AT ON-THE-FLY

The system is designed to monitor bunches of electrons 
with a high-resolution high-speed camera, capturing 
frames at 100Hz, the working frequency of the SwissFEL 
laser gun [1]. A last-generation FPGA will process such 
frames at a high speed, extracting the relevant parameters, 
comparing these values to programmable thresholds and 
eventually allowing for fast feedback to the machine 
without the intervention of the operator (see Fig. 1).

Frames need to be transmitted from the camera to the 
processing system over a distance of up to 1km, using for 
this purpose an 860-nm multimode optic fibber, which 
comfortably allows for the 10Gbps data rate of the 
camera. The preference of optic fibber over cooper
cabling is advised due to the long distances and noisy 
environment in which the system will be deployed.

Data is formatted in the camera according to the 
Camera-Link High Speed (CLHS) Protocol [2], which has 
been designed to provide low latency and low jitter in 
real-time signals for high-bandwidth image transmission.
This is a proprietary link-layer protocol which can be 
implemented over commodity Ethernet connectors, thus 
benefiting in terms of price and availability of hardware. 
Particularly in our design, we use two Small form-factor 
pluggable transceivers (SFP+), a widely-spread standard 
in the communication industry for optic fibbers.

The frame grabber has been implemented on a KC705 
Prototyping Platform from Xilinx. This board includes a 
last-generation Kintex7 FPGA, which is the targeted 
device for the final design implementation. On this board,

DDR3 memory and one PCI connector are available, 
which are a powerful asset for further expanding the 
system capabilities. For deploying the instrument in the 
accelerator tunnel, we will transfer the firmware to a 
General Purpose Carrier Board v.3.0 (GPAC), which is 
expected to be the workhorse electronic board for future 
SwissFEL instruments.

The embedded system includes the Frame Grabber (an 
Intellectual Property (IP) Core) running along many other 
modules. For instances, the 10GBASE-KR core from 
Xilinx conveys the physical signals into CLHS packets (it 
is actually our PHY layer). The CLHS packets are 
decoded and transformed into frames by the X-Protocol 
decoder, provided by PCO, the camera manufacturer [3].
From this point on, the data format is presented as rows 
and columns of pixels. Together with the corresponding 
context data, the frame can be rebuilt.

At this point, we have two options. Data can be either 
processed at wire-speed on the FPGA in order to extract
the relevant parameters or it can be alternatively stored on
a temporary local buffer, waiting for retrieving from the 
control system an eventually processed offline. Both 
options present its advantages and drawbacks. Buffering 
large amounts of information require of fast big buffers, 
which can only be implemented with a reasonable cost on 
DDR memories. Even in this case, only some ms of video 
streaming can be stored.

A second option consists in processing the frames on-
the-fly using a set of Hardware Accelerators specifically 
designed for this purpose (Schwerpunkt Extractor, 
Gradient Machine…). If fast enough, this early extraction 
of information from the frames may allow for inter-bunch 
feedback to the actuators, greatly speeding up the precise 
calibration of the machine. In this last case, the need for a
large buffer would be overcome, though at the price of 
increasing design effort while flexibility for later 
modifications becomes more difficult.

SCMOS SENSORS
Many scientific imaging applications demand multi-

megapixel focal plane sensors that can operate with very 
high sensitivity and wide dynamic range. Scientific 
CMOS technology delivers a very large high field, 
together with a low noise figure, that can be up to one
degree of magnitude smaller [4]. This is especially the
case when the number of photons is very low, as it is in 
our case, when only a handful of photons (~200) excite 
the sensor.

This high performance is obtained without reducing the 
fps rate, so the sensor is capable of capturing frames at 
100 Hz without the traditional trade-off in CCD cameras 
that requires reducing resolution to increase frames per
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Figure 1: Prototype being implemented on a Xilinx’s Kintex7 Prototyping Platform (KC705) with a K7 FPGA 
(xc7k325-2).

second or alternatively increasing fps but reducing the 
noise-to-signal figure.

In our case, one particularly interesting option is 
dynamically selecting a region of interest (ROI) and so 
capturing only a small portion of the image. The bunch 
usually excites less than 10% of the sensor, being its 
position variable before setup but quite stable during 
machine normal operation. This provides us with higher 
resolution and reduces the amount of data to be 
transmitted/processed to/in the FPGA. 

STATUS AND NEXT STEPS
At the moment, the Frame Grabber is up and running on

our test environment, being able to communicate with a 
camera prototype (the final camera is not yet available). 
Frames are received over optic fibber, and the PHY and 
Link Layer cores are up and working. The CLHS frames 
have been observed using a logic analyser. Together with 
this, a Test Schwerpunkt Extractor has been implemented
to begin experimenting with data manipulation and 
control of the video streaming. This part of the system 
(which we could describe as data plane) is configured and 
monitoring by the control plane. For this purpose, a full-
fledged on-chip Microblaze processor system together 
with its AXI communication matrix has been 
implemented to support the data plane.

In the coming months, we aim at extending the set of
hardware accelerators. Priority has been given to 
communicating via PCI-Express with a fast PC to monitor 
the video stream on-the-fly on a screen, hence validating 
the correct setting of the camera. Alternatively, we study 
the option of using the VDMA cores included in the

Xilinx Vivado programing suite, directly driving a HDMI 
Port from the FPGA without the need of a supporting PC.

Eventually, the system will be transferred from the 
current prototyping platform to a General Purpose Analog 
Carrier board (GPAC v3.0). This PSI board will include
different last generation FPGAs, including several seven 
series. Taking advantage of existing Firmware, the system 
will connect to a control board over a VME bus and from 
there to the SwissFEL network. Monitoring and control 
will be done over EPICS panels in the same way as the 
rest of the instrumentation on the accelerator.
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THERMAL EMITTANCE MEASUREMENTS AT THE SwissFEL
INJECTOR TEST FACILITY

E. Prat∗, S. Bettoni, H. H. Braun, M. C. Divall, R. Ganter, T. Schietinger, A. Trisorio, C. Vicario
PSI, Villigen, Switzerland

C. P. Hauri, EPFL, Lausanne, Switzerland and PSI, Villigen, Switzerland

Abstract
In a laser-driven RF gun the ultimate limit of the beam

emittance is the transverse momentum of the electrons as
they exit the cathode, the so-called intrinsic or thermal emit-
tance. In this contribution we present measurements of the
thermal emittance at the SwissFEL Injector Test Facility for
electron beam charges down to a few tens of fC. We have
studied the dependence of thermal emittance and quantum
efficiency on the laser wavelength, the RF-gun gradient and
the cathode material (copper and cesium telluride).

INTRODUCTION
The electron beam emittance is of great importance for

Free-Electron Laser (FEL) facilities. First, transversely co-
herent FEL radiation is generated if εn/γ ≈ λ/4π, where εn
is the normalized beam emittance, γ is the Lorentz factor and
λ is the FEL radiation wavelength. This condition entails
that by reducing the normalized emittance the final beam
energy can be decreased, which translates into a more com-
pact and affordable accelerator. Second, for a given beam
energy, a smaller emittance implies a higher radiation power
and a shorter undulator beamline to reach FEL saturation.

As accelerator technology advances and the emittance of
the electron source is preserved downstream of the injector,
the source becomes a significant contributor to the final
emittance and brightness of the electron beam. The intrinsic
or thermal emittance, which is proportional to the transverse
momentum of the electrons exiting the cathode, is related
to the initial kinetic energy or effective temperature of the
electrons.

The thermal emittance for both metal and semiconductor
photo-cathodes can be expressed as [1, 2].

εth = σl

√
φl − φe

3m0c2
, (1)

where φl is the laser photon energy, σl is the RMS laser
beam size, m0c2 is the electrons rest mass energy, and φe is
the effective work function. We call εth/σl the normalized
thermal emittance, expressed in nm/mm, as it is independent
of the laser beam size. We note that the above expression is
correct if tilted-surface effects related to the surface rough-
ness of the cathode are negligible [3].
To illustrate the effect of the thermal emittance on the

final FEL performance, Fig. 1 shows the dependence of the
FEL power on the normalized thermal emittance for the
200 pC charge operation mode of SwissFEL [4]. For each
∗ eduard.prat@psi.ch
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Figure 1: Relative FEL power as function of the normalized
thermal emittance. Normalized core slice emittance is sim-
ulated for the 200 pC charge operation mode of SwissFEL
for different normalized thermal emittance values. The cor-
responding normalized emittance for optimized laser beam
size (red circles) is then used to calculate the relative FEL
power (green triangles).

normalized thermal emittance value we performed numeri-
cal simulations to optimize the emittance at the end of the
injector, from which the FEL power was calculated. For
instance, the FEL power increases by about 25% for a nor-
malized thermal emittance reduction from 600 nm/mm to
400 nm/mm.

The effective work function is defined as the material work
function φw , reduced by the Schottky effect φs [5]:

φe = φw − φs = φw −

√
e3

4πε0
βEc (ϕ), (2)

where e is the charge of the electron, ε0 is the vacuum permit-
tivity, β is the local field enhancement factor that depends
on the cathode surface properties, and Ec (ϕ) is the applied
field on the cathode at the injection phase ϕ.
When Ec (ϕ) varies in a small range, the quantum ef-

ficiency (QE) of a metal photo-cathode is linked to the
laser photon energy and the effective work function as fol-
lows [1, 6]:

QE ∝ (φl − φe )2. (3)

Equations 2 and 3 allow the determination of the effec-
tive work function of the employed cathodes directly from
measurements in the RF gun in two independent ways: by
measuring the emitted charge as a function of the injection
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Figure 2: Schematic layout of the SwissFEL Injector Test Facility (not to scale). The total length is about 60 m.

phase (Schottky scan) and as a function of the laser energy
(wavelength scan).

Extensive worldwide research and development have been
performed in the last years to measure the thermal emittance
for metal and semiconductor photo-cathodes, see for exam-
ple Refs. [6–10]. We have experimentally studied at the
SwissFEL Injector Test Facility [11] the normalized ther-
mal emittance and QE dependence on the laser wavelength
λl (φl = hc/λl ), the RF field at the cathode Ec , and the
photo-cathode material (related to φw). These studies are
presented for copper and cesium telluride.
We note that most of the results presented in this confer-

ence contribution will soon be published in a peer-reviewed
journal [12].

THE SwissFEL INJECTOR TEST
FACILITY

The SwissFEL Injector Test Facility is the principal test
bed and demonstration plant for the SwissFEL project, which
is presently under construction and aims at realizing a hard-
X-ray FEL by 2017. Figure 2 shows a sketch of the SwissFEL
Injector Test Facility.
Electron bunches of charges between 10 pC and 200 pC

are generated in a 2.6-cell standing-wave S-band RF photo-
injector gun, originally developed for high-current operation
at the CLIC test facility (CTF) at CERN [13]. There are two
gun drive lasers. The main one is based on a Ti:Sapphire
chirped pulse amplification system [14], which allows the
variation of the 3rd harmonic emission between 260 and
280 nm. This is further extended by the use of an optical
parametric amplifier (OPA) and a conversion stage to 250–
310 nm. The second laser system is a compact, turn-key
Nd:YLF amplifier, with a fixed wavelength of 262 nm. A
longitudinal Gaussian profile of 9.9 ps FWHM is used for
the measurements presented here and a selection of different
size circular apertures cut the central homogeneous part of
the laser beam, which is imaged onto the cathode for each
wavelength at close to normal incidence.

The total beam energy at the gun exit is 7.1 MeV. A
solenoid close to the gun cavity is used for initial focus-
ing. Additional individually powered windings inside the
gun solenoid allow for correction of normal- and skew-
quadrupole field components.

Four S-band accelerating structures bring the beam energy
up to the nominal value of 250 MeV. Additional solenoid

magnets around these structures allow for further control of
the transverse optics. After some space, which is used for an
X-band linearizing system and a bunch-compressor chicane,
an S-band transverse deflecting cavity is used for longitudi-
nally resolved measurements such as bunch length and slice
emittance. A dedicated beam diagnostic section downstream
of the deflecting cavity allows us to characterize the acceler-
ated beam. Several quadrupole magnets and beam screens
measuring the transverse beam profile are available for emit-
tance measurements. The final beam energy is measured by
a spectrometer at the end of the diagnostic section.
More details on the SwissFEL Injector Test Facility can

be found in Ref. [11].

MEASUREMENT PROCEDURES
When the emittance measurements are performed with

sufficiently low charge to avoid space charge effects, the
emittance of a selected longitudinal slice of the bunch cor-
responds to the thermal emittance. In our case we choose
the central slices of the bunch, what we call the core slice
emittance. The normalized thermal emittance εth/σl can
be reconstructed by measuring the thermal emittance as a
function of the RMS laser beam size, which is varied by
changing the laser aperture.
It is crucial to establish a reliable and high-resolution

method to be able to precisely measure the thermal emit-
tance of the electrons. Core slice emittance measurements
are performed by streaking the bunch and visualizing it on
a high-resolution YAG screen [15] at the high energy sec-
tion of the machine. We can streak the beam either with a
RF transverse deflector or by introducing dispersion to an
energy-chirped beam. The normalized emittance resolution
is about 2–3 nm for a final beam energy of 250 MeV. The
longitudinal resolution is about 13 fs when the transverse
deflector is used. With the dispersion method we can resolve
more than 5 slices per RMS bunch length (if the RMS en-
ergy chirp of the beam is 1%). The statistical and systematic
errors of the emittance are estimated to be below the 5%
level. A more detailed description of the slice emittance
measurements can be found in Refs. [16, 17].
The YAG screen has allowed measurements for bunch

charges of 1 pC and less, where space charge effects are
negligible for our laser beam sizes. The critical surface
charge density in our case is ≈ 30 pC/mm2 at 50 MV/m field
on the cathode with a 9.9 ps FWHM pulse and has been
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Figure 3: Measured slice emittance as a function of bunch
charge to find the space-charge limit. Measurements for
a bunch charge of 1 pC and less give the same core slice
emittance values within the accuracy of the measurement,
while at higher charge the presence of a space charge effect
is clearly visible.

identified by reducing the bunch charge at fixed laser beam
size until the emittance was no longer reduced, as shown in
Figure 3. Once the space-charge limit is found, the charge
surface density is kept constant during the aperture scan to
avoid space charge effects.

The QE is measured by recording the charge at a calibrated
beam position monitor 2.6 m downstream of the gun while
changing the laser intensity.

MEASUREMENT RESULTS
We used four cathodes for our measurements, two made

of pure copper, labeled Cath3 and Cath19, and two coated
with cesium telluride labeled Cath13 and Cath8. The cesium
telluride cathodes are prepared by depositing about 15 nm
of tellurium and about 25 nm of cesium on a copper cathode.
All the photocathodes were mounted in a load-lock chamber.
More details on the cathode preparation can be found in
Ref. [18].
We measured the dependence of the thermal emittance

on the laser wavelength for the copper cathode Cath3 and
the influence of the gun gradient for the copper cathode
Cath19. The wavelength dependence measurements were
carried out with the Ti:Sapphire laser, while all the rest of
the measurements presented here were performed with the
Nd:YLF laser.

Laser Wavelength
Figure 4 shows the core slice emittance measurements

as a function of the laser beam size (aperture scan) for two
different wavelengths (260.1 nm and 267.6 nm).
We observed a linear growth of the normalized thermal

emittance as a function of the laser beam size (bottom plot
of Fig. 4). This is in contradiction with Eq. 1, but can be
explained by our present gun design, which exposes the
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electron beam to a quadrupole field component due to non-
coaxial RF feeds from opposing sides. Indeed, the inhomo-
geneity of the cathode was ruled out as an explanation by
measuring the core slice emittance at the smallest aperture,
while moving the laser beam across the cathode. The non-
linear dependence of the asymmetric field in the gun was
verified by aperture scans at different gun gradients (see next
subsection). Taking the quadratic component into account
the normalized thermal emittance can be determined as the
extrapolation of the quadratic fit to an infinitely small laser
beam size. The normalized thermal emittance corresponds
to the linear term of a second-order fit to the emittance data,
which gave 547±10 nm/mm for a wavelength of 260.1 nm
and 508±35 nm/mm for a wavelength of 267.6 nm.

One month later we performed measurements at four dif-
ferent wavelengths using the same cathode (Cath3). These
measurements were realized with a charge of 1 pC and at the
smallest laser aperture, corresponding to about 50 µm RMS
laser beam size on the cathode. We note that measurements
performed with only the smallest aperture overestimate the
normalized thermal emittance by 10–20%.
We measured the QE for different laser wavelengths, as

shown in Fig. 5. The measurements were taken with the
Ti:sapphire and the OPA, covering a wavelength range of
248–301 nm. By using Eq. 3 the best fit found for Cath3
corresponds to an effective work function of 3.93±0.03 eV
(see inset of Fig. 5).

Figure 4: Core slice emittance as a function of the laser
beam size for two laser wavelengths –– 260.1 nm (dashed
blue) and 267.6 nm (red solid) – for cathode Cath3.
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Figure 5: QE as a function of wavelength with cathode Cath3.
Measurements were performed with both the OPA (black
points) and the 3rd harmonic of the Ti:sapphire laser (blue
stars). The fit based on Eq. 3 (inset) gives an effective work
function of 3.93 eV (red line).

Alternatively we estimated the effective work function by
performing a Schottky scan, i.e., by measuring the emitted
charge as a function of the gun phase. By using Eqs. 2 and 3
and fitting the points around the operational phase, the best
fit was found with a work function of 4.56 eV for this cathode,
giving an effective work function of 4.06±0.09 eV. This value
is close to the one from the wavelength scan. A Schottky
scan done at the same time of the measurements shown in
Fig. 4 gave an effective work function of 4.33±0.10 eV.

Figure 6 summarizes the thermal emittance measurements
performed as a function of the laser wavelength. There is a
good agreement between the thermal emittance determined
from the core slice emittance measurements and from the
wavelength and Schottky scans.

Gun Gradient
Figure 7 shows an aperture scan measurement for the

copper cathode Cath19 for three different gun gradients cor-
responding to the following fields on the cathode Ec (ϕ):
49.4 MV/m (nominal value), 34.8 MV/m and 16.4 MV/m.
As expected from the RF-induced effect, the quadratic
component decreased as a function of the gradient: it
was 716±84 nm/mm2 at 49.9 MV/m, 508±137 nm/mm2

at 34.8 MV/m, and 321±105 nm/mm2 at 16.4 MV/m.
The fitted normalized thermal emittances diminished for
lower field on the cathode, following the dependence indi-
cated in Eqs. 1 and 2: the normalized thermal emittance
was 428±16 nm/mm at 49.9 MV/m, 370±25 nm/mm at
34.8 MV/m, and 346±25 nm/mm at 16.4 MV/m.

For the lowest gun gradient it was possible to measure the
slice emittance for a total bunch charge of about 30 fC. This
was possible thanks to the high sensitivity of our profile mon-
itor and due to the smaller amount of dark current produced
by the gun with the lower RF gradient. The measurement
for this ultra-low charge is shown in Figure 8. The core slice
emittance was below 25 nm. This measurement was done

Figure 6: Normalized thermal emittance as a function of
wavelength for cathode Cath3. Measurements with the small-
est aperture below the space charge limit, at 1 pC (blue
squares). Reconstructed thermal emittance calculated from
the effective work functions determined from the QE mea-
surements as a function of wavelength shown in Fig. 4 (cyan
solid) and from the Schottky measurements (cyan dashed).
Two points derived from the aperture scan a month earlier
shown on Fig. 4 (red dots) with the reconstruction from the
Schottky scan performed at the same time (orange dashed).
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Figure 7: Core slice emittance as a function of beam size for
three different fields on the cathode. The nonlinear effect was
strongly reduced at lower field and the normalized thermal
emittance varied as expected from theory.
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Figure 8: Normalized slice emittance in the horizontal plane
for a bunch charge of 30 fC (magenta). The error bars are
obtained by error propagation of the statistical beam-size
errors. The longitudinal bunch charge profile is shown in
gray bars.

by employing the smallest aperture, corresponding to about
50 µm RMS laser beam size at the cathode.

Cathode Material
We have tested each of the two cesium telluride cathodes

for one week of operation. The thermal emittance of both
cathodes was measured with aperture scans. For the ce-
sium telluride cathode Cath8 only measurements at the three
smallest laser apertures were considered to be valid, due to
the inhomogeneities of the QE outside the cathode center.
The value of the thermal emittance for the cesium telluride
cathodes Cath13 and Cath8 was 713±88 nm/mm and 549±
29 nm/mm, respectively. We measured the thermal emit-
tance for the copper cathode Cath19 with the same machine
conditions as when we performed the measurement with
the cesium telluride Cath8. The thermal emittance in this
case was 430±20 nm/mm, a value about 25% lower than for
cesium telluride.
We have performed, for the two photo-cathode materi-

als (with Cath3 and Cath13), an emittance optimization for
an electron bunch with a 200 pC beam charge. We have
achieved a slice emittance of about 200 nm for copper [16]
and of about 250 nm for cesium telluride. Again, the degra-
dation of the emittance when moving from copper to cesium
telluride is about 25%.

Figure 9 shows the QE evolution of all the four cathodes
tested at the SwissFEL Injector Test Facility. The copper
cathodes were operated for several months (Cath3 for about
5 months and Cath19 for about 18 months), while the two
cesium telluride cathodes (Cath13 and Cath8) could be tested
only for one week each. The copper cathodes show a stable
value of the QE around the 10−4 level. Both cesium telluride
cathodes provided a QE of about 2% at the beginning of
their operation. Whereas on the third day of operation the
QE of Cath13 suddenly dropped to about 2 × 10−3, the QE
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Figure 9: QE evolution of the four photocathodes tested at
the SwissFEL Injector Test Facility, two copper (Cath3 and
Cath19) and two cesium telluride (Cath13 and Cath8).

of Cath8 stayed above 2% for the whole week. The reason
for the QE deterioration of Cath13 is not understood.

For the copper cathodes the QE, measured with the small-
est available laser beam size, varied by about 15% across
the area of measurements shown here. The cesium telluride
cathodes were less homogeneous, with QE changing by up
to a factor of two.

CONCLUSION
Table 1 displays all the normalized thermal emittance

measurements presented in this contribution. To our knowl-
edge, this is the first time that measurements for copper and
cesium telluride are performed under the same conditions
and that thermal emittance measurements agree well with
theoretical expectations [1, 2]. Moreover, our measured nor-
malized thermal emittances follow the expected dependence
on the laser wavelength and field at the cathode: the emit-
tance is smaller for longer wavelengths (εth/σl ∝ φ

1/2
l

) and
for reduced field on the cathode (εth/σl ∝ E1/4

c ). We have
verified, as suggested by Ref. [1], that a longer wavelength
provides a smaller thermal emittance but gives also a lower
QE. We have shown that the thermal emittance can be esti-
mated from Schottky scans (charge as a function of the RF
phase) or wavelength scans (charge as a function of the laser
wavelength).

Cesium telluride provides a QE which is about two orders
of magnitude higher than for the standard copper cathodes,
while the emittance deterioration is only about 25%. This
indicates that cesium telluride could be a viable alternative
for SwissFEL. For a firm conclusion, however, more work
on improving the surface homogeneity as well as long-term
operation tests to evaluate the QE evolution with time are
still needed.
For a reduced field at the cathode of 16.4 MV/m we

have measured a normalized thermal emittance of about
350 nm/mm. This is, to our knowledge, the smallest normal-
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Table 1: Measured Normalized Thermal Emittances at the SwissFEL Injector Test Facility

Label Material Measurement Normalized thermal Laser Field on the
day emittance [nm/mm] wavelength [nm] cathode [MV/m]

Cath3 copper 31-10-2012 547±10 260.1 49.9
copper 30-10-2012 508±35 267.6 49.9

Cath19 copper 25-09-2013 428±16 262.0 49.9
copper 25-09-2013 370±25 262.0 34.8
copper 27-09-2013 346±25 262.0 16.4
copper 04-04-2014 430±20 262.0 49.9

Cath13 cesium telluride 28-10-2013 713±88 262.0 49.9
Cath8 cesium telluride 04-04-2014 549±29 262.0 49.9

ized thermal emittance ever measured in an accelerator. The
experimental verification of such small values was made
possible through our reliable, high-resolution measurement
procedure.
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SUPPRESSION OF THE CSR-INDUCED EMITTANCE GROWTH IN 
ACRHOMATS USING TWO-DIMENSIONAL POINT-KICK ANALYSIS* 

Y. Jiao#, X. Cui, X. Huang, G. Xu, IHEP, Beijing, China 

Abstract 
Coherent synchrotron radiation (CSR) effect causes 

transverse emittance dilution in high-brightness light 
sources and linear colliders. Suppression of the emittance 
growth induced by CSR is essential and critical to 
preserve the beam quality and to help improve the 
machine performance. To evaluate the CSR effect 
analytically, we propose a novel method, named “two-
dimensional point-kick analysis”. In this method, the 
CSR-induced emittance growth in an n-dipole achromat 
can be evaluated with the analysis of only the motion of 
particle in (x, x') two-dimensional plane with n-point 
kicks, which can be, to a large extent, counted separately. 
To demonstrate the effectiveness of this method, the CSR 
effect in a two-diople achromat and a symmetric TBA is 
studied, and generic conditions of suppressing the CSR-
induced emittance growth, which are independent of 
concrete element parameters and are robust against the 
variation of initial beam distribution, are found. These 
conditions are verified with the ELEGANT simulations 
and can be rather easily applied to real machines. 

INTRODUCTION 
Electron beams with low transverse normalized 

emittance (at the m.rad or sub- m.rad scale), short 
bunch length (at the sub-picosecond scale), and high peak 
current (up to thousands of Amperes) are generated or 
expected in high-brightness light sources and linear 
colliders. In these machines as beams pass through 
bending magnets, the emission of the coherent 
synchrotron radiation (CSR) leads to beam quality 
degradation, by inducing increased beam energy spread 
and causing transverse emittance dilution. Suppressing 
this effect is necessary and important to preserve the 
expected machine performance that is evaluated without 
considering the CSR effect. This has stimulated extensive 
analytical, numerical, and experimental studies [1-20] on 
the CSR effect in the past few decades. One important 
topic among these studies is to suppress the CSR-induced 
emittance growth. It has been shown that the CSR effect 
can be suppressed through optical balance method [4, 19], 
CSR-kick matching [12, 13], shielding [17], and pulse 
shaping [18]. 

In this paper we present a novel method of analysing 
the net CSR kick after passage through an achromatic 
cell, named “two-dimensional (2D) point-kick analysis” 
[20]. With this method, the CSR-induced emittance 
growth in a n-dipole achromat can be evaluated with the 
analysis of only the motion of particle in (x, x') 2D plane 
with n-point kicks, which can be, to a large extent, 

counted separately. In addition, the beam line between 
adjacent dipoles is treated as a whole and is formulated 
with a 2-by-2 transfer matrix. As a result, general CSR-
cancellation (in linear regime) conditions can be obtained 
with this method. In the following, we will introduce the 
CSR point-kick model, and then use the 2D point-kick 
analysis to study the CSR effect in a two-dipole achromat 
and a symmetric TBA, respectively. 

CSR 2D POINT-KICK MODEL 
It has been shown that for an electron bunch of 

Gaussian temporal distribution, the rms energy spread 
caused by CSR is [12, 13] 

 
2

0 0
4/3 2/30.2459 ,

4
b

rms
z

eQ c LE  (1) 

where Q is the bunch charge, 0 is the permeability of 
vacuum, c0 is the speed of light, Lb is the particle bending 
path in a dipole, z is the rms bunch length, and  is the 
bending radius. Note that Erms is proportional to both Lb 
and -2/3, or namely, Erms  1/3 , with  being the 
bending angle. Therefore the CSR effect can be linearized 
by assuming csr) = k 1/3 where csr) is the CSR-
induced particle energy deviation, k depends only on the 
bunch charge Q and the bunch length z, and is in unit of 
m-1/3. It reveals [20] through ELEGANT simulations that 
this relation applies well to the cases with  ranging from 
1 to 12 degrees and  ranging from 1 to 150 m. With the 
so-called R-matrix method [12], the coordinate deviations 
of a particle relative to the ideal path after passage 
through a sector bending magnet can be evaluated, 

 ,i

D
X k

D
 (2) 

where D = (1-cos ) and D' = sin  are the momentum 
dispersions, and sin and ' cos are 
the “CSR-dispersions”. 

Through theoretical derivations, we find that the CSR 
effect in a dipole can be simplified as a point-kick. This 
kick occurs at the center of the dipole, and is in the form 
of [20] 

 
4/3

1/3

[ cos( / 2) 2 sin( / 2)]
.

sin( / 2)(2 )k
k

X
k

 (3) 

After each kick, the particle coordinates increase by Xk, 
and in addition, the particle energy deviation increases by 
kLB/ 2/3 (or k 1/3  ).  

 ____________________________________________ 
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Next we will show that with this point-kick model, the 
analysis of the CSR-induced emittance growth can be 
greatly simplified. 

TWO-DIPOLE ACRHOMAT 
For a two-dipole achromat, as illustrated in Fig. 1, one 

needs only to consider two CSR kicks at the dipole 
centers. To avoid dependency of the analysis on concrete 
optics design, the beam line between two dipoles (actually 
the beam line between the centers of the two dipoles) is 
treated as a whole and is formulated in a general form 

 11 12
2

21 22

.c c

m m
M

m m
 (4) 

For simplicity, it is assumed that the particle starts from 
the entrance of the achromat with initial energy deviation 
of  and with initial coordinates of x0 = x'0 = 0. The 
coordinates remain zero until the particle experiences the 
CSR kick at the center of the first dipole. 

Right after the first kick, 

 

1 1 ,1

1 1 1 1 1/3
0 1

1 1 1

1/3
1 0 1 1

0 ( 2 )
,

2

,

kX X X

C S
k

S S

k

 (5) 

where S1 = sin( 1/2) and C1 = cos( 1/2). 
Similarly one can obtain the particle coordinates and 

energy deviation right after the second kick, 

 2 2 1 ,2 2 ,1 ,2

1/3 1/3
2 0 1 1 2 2

,

,
c c k c c k kX M X X M X X

k k
 (6) 

where X2+ is just the orbit deviation of particle relative to 
the ideal path, i.e., X = X2+. It contains two terms, X( ) 
and X(k), which are omitted here due to lengthy 
expressions. The achromatic condition can be derived by 
solving X( ) = 0, and then the CSR-cancellation 
conditions are obtained by solving X(k) = 0. 

The achromatic condition is 

 1 2
2

21 2 1

/ 0
,

/c c

S S
M

m S S
 (7) 

where S2 = sin( 2/2), C2 = cos( 2/2). 
And the CSR-cancellation conditions are in the form 

 

2 2
1 1 2 2

2
21

1 1

,
12 .

L L
Sm

L S

 (8) 

In an actual circumstance, due to various reasons (e.g., 
random errors, other optics constraints), Mc2c(2, 1) may be 
close to, rather than at the exact optimal value. Therefore 
it is useful to investigate the scaling of the emittance 
growth when the first condition in Eq. (8) is fulfilled 
while the second is not satisfied. It is in the form of 

 *
2 2 2 2/3

1 1 1 1

* 2
2 2

| 2

[1 (2,1) / (2,1)] .
n rmsr r

c c c c

k S

M M
 (9) 

where r 2/ 1,  is the Lorentz factor,  is the particle 
velocity relative to the speed of light, 1 is the horizontal 
beta function at the center of the first dipole, and an 
asterisked quantity means the quantity leads to a zero 
emittance growth in linear regime. 
 

 
Figure 1: Schematic layout of a two-dipole achromat (a) 
and physical model for the 2D point-kick analysis of the 
CSR effect (b). The points 1 and 2 indicate the centers of 
the first and the second dipole, respectively. 
 

To verify the found conditions, a two-dipole achromat 
with 1 of 6 degrees, 1 of 8 m and 2 of 4 degrees, is 
considered. From Eq. (8), the optimal parameters 
resulting in zero emittance growth in linear regime can be 
determined, such as 2

*
  27 m, and M*

c2c (2, 1)  30/ . 
Such an achromat is designed with four families of 
quadrupoles located between the dipoles, whose optics 
can be varied flexibly. The emittance growth in presence 
of the CSR wake is simulated with the ELEGANT 
program, where an electron bunch with typical parameters 
of initial normalized emittance of 2 m.rad, mean energy 
of 1 GeV, energy spread of 0.05%, bunch charge of 500 
pC, and bunch length of 30 m is tracked. 

The variation of the growth in normalized emittance, 
n, with Mc2c (2, 1) (while fixing r = r*) and r [while 

fixing Mc2c (2, 1) = M*
c2c (2, 1)] is investigated. The 

results are presented in Fig. 2. It shows that the found 
conditions result in a minimum n, and are quite robust 
against the variation of the initial Courant-Snyder (C-S) 
parameters (or namely, the initial beam distribution in 
phase space). In addition, the variation of n with Mc2c 
(2, 1) agrees pretty well with the analytical prediction 
from Eq. (9) with krms of 0.0012 m-1/3 (dashed lines in Fig. 
2), which indicates the validity of the 2D point-kick 
analysis. 

Proceedings of FEL2014, Basel, Switzerland THC03

Electron Bunch Generation and Manipulation

ISBN 978-3-95450-133-5

977 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 2: Variation of the emittance growth n due to 
CSR with r and Mc2c (2, 1) for the cases with initial C-S 
parameters ( 0, 0) of (3 m, 8) and (3 m, 9) in a two-
dipole achromat, obtained by ELEGANT simulations. 
The dashed lines are the analytical prediction from Eq. (9) 
and with a shift of the minimum n. 
 

Note that only the linear effect of the CSR wake in the 
dipole is considered in the 2D point-kick analysis. It is 
necessary to investigate the effects of the nonlinear 
components of the CSR wake in a dipole (denoted by n .c. 
CSR), the transient CSR at the edges of the dipole 
(denoted by tr. CSR), and the CSR wake in drift spaces 
following dipoles (denoted by d.s. CSR). Simulation 
results are summarized in Table 1. It shows that these 
effects are very weak relative to the linear effect of the 
CSR wake in dipoles, and rarely affect the performance of 
the proposed cancellation conditions.  
 
Table 1: Emittance Growth in Presence of the Effects of n.c. 
CSR, tr. CSR, and d.s. CSR at the Optimal Condition 

CSR effects n n  

n.c. CSR 1.5×10-3 

n.c. CSR + tr. CSR 2.8×10-3 

n.c. CSR + tr. CSR + d.s. CSR 5.95×10-3 

TBA WITH SYMMETRIC LAYOUT 
The schematic layout of a TBA and the corresponding 

physical model of the CSR effect in a TBA are presented 
in Fig. 3. To control the number of the variables and to 
obtain explicit formulation of the net CSR kick, a TBA 
with symmetric layout (where all the dipoles have the 
same bending radii , while the first and the third bending 
angles are 1 and the second bending angle is 2) is 
considered.  

For such a TBA, the transfer matrix of the section 
between point 1 and 2 can be given by 

 11 12
12

21 22

,
m m

M
m m

 (10) 

and the transfer matrix of the section between point 2 and 
3 is in the form [21] 

 22 12
23

21 11

.
m m

M
m m

 (11) 

With similar procedure to that in the above section, the 
particle coordinates deviation after passage the TBA can 
be evaluated by 

 23 12 ,1 ,2 ,3( ) ,k k kX M M X X X  (12) 

 

 
Figure 3: Schematic layout of a symmetric TBA and the 
corresponding physical model of the CSR effect in a TBA 
with three point-kicks. 
 

Thorough straightforward derivations, the achromatic 
and the CSR-cancellation condition require the transfer 
matrix M12 in the form of 

 
2 12 1 2 1

12
1

12
2 2 12 1 2 2 2

12 1 1 1 1

2 ( )
2

,
( )1 ( 1)

4 2 2

q m S m
q

M
q S m S S

m q S q S

(13) 

where q1 = 2S1 C1  and q2 = 2S2 C2 . 
To verify the found conditions, we consider a TBA 

consisting of three identical dipoles with the bending radii 
of 7 m and bending angles of 3 degrees. The dependency 
of n on m11 is investigated by fixing m12 = 0.261 and 

1.058, respectively. The results are shown in Fig. 4. It 
shows that n  reaches minimum as m11 is on or close to 
the optimal value, which agrees reasonably well with the 
analytical prediction. 

Furthermore, in the case with 2 = 0, the TBA reduces 
to a DBA, and the transfer matrix between the first and 
the third dipole centers turns out to be 

2 213 0 23 12 0

12 12 1 1 1 12

12 12 1 1 1 12

1 1 1 1

| |

0 /
1 / / 1 / 0

1 0 1 0
,

2 / 1 12 / 1

M M M

m m S q m
m m S q m

S q L

 (14) 

which is the same as the CSR-cancellation conditions for 
a DBA [see Eqs. (7) and (8) with 1 = 2]. 
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Figure 4: Variation of the emittance growth n through 
TBA with respect to m11/ m*

11, for the cases with m12 
fixed as -0.261 (red points) and -1.058 (blue points). 

CONCLUSION 
In this paper we introduce the 2D point-kick method, 

and with this method we obtain conditions to cure the 
linear effect of the CSR wake in a two-dipole achromat 
and a symmetric TBA. The found conditions impose 
general rather than specific constrains on the optics of the 
beam line between adjacent dipoles and can be easily 
achieved by tuning the strengths (and the position if 
necessary) of the quadupoles. In addition, the found 
conditions are quite robust against the variation of the 
initial beam distribution. The presented results are useful 
and easily followed in the optical design of the future 
FEL/ERL light sources and linear colliders. 

At last it is worth mentioning that it assumes constant 
bunch charge and bunch length in the analysis, the results 
presented in this paper are more appropriate to the 
transport system with a small momentum compaction 
(R56) than to that with a large R56, e.g., a specified 
functional bunch compressor. Further study is being 
carried out to cover the cases where the bunch length has 
a large variation. 
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BEAM SIMULATIONS OF HIGH BRIGHTNESS PHOTOCATHODE DC
GUN AND INJECTOR FOR HIGH REPETITION FEL LIGHT SOURCE

T. Miyajima∗, Y. Honda, M. Yamamoto, X. Jin, T. Uchiyama,
KEK, Tsukuba, Ibaraki 305-0801, Japan

N. Nishimori, R. Nagai, R. Hajima, JAEA, Tokai-mura, Ibaraki 319-1195, Japan

Abstract
As a next generation FEL light source based on linac, high

repetition rate operation to increase average FEL power has

been proposed, e.g. LCLS-II project. The injector, which

generates high brightness and high average current beam,

is one of key components. A photocathode DC gun and

superconducting RF cavities, which are developed for ERL

light source, can be employed for the high repetition rate

injector. For high repetition rate operation of FEL light

source, injector simulations were carried out based on ERL

injector with demonstrated hardware performance by the

cERL beam operation in KEK. The optimization results

show that the gun voltage of 500 kV is helpful to achieve

low emittance. In addition, to estimate optimum gun voltage

and cavity acceleration gradient for the FEL operation, two

optimizations with different injector layouts were carried out.

The results show that the both different layouts have potential

to achieve target emittance for FEL operation. Under the

realistic operation condition, the transverse normalized rms

emittance of 0.8 mm mrad with the rms bunch length of 3

ps, the bunch charge of 325 pC, and the beam energy of 10

MeV is obtained from the optimizations.

INTRODUCTION
To increase average FEL power, high repetition rate oper-

ation of FEL light source based on linac is important for the

next generation FELs, e.g. LCLS-II project [1]. In order to

achieve the high repetition rate operation, the injector, which

generates high brightness and high average current beam,

is one of key components. The target emittances of high

repetition rate FEL are 0.45 mmmrad and 0.7 mmmrad with

the bunch charges of 100 pC and 300 pC, respectively [2].

A photocathode DC gun and superconducting RF cavities,

which are developed for ERL light source, can be employed

for the high repetition rate injector. The performance of ERL

injector has been demonstrated at Cornell University, and

90 % transverse normalized emittance has been reached to

0.51 mm mrad with 77 pC/bunch [3]. In KEK, a high repeti-

tion rate and high brightness injector, whose repetition rate is

1.3 GHz, is being operated for compact ERL (cERL), which

is a test ERL accelerator [4, 5]. In the beam operation, the

hardware performance has been demonstrated. In the cERL

operation, although the design gun voltage and the injector

acceleration gradient are 500 kV and 15 MV/m, respectively,

to keep stable beam operation we reduced them and demon-

strated the beam operation with 390 kV and 7 MV/m. Based

∗ tsukasa@post.kek.jp

Figure 1: Layout of cERL injector.

Table 1: Center Positions of Injector Elements from Cathode

Surface

Element Original cERL (m) New layout (m)

SL0 - 0.294

SL1 0.445 0.494

BC 0.809 0.752

SL2 1.218 0.909

SC1 2.221 1.519

SC2 2.781 2.079

SC3 3.341 2.639

SC4 - 4.519

SC5 - 5.079

SC6 - 5.639

on the demonstrated performance of the cERL injector, parti-

cle tracking simulations and optimizations of it with several

hundred pC/bunch for the FEL injector were carried out. In

addition, to estimate optimum gun voltage and acceleration

gradient of cavity for FEL operation, we carried out two

optimizations with different injector layouts.

PERFORMANCE OF CERL INJECTOR
The cERL injector consists of a photocathode DC gun,

two solenoids, a bunching cavity, and three 2-cell supercon-

ducting cavities inside an injector cryomodule. Figure 1

shows the layout of the cERL injector. In this paper, SL, BC,

SC denote that the solenoid magnet, the bunching cavity, and

the 2-cell superconducting cavity, respectively. The element

positions of the cERL injector are shown in Table 1. For

ERL operation, the target maximum bunch charge is 77 pC,

which corresponds to 100 mA average current. The cERL

injector layout was optimized for 77 pC operation.
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Photocathode DC Gun
The photocathode DC gun, which was employed for the

cERL, was developed by JAEA. The first design of the elec-

trode with the gap of 100 mm is shown in Fig. 2. Before the

installation of it to the cERL inKEK, high voltage processing

was carried out at JAEA, and generating a 500 keV electron

beam with currents up to 1.8 mA was demonstrated [6]. To

achieve 500 kV, the design of the electrode was modified,

and the gap was expanded to 160 mm to avoid discharge

problem [7]. The expanded electrode shape is shown in

Fig. 3. Due to the modification, the electric field on the cath-

ode surface with the voltage of 500 kV was reduced from

6.7 MV/m to 5.8 MV/m as shown in Fig. 4. The lowest nor-

malized emittance from a photocathode DC gun depends on

the surface electric field on the cathode [3,8]. It is estimated

to be

εn ∝
√

q · kBT
Ecath

, (1)

where q is bunch charge, kBT is effective transverse energy

of photoelectrons, and Ecath is electric field on the cathode

surface. The relation shows that the electric field on the

cathode is important to reduce the emittance. Therefore, the

emittance for longer gap layout becomes worse compared

with shorter gap layout, even if the gun voltage is same. To

generate high brightness electron beam, the surface electric

field on the cathode is one of important parameters.

On autumn 2012, the photocathode DC gunwas transfered

from JAEA to ERL development hall in KEK, and connected

to the cERL injector beamline. However, in high voltage

processing at KEK, a trouble about a ceramic insulator was

found. To avoid serious damage of the ceramic insulator,

we decided that to decrease the gun voltage from 500 kV to

390 kV in the beam operation.

In order to reduce the emittance growth caused by space

charge effect, not only the gun voltage but also the surface

electric field on the cathode are important as shown in Eq. (1).

However, the relation of them is not so simple. In order to

estimate the effects, we carried out beam simulations with

different gaps and different gun voltages. Especially, to

estimate the optimum gun voltage and the surface electric

field on the cathode for FEL injector, the beam simulations

with the bunch charges of 100 pC and 300 pC were carried

out.

Injector Cavity
In the injector cryomodule, there are three 2-cell supercon-

ducting cavity. The RF frequency is 1.3 GHz. The design

maximum acceleration gradient Eacc was 15 MV/m, and

it was enough to accelerate the beam to 10 MeV. Before

the beam operation, high voltage processing of the injector

cavity was carried out. In the processing, the acceleration

gradient of 8 MV/m was demonstrated in CW operation.

Based on the results, we decided that the operation Eacc

was 7 MV/m, and the injector beam energy was 5 MeV.

From April 2013, we started the beam operation of the in-

jector, and demonstrated stable beam operation with the
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0

50

100

150

200

250

300

0

50

100

150

200

250

300

−100 −50 0 50 100 150 200 250 300

Figure 2: Electrode of a photocathode DC gun with gap of

100 mm. The horizontal and vertical axes are longitudinal

and radial directions, respectively.
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Figure 3: Electrode of a photocathode DC gun with gap of

160 mm.
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Figure 4: Longitudinal electric field of photocathode DC

guns with different gaps.

gun voltage of 390 kV and the acceleration gradient of

7 MV/m [4]. However, to reduce emittance growth caused

by space charge effect, higher beam energy at the exit of the

injector is required. To increase the beam energy keeping

the demonstrated Eacc of 8 MV/m, we proposed a new injec-

tor layout with two injector cryomodules. The simulations

for the new layout, which contains six 2-cell cavities, were

carried with the bunch charge of 325 pC.
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Figure 5: Optimization results with bunch charge of 100 pC

for original injector layout.

INJECTOR OPTIMIZATION FOR HIGH
BUNCH CHARGE OPERATION

In the simulations, we used General Particle Tracer with

3D mesh space charge routine [9]. As an initial parame-

ter, kBT of 90 meV was assumed in the simulation. Initial

emittance just after a cathode is calculated to be εnx =
σx (kBT/mc2)1/2, where σx is rms laser spot size. As an

initial laser distribution, beer-can shape was assumed. For

the transverse direction, the particle distribution is radial

uniform distribution described by laser diameter. The longi-

tudinal distribution is flat-top distribution described by laser

pulse length. To reproduce the measured beam dynamics of

the cERL injector, the model of the photocathode gun was

modified [10].

Effect of Gun Voltage for Original Layout
In order to estimate optimum gun voltage and gap of

electrode, optimizations of injector parameters were carried

out using Multi Objective Genetic Algorithm [11]. The

original layout of the cERL injector as shown in Table 1

was used, and the element positions were fixed. The beam

parameters were calculated at 6 m from the cathode surface,

and we treated space after the exit of SC3 as pure drift space
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Figure 6: Optimization results with bunch charge of 300 pC

for original injector layout.

without any magnet. In the optimization, gun voltage and

projected normalized rms emittance were minimized. Free

parameters are laser diameter, laser pulse length, gun voltage,

two solenoid magnetic fields, buncher voltage and phase,

and acceleration gradients and phases of SC1, SC2 and SC3.

The maximum Eacc is 15 MV/m. The definition of cavity

phase is the difference from the on-crest acceleration phase.

The rms bunch length was limited to be less than 0.9 mm,

which corresponds to 3 ps. The bunch charges are 100 pC

and 300 pC. The number of macro-particles are 100,000

particles. In the optimizations, two different gaps of gun

electrode, 100 mm and 160 mm, were used to estimate the

effect of the surface electric field of the cathode.

For the bunch charge of 100 pC, the optimized results

are shown in Fig. 5. The projected normalized emittance

is 0.4 mm mrad for the gun voltage of 500 kV. The results

shows that the cERL injector with Eacc of 15 MV/m can

achieve the target emittance of 0.45 mm mrad for FEL oper-

ation. As shown in Fig. 5, the gap of 100 mm gives lower

emittance comparing with the gap of 160 mm. However, the

effect of the gap on the emittance is less than 0.1 mm mrad.

For the bunch charge of 300 pC, the optimized results are

shown in Fig. 6. For the gun voltage of 500 kV, the projected
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Figure 7: Optimization results with bunch charge of 325 pC

for new layout with two injector cryomodules.

normalized emittance is 0.8 mm mrad. Compared with the

results for 100 pC, the difference of emittance caused by the

gap is smaller. The minimum emittance of 0.8 mm mrad

is close to the target emittance of 0.7 mm mrad for FEL

operation. The results show that higher gun voltage is better

to achieve the target emittance.

Effect of Cavity Acceleration Field for New Layout
In order to estimate the effect of Eacc , we optimized a new

layout of injector beam line with maximum Eacc of 8MV/m,

which is demonstrated value. The new layout contains two

cryomodules, and total number of 2-cell cavities is six. In or-

der to compensate emittance growth caused by space charge

effect, we added a solenoid magnet, SL0, between the gun

and the 1st solenoid, SL1. The beam parameters were calcu-

lated at 8 m from the cathode surface. In the optimization,

projected normalized rms emittance and rms bunch length

were minimized. Free parameters are laser diameter, laser

pulse length, three solenoid magnetic fields, buncher voltage

and phase, and acceleration gradients and phases of SC1,

SC2 and SC3. The maximum Eacc is 8 MV/m. The gun

voltage and the gap of electrode are fixed to be 500 kV and

160 mm, respectively. The bunch charge is 325 pC. The

number of macro-particles are 200,000 particles.

The optimized results are shown in Fig. 7. For the bunch

length of 0.9 mm, the projected normalized emittance is

0.8 mm mrad. The optimized injector parameters and ele-

ment positions are shown in Table 2 and Table 1, respectively.

The results show that the new layout with two cryomod-

ules and the maximum Eacc of 8 MV/m can also achieve
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Figure 8: Time evolutions of beam parameters with opti-

mized parameter for new injector layout. The bunch charge

is 325 pC.

0.8 mm mrad. This value is close to the target emittance of

0.7 mm mrad.

The time evolutions of the beam parameters with the op-

timized parameters in Table 2 are shown in Fig 8. The

emittance reduced to be 0.8 mm mrad at 8 m from the cath-

ode surface. The rms beam size is 2 mm after the injector

cryomodules. It is slightly lager to connect the beam enve-

lope to downstream the injector. In the next step, to reduce

the beam size and the envelope matching is required.

The both optimizations for the original and new injector

layouts show that an ERL injector, which consists of a photo-

cathode DC gun and superconducting cavities, has potential

to achieve the low emittance beam, which is required for

FEL operation.

SUMMARY
For high repetition rate operation of FEL light source

based on linac, injector simulations were carried out based

on ERL injector, which consists of a photocathode DC gun

and superconducting RF cavities. The performance of the

injector components were already demonstrated on the cERL

beam operation in KEK. Based on the demonstrated hard-

ware performance, we optimized the injector parameters to

achieve the requirement for high repetition rate FEL, and

investigated the effects of gun voltage and acceleration gra-

dient of injector cavity using the original injector layout and
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Table 2: Optimized Parameters for New Injector Layout with

325 pC

Parameter Value

Laser diameter 5.06 mm

Laser pulse length (FWHM) 73.4 ps

Gun voltage 500 kV

Magnetic field of SL0 0.0356 T

Magnetic field of SL1 0.0299 T

Magnetic field of SL2 0.0109 T

Buncher voltage 115 kV

Eacc of SC1 2.98 MV/m

Eacc of SC2 7.98 MV/m

Eacc of SC3 7.97 MV/m

Eacc of SC4-6 8.00 MV/m

Buncher phase -89.0 degree

Phase of SC1 -25.8 degree

Phase of SC2 -14.4 degree

Phase of SC3 -29.7 degree

Phases of SC4-6 0 degree

new layout with two injector cryomodules. The optimiza-

tion results show that the gun voltage of 500 kV is helpful to

achieve low emittance, and the both original and new layouts

have potential to achieve target emittance for FEL operation.
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WAVE-MIXING EXPERIMENTS WITH MULTI-COLOUR SEEDED FEL
PULSES

F. Bencivenga#, A. Battistoni, F. Capotondi, R. Cucini, M. B. Danailov, G. De Ninno, M. Kiskinova,
C. Masciovecchio, Elettra-Sincrotrone Trieste S.C.p.A., SS 14 km 163,5 in AREA Science Park,

34149 Basovizza, Trieste, Italy

Abstract
The  extension  of  wave-mixing  experiments  in  the

extreme  ultraviolet  (EUV)  and  x-ray  spectral  range
represents one of the major breakthroughs for ultrafast x-
ray science. Essential prerequisites to develop such kind
of  non-linear  coherent  methods  are  the  strength  of  the
input fields, comparable with the atomic field one, as well
as the high temporal coherence and stability of the photon
source(s). These characteristics are easily achievable by
optical  lasers.  Seeded  free-electron-lasers  (FELs)  are
similar  in  many  respects  to  conventional  lasers,  hence
calling for the development of wave-mixing methods. At
the  FERMI  seeded  FEL facility  this  ambitious  task  is
tackled  by  the  TIMER  project,  which  includes  the
realization of a dedicated experimental  end-station.  The
wave-mixing  approach  will  be  initially  used  to  study
collective  atomic  dynamics  in  disordered  systems  and
nanostructures,  through  transient  grating  (TG)
experiments.  However,  the  wavelength  and polarization
tunability of FERMI, as well as the possibility to radiate
multi-colour seeded FEL pulses, would allow to expand
the range of possible scientific applications.

INTRODUCTION
Non-linear  coherent  methods  based  on  wave-mixing

processes  are  nowadays  used  in  the  optical  domain  to
study a vast array of dynamical processes, taking place
over a wide timescale range, with high time resolution as
well as energy and wavevector selectivity [1]. In a typical
wave-mixing  experiment  two  or  more  coherent  optical
fields (input fields) interfere into the sample giving rise to
a signal field. The large number of combinations between
the  parameters  of  the  input  fields  (wavelength,
polarization, bandwidth, arrival time, angle of incidence,
etc.)  allows  to  obtain  selective  information  on  very
different dynamical processes occurring into the sample,
some of them non achievable by linear methods [1].

The possibility to extend the wave-mixing approach at
wavelengths shorter than the optical ones have attracted
the interest of the scientific community and resulted into
several  theoretical  and  perspective  works  and  also
practical discussions on how to achieve this goal [2-5].
The only experimental report on a wave-mixing process
stimulated  by  EUV/x-ray  radiation  is  an  optical/x-ray
second  order  (three-wave-mixing)  process,  reported  in
[6]. More recently, we used a specially designed setup [7]
to  demonstrate  the  occurrence  of  a  four-wave-mixing

(FWM) process stimulated by the EUV coherent photon
pulses radiated by FERMI [8].

Some  of  the  major  advantages  in  using  EUV/x-ray
photons  with  respect  to  optical  ones  are  related  to  the
possibility to: (i) achieve element selectivity through the
exploitation  of  core  resonances  [2,4],  (ii)  probe  high
energy collective excitations, as valence band excitons or
plasmons  [2,4],  (iii)  exploit  a  much  larger  wavevector
range,  which  can  compare  or  even  exceed  the  inverse
inter-atomic/molecular distances and may thus allow for
atomic/molecular-scale resolution [4,9].

WAVE-MIXING: BASIC CONCEPTS
On  formal  grounds,  non-linear  radiation-matter

interactions  can  be  described  by  replacing  the  basic
relation P=ε0χ.E (where P, ε0, χ and E are the polarization
vector,  the vacuum permittivity,  the linear susceptibility
tensor  and  the  electric  field  vector  impinging  into  the
sample,  respectively)  with a power expansion in  E,  i.e.
[1]:

P=PL+PNL=ε0χ.E+ε0Σn>2χ(n).En,                     (1)

where  PL and  PNL are the linear and non-linear terms of
the  induced  polarization,  while  χ(n) is  the  nth-order
susceptibility  tensor (of  rank n+1), associated to (n+1)-
wave-mixing processes. When Eq. 1 is inserted into the
Maxwell equations one obtains an inhomogeneous wave
equation, in which each “χ(n).E1

.E2
.….En” term  plays the

role of a driving force. These can be regarded as radiation
sources at frequency ωnwm,p=±ω1±ω2...±ωn, where ωi (i=1-
n) are the frequencies of the n input fields while p labels
the possible  ±ωi permutations.  It  is  worth  noticing that
ωnwm,p are not necessarily equal to any ωi.

Momentum  conservation  implies  that  the  radiation
emitted at ωnwm,p (wave-mixing signal) is localized into a
well  defined  region  of  space,  centered  around  a  knwm,p

vector  defined  by  the  phase  matching  condition:  Δk=|
knwm,p-(±k1±k2...±kn)|=0,  where  ki (i=1-n)  are  the
wavevectors of the input fields. In real experiments Δk≠0,
also in light of the finite bandwidth and divergence of the
input beams.  However,  as long as the coherence length
(Lc=π/Δk) of the non-linear process exceeds the size of
the  illuminated  region  of  the  sample  (Lint),  the  fields
generated  at  different  locations  sample  interfere
constructively, leading to a N2 increase of the non-linear
signal (where N the number of elementary emitters).

____________________________________________
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Such a coherent addition of the non-linear emission is
essential for the observation of the wave-mixing signal.
Indeed, the total intensity radiated by non-linear processes
is much lower than that due to linear processes. This is
necessary  condition  to  ensure the  convergence  of  the
power  series  shown  in  Eq.  1.  However,  since  wave-
mixing signals are localized in space while those arising
from linear processes are much more isotropic, the latter

are  usually  much  smaller  than  the  former  in  a  small
spatial region centered around knwm. Other two important
consequences  of  the  phase  matching  constraint  are:  (i)
knwm can be different from any ki (see, e.g., Figs. 1c and
1e),  thus largely enhancing the signal-to-noise  ratio  [4]
and (ii) in many cases different n-wave-mixing processes
cannot  be  simultaneously  realized  since  their  phase-
matching conditions are mutually exclusive [1].

Figure 1: (a) sketch of a generic FWM experiment. ωi, δωi, ki and ni are the central frequency, bandwidth, wavevector
and polarization of the input (i=1-3) and signal (i=fwm) fields; different colours mean different frequencies (i.e., the
difference in central  frequencies is  larger  than the bandwidth).  Panels (b) and (c) are the level scheme and phase
matching diagram of a generic wave-mixing experiment. Horizontal full black, dashed black and dashed red lines are
the ground state, the excited state (of energy ħωex) and virtual or real resonant states, respectively, while Δt1 and Δt2 are
the time delays of ω2 and ω3 pulses with respect to ω1. Panels (d) and (e) are the level scheme and phase matching
diagram for SBS and SRS processes; here 2θ and Q are the crossing angle and the excitation wavevector, respectively.
(f) and (g) are, respectively, as (d) and (e) for the CARS process.

The signal intensity of a given wave-mixing process is
thus related to the phase matching, usually accounted for
by  a  sinc2(Δk.Lint)  factor,  and  to  the  magnitude  of  the
corresponding element of the  χ(n) tensors.  In the optical
domain the latter decay as a power law of the non-linear
order, i.e.:  χ(n)~Ea

-(n-1) [1], where Ea=e/(4πε0a0
2) ~ 5.1011

V/m  (being  a0 the  Bohr  radius)  is  the  atomic  field
strength.  Furthermore,  on general  grounds second order
processes cannot occur (i.e. χ(2)=0) in all centrosymmetric
samples, such as liquids, glasses, polycrystalls and most
of crystalline structures. In most of the cases the lowest
order non-vanishing coherent non-linear interactions are
hence  the  third  order  ones  (i.e.  FWM);  second-order
processes are indeed mostly used to study surfaces and
interfaces, since here the inversion symmetry is broken by
definition.  FWM is  related to  the  χ(3) tensor  and are is
usually  much  weaker  that  any  second  order  process,
except  the  cases  in  which  χ(2)=0.  A  typical  FWM
experiment is sketched in Fig. 1a-1c, while Figs. 1d-1g
report the level schemes and phase matching diagrams for
stimulated  Brillouin/Raman  scattering  (SBS/SRS)  and
coherent antistokes Raman scattering (CARS) processes
[1,10].  It  is  ineteresting to note how a given excitation
(e.g., Raman modes in the example shown in Fig. 1) can
be stimulated and probed either through SRS or CARS,
depending  on  whenever  the  excitation  energy  (ħωex)  is
within the pulse bandwidth of the input fields or not.

Generally,  the  values  of  χ(3) are  expected  to
substantially  decrease  on  increasing  the  input  field
frequency  [1-4,11].  However,  if  some  of  the  input
frequencies are close to core atomic resonances, the  χ(3)

values  may  be  similar  to  (or  just  a  few  orders  of
magnitude lower than) those found in the optical regime
[1-4,11]. On the other hand, we stress that the use of input
field  strength  (|Ei|)  comparable  or  larger  than  Ea to
compensate for the drop in the χ(3) values is questionable,
at least as far as one is going to use wave-mixing methods
to study samples under well defined conditions. Indeed,
high-field  processes  (as,  e.g.,  ionization  potential
depression [1]) might hamper the possibility to probe the
dynamics  of  samples  in  well  defined  thermodynamic
equilibrium states.

According to [2-4,11] we have estimated a significant
drop  in  the  overall  efficiency  of  the  FWM process  on
going  from  the  EUV  to  the  x-ray  regime.  On  such
grounds we cannot exclude that in the x-ray region the
signal from most of FWM processes can be appreciated
and/or be hidden by that due to linear processes [4].  

EUV TRANSIENT GRATING
In transient grating (TG) experiments the interference

between  the  two  equal-frequency  input  fileds  (ω1=ω2)
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impinges into the sample in time coincidence conditions
and with a finite crossing angle (2θ); see also Figs. 1d-1e.
The  intereference  beween  these  two  pulses  induces  a
transient standing electromagnetic wave with wavevector
Q=k1-k2 (Q=|Q|=4π sin(2θ/2)/λ1), which imposes a given
modulation of many sample parameters, such as density,
temperature  or  excited  state  populations  [10].  All  the
excitations that may be stimulated in TG experiments are
thus characterized by the same spatial periodicity, i.e. by
the same Q-value. The  latter can be experimentally set by
2θ and λ1. Such a Q-selection rule allows to select a given
excitation out of the Q-dispersion relations of collective
modes (phonons, spin waves, polarons, etc.) or a given Q-
component  in  the  Fourier  spectrum of  diffusion  and/or
relaxation processes.

The  main  aim  of  the  TIMER  project  is  to  develop
EUV/soft x-ray TG methods to study the aforementioned
dynamical processes through SBS and SRS experiments
in the Q=0.1-1 nm-1 range (extendable up to Q~2-3 nm-1

in the near future) [9]. Such a “mesoscopic” Q-range is of
the highest relevance for the study of collective atomic
dynamics  in  disordered  systems,  such  as  glasses  or
liquids, as well as  in systems, as gels or nanostructures,
characterized by spatial periodicity or pseudo-periodicity
in the ~1-100 nm range. To date, the 0.1-1 nm-1 Q-range is
inaccessible  by  optical  methods  based  on  table-top  or
synchrotron sources [12], that are limited to Q < 0.1 nm-1.
Conversely,  x-ray  and  thermal  neutron  spectroscopy
cannot  (with  the  required  energy  resolution)  Q-values
lower than ~1-2 nm-1.  

These  experiments  will  be  mainly  carried  out  at  the
EIS-TIMER end-station [9], which is featured by an all-
reflective split-delay-and-recombination system [13]. This
system will be able to control both the crossing angles and
arrival times of the three FEL pulses impinging into the
sample. TG experiments at EIS-TIMER can also exploit
the wavelength/polarization tunability of FERMI [14] and
the “jitter-free” FEL/optical pump-probe system available
at the facility [15].  Recently,  we used the latter  system
and a specially designed setup to carry out FEL-based TG
experiments,  that  demonstrated  the  occurrence  of
appreciable  SBS/SRS  processes  stimulated  by  EUV
radiation  [8].  The  experimental  setup  to  split  and
recombine the FEL pulse with a finite crossing angle (2θ)
is  sketched  in  Fig.  2b  and  will  be  described  in  details
elsewhere [7]; an image of the FEL-induced FWM signal
is  shown  in  Fig.  2c.  Our  setup  was  placed  inside  the
DiProI  experimental  end-station  [16],  downstream  an
adaptive KB mirror system. The system is based on three
carbon coated EUV mirrors of 70 mm length, mounted on
translational  and  tip-tilt  stages.  These  permit  to
independently vary 2θ and the time delay between the two
FEL pulses (ΔtF-F  ) in the 2o-9o and -1 ps + 1 ps range,
respectively; see Figs. 2d-2e. An optical setup, external to
the  experimental  chamber,  allows  to  use  an  ultrafast
“jitter-free”  optical  pulse  [15]  as  third  input  beam for
FWM experiments (TG in Ref. [8]). The arrival time (Δt)
and crossing angle (θc) of such pulse with respect to the

FEL one labeled as FELA in Fig. 2b can be varied in the
-10  ps  +200  ps  and  43o-47o range,  respectively.  The
external  laser  was also  used to  calibrate  ΔtF-F vs  d1/d2
(see  Fig.  2e)  through  FEL-pump/optical-probe  transient
reflectivity  measurements.  The  main  limitation  of  our
setup is the maximum Q-value, which is limited to Q <
0.04 nm-1 (i.e. below the “mesoscopic” range of interest)
by  the  wavelength  (> 230  nm)  of  the  optical  pulse
involved in the FWM process.

We  finally  note  that  the  present  setup  could  be
alternatively used as a compact “split-and-delay” stage for
FEL-pump/FEL-probe experiments. In this case the main
advantage of our setup is the possibility to have a finite
crossing  angle  between  pump  and  probe  pulses,  thus
allowing for a spatial discrimination between pump and
probe pulses downstream the sample.

Figure  2:  (a)  picture  of  the  experimental  setup  placed
inside the DiProI experimental end station. (b) Sketch of
the  experimental  setup:  M0,  M1 and  M2  are  C-coated
plane  mirrors;  the  relevant  distances  are  indicated.  (c)
CCD image of the FWM beam. Panels (d) and (e) show
how to vary 2θ and ΔtF-F independently (green arrows are
the involved degrees of freedom for the three mirrors), the
latter task is achieved by changing the ratio d1/d2.

MULTI-COLOUR WAVE-MIXING
EXPERIMENTS

The  two-colour  (easily  upgradable  at  three-colour)
seeded FEL emission demonstrated at FERMI [17] can be
used to further develop EUV/soft x-ray TG experiments.
In  particular,  our  setup  in  combination  with  the  two-
colours emission in principle allows for EUV/soft x-ray
coherent  Raman scattering  (CRS) experiments,  like  the
ones based on the CARS process. A possible experiment
of such kind was discussed in [11] and shown in Fig. 3. In
this case the interference between the crossed FEL pulses
(of frequency ω1 and ω2) gives rise to a transient grating
with  ‘beatings’  at  |ω1-ω2|.  The  latter  may stimulate
excitations  with  energy  (ħωex)  exceeding  the  pulse
bandwidth (ħδω), in contrast to TG experiments discussed
in  the  previous  section,  in  which  ω1=ω2.  Furthermore,
since the crossing angle and the photon energy difference
can be independently set, it is possible to simultaneously
achieve both Q and ωex selectivity.
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More generally,  in  optical  CRS ωex is  limited  to  the
sub-eV  range,  typical  of  vibrational  modes  and  low-
energy electronic excitations,  by the low optical photon
energy (< 4-5 eV). Conversely, the much larger ωi-values
of EUV/soft x-ray photons permits to probe ωex-values of
several eV's, thus allowing to study ultrafast dynamics of
high-energy excitations,  as  valence  excitons.  Moreover,
since the FEL-based CARS experiment shown in Fig. 3
does not involve optical pulses, the wavevector Q=|k1-k2|
of the probed excitation is not limited to the sub-0.1 nm-1

range  by the  (long)  optical  wavelength.  This  allows to
probe  dynamics  at  Q's  comparable  with  the  inverse
molecular dimensions and intermolecular separations, and
thus to gain molecular-scale spatial resolution [2]. Finally,
in EUV/x-ray CRS atomic selectivity can be attained by
tuning some  ωi-values to  atomic resonances [2,4,11]. In
these  cases  the  high-energy  (resonant)  states  shown  in
Figs. 1b, 1d and 1f correspond to real core transitions of
selected  elements  within  the  sample.  In  light  of  the
localization of core shells, the resonant FWM signal carry
out  information  on  the  coherences  between  resonant
atomic sites [2] and might be used, e.g., to study ultrafast
charge  and  energy  transfer  processes  between  different
atoms in molecular solids [4].

Figure 3: (main panel) sketch of a CRS experiment that
may be performed at  the FERMI facility exploiting the
two-colour seeded FEL emission. The suffixes “A” and
“B” correspond to the beam paths labelled in Fig. 1b as
FELA and FELB, respectively. The crossed pulse (ω1

B) is
not involved in the FWM process.  The phase matching
geometry is shown in the inset.

The  two-colour  emission  reported  in  [17]  does  not
allow for  |ω1-ω2| values much larger than 1 eV, similarly
to optical CRS, still with the possibility to exploit atomic
selectivity in the excitation or probing process, not both
[11].  This  definitely calls  for the development of novel
multi-colours seeded FEL emission schemes, as these can
substantially  enhance  the  potentiality  of  wave-mixing
experiments.

CONCLUSIONS
We  reported  on  the  development  of  EUV/soft  x-ray

wave-mixing  methods  at  FERMI.  In  this  context  we
obtained  two  relevant  experimental  results,  i.e.:  the
demonstration of FEL-stimulated FWM processes [8] and
a  reliable  multi-colour  seeded  FEL emission  [17].  The
combination  of  these  two  achievements  opens  up  the
possibility  for  a  broad  range  of  FWM  applications,
ranging from phonon spectroscopy to the study of low-
energy coherent electronic excitations.

In  the  near  future  such studies  will  be  carried  out  a
more  systematic  way  at  the  EIS-TIMER beamline  [9].
However,  it  is  worth  mentioning  that  in  a  short  term
perspective FWM experiments can be in principle carried
out  at  the  DiProI  end-station  exploiting  a  specially
designed setup [8].
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OPTIMIZATION OF HIGH AVERAGE POWER FEL BEAM FOR EUV 
LITHOGRAPHY APPLICATION * 

A.Endo, K.Sakaue, M.Washio, RISE, Waseda University, Tokyo, Japan                   
H.Mizoguchi, Gigaphoton Inc, Oyama, Japan 

Abstract 
 EUV source community is interested in evaluating an 

alternative method based on high repetition rate FEL, to 
avoid a risk of the potential source power limit by the 
plasma based technology. Present SASE FEL pulse 
(typically 0.1mJ, 100fs, 1 mm diameter) has higher beam 
fluence than the resist ablation threshold, and high spatial 
coherence which results in speckle and interference 
patterns, and random longitudinal mode spikes of high 
peak power micro pulses, which is not favourable to resist 
chemistry.  This paper discusses on the required 
technological assessment and lowest risk approach to 
construct a prototype, based on superconducting linac and 
cryogenic undulator, to demonstrate a MHz repetition 
rate, high average power 13.5nm FEL equipped with 
specified optical components, for best optimization in 
EUVL application, including a scaling to 6.7nm 
wavelength region. 

INTRODUCTION 
Extreme Ultraviolet Lithography (EUVL) is entering 

into the high volume manufacturing (HVM) stage, after 
intensive research and development of various component 
technologies like Mo/Si high reflectivity mirror, 
chemically amplified resist, and especially high average 
power EUV source from laser produced plasma at 
13.5nm. Semiconductor industry road map requires a 
realistic scaling of the source technology to 1kW average 
power, and further wavelength reduction to 6.7nm. It is 
recently recognized by the community of the necessity to 
evaluate an alternative approach based on high repetition 
rate FEL, to avoid a risk of the source power limit by the 
plasma based technology. 

It is discussed by several papers on the possibility to 
realize a high repetition rate (superconducting) FEL to 
generate a multiple kW 13.5nm light [1,2]. We must 
notice that the present SASE FEL pulse (typically 0.1mJ, 
100fs, 1 mm diameter) has higher beam fluence than the 
resist ablation threshold [3], and high spatial coherence 
which results in speckle and interference patterns in resist, 
and random longitudinal mode beat which leads to high 
peak power micro spikes.  The interaction of the SASE 
pulses with chemically amplified resist is not known, 
because the typical EUV (13.5nm) pulses from Tin 
plasma has a characteristics of continuous spectrum of 
2% bandwidth with 10ns pulse width. The emission is 
fully non coherent, and the pulse energy is typically mJ 
level at 100 kHz repetition rate.  

This paper discusses on the scaling of the FEL 
technology to kW average power level, optical technology 

to optimize the FEL beam for lithography application, and 
scaling to 6.7nm wavelength region. 

SCALING TO KW AVERAGE POWER 
We start to evaluate a general perspective of high 

average power 13.5nm generation by SASE mode from 
recent typical operational parameters and future projects 
like LCLS2 etc. Genesis calculation was performed to 
estimate available single shot pulse energy by the electron 
beam and undulator parameters shown in the table 1.Pulse 
length was assumed as 100fs and 200fs to evaluate the 
difference of the output pulse energy depending on the 
pulse lengths. The calculation result is shown in the 
Figure 1, which indicates the saturation distance is nearly 
20m with 0.1mJ pulse energy for short and long pulse 
lengths. The average power is 100W level with MHz 
repetition rate, and 1kW is obtained by 10MHz repetition 
rate with cryogenic superconducting linac and undulator. 
There are indeed various engineering challenges for this 
operation ahead.  

 
Table 1: Parameters for Genesis Calculation 

Charge 300pC 
Emittance 1mm•mrad 
Energy Spread 10-4 

Bunch Length 100fs/200fs 
E-beam Energy 331.13MeV 
Undulator Period 9mm 
K Value 1 
EUV Wavelength 13.5nm 

 

 
Figure 1: FEL pulse energy growth along Undulator. 

 
 ___________________________________________  
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RESIST CHEMISTRY UNDER FEL 
PULSE IRRADIATION 

 
Chemically amplified resists were first deployed in the 

mass-production lines of semiconductor devices during 
the transition of the exposure tool from Hg lamp to KrF 
excimer laser, and modified to be used by plasma EUV 
source. After EUV photons are absorbed by molecules, 
photoelectrons are emitted. The photoelectrons (Ie) with 
excess energy (E>Eth) induce further ionization and 
electronic excitation as shown in Fig.2. The inelastic 
mean free path of photoelectrons generated by EUV 
photons is less than 1 nm [4]. Therefore, the ionization 
and electronic excitation points are distributed narrowly 
around the photoabsorption point. This is one of the 
reasons why a higher resolution is expected for EUV 
lithography than for EB and X-ray lithography, in which 
the generation of high-energy secondary electrons is a 
concern. However, the problem associated with the 
thermalization distance of secondary electrons is the same 
as that in EB lithography.  

One of the remarkable differences of SASE FEL EUV 
source is its pulse length typically as 100fs, which is 105 
times shorter than that of plasma source. The EUV 
photoabsorption / initial ionization and secondary process 
are regarded as temporally separated under FEL pulses, 
but this is convoluted in the case of 10ns EUV pulse 
irradiation. Resist sensitivity is typically 10mJ/cm2 and 
the ablation threshold is 10 times higher for the case of 
10ns 13.5nm pulses. An experiment by FLASH reported 
the ablation threshold of PMMA as less than 10mJ/cm2 

with 13.5nm 25fs SASE FEL pulses [5]. It is desirable to 
make a systematic research on the resist chemistry under 
such FEL EUV fluence in advance. 

 
 

 
           
 
      Figure 2: Resist reaction under EUV photon. 
 

SPATIAL COHERENCE 
Excimer lasers operating in the Deep Ultra-Violet 

(DUV) have been used in lithographic systems for over a 
decade. Their high brightness and limited spatial and 
temporal coherence make them an attractive source for 
circuit patterning. However, the wide bandwidth of 
excimer lasers caused problems in designing DUV 

photolithographic optics. Line-narrowing processes 
reduce chromatic aberration in refractive optical systems, 
but have the disadvantage of increasing coherence and 
causing problems with interference and speckle. Increased 
spatial coherence brings problems with interference in 
conventional beam homogenization systems. Optical 
modelling of such partially coherent sources was 
beneficial in the design of efficient beam homogenization 
techniques, based on micro lens array. 

Spatial coherence measurements were reported by 
illuminating a 10 μm pinhole array with a KrF excimer 
laser operating at 248 nm. An estimate of the spatial 
coherence of the source can be taken at a reference level 
of 50 % visibility, and gave a coherence length of 285 
μm. An experimental characterization of the spatial and 
temporal coherence properties of FLASH at a wavelength 
of 8.0 nm is reported [6]. Double pinhole diffraction 
patterns of single femtosecond pulses focused to a size of 
about 10 × 10 μ m2 were measured. A transverse 
coherence length of 6.2 ± 0.9 μm in the horizontal and 
8.7 ± 1.0 μm in the vertical direction was determined. 
The mutual coherence function K is given as 0.42, and a 
measurement of K by a laser plasma source is 3.2x10-9.It 
is concluded from these measurements that a beam 
homogenization is required at EUV wavelength by using 
total reflection optics. 

Multi foil optics (MOF) is a EUV optics which consists 
of two perpendicular sets of very thin reflecting mirrors, 
where photons are reflected at grazing incidence. Figure 3 
shows an example of a MOF focusing element. 

 
 

 
Figure 3: MOF EUV optics to compose FEL beam 
expander and beam homogenizer. 
 

 
TEMPORAL COHERENCE AND SPIKE 

 Temporal coherence was also reported by using a split 
and delay unit. The coherence time of the pulses produced 
in the same operation conditions of FLASH was 
measured to be 1.75fs. The measured coherence time has 
a value, which corresponds to about 65.5 ± 0.5 wave 
cycles (cτ/λ). It is well known that the SASE FEL pulses 
are composed of many small spikes and random spectrum 
due to SASE process. It is reported that the averaged 
spectrum has a 1.4% bandwidth typically.
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LASER TECHNOLOGY FOR HGHG AT 
MHZ REPETITION 

Seeding a FEL with an external coherent source has 

been studied together with SASE operation to enhance the 

radiation brightness and stability compared to SASE. An 

efficient scheme for seeding a VUV-soft x ray FEL uses a 

powerful, long wavelength external laser to induce on the 

electron beam coherent bunching at the harmonics of the 

laser wavelength. When the bunching is further amplified 

by FEL interaction in the undulator, the scheme is called 

as high gain harmonic generation (HGHG). A successful 

demonstration is reported from FERMI as double stage 

seeded FEL with fresh bunch injection technique [7]. 

High power seed sources and small electron beam energy 

spread are at the main limits for direct extension of the 

HGHG scheme to short wavelengths. The fresh bunch 

scheme was proposed as a way to overcome these 

limitations, namely the FEL radiation produced by one 

HGHG stage acts as an external seed for a second HGHG 

stage. A 10Hz demonstration is reported by using an 

electron beam parameters in Table 1 except the beam 

energy as 1 Gev. The following Table 2 compares the 

wavelength of the HGHG operation in the case of FERMI 

FEL-2 and EUV FEL.  

 

Table 2: Comparison of Wavelengths for HGHG 

Operation in FERMI FEL-2 and EUV FEL 

  

                         Fermi FEL-2           EUV FEL 

Seed                     260nm                    324nm 

1st FEL                  32nm                      40.5nm 

2nd FEL                 10.8nm                   13.5nm 

 

 

The external seed laser was the third harmonic of a  

Titanium:Sapphire laser with a duration of ∼180 fs 

(FWHM) and up to 20 μJ energy per pulse. Its transverse 

size in the modulator was made larger than the electron 

beam size to ensure as uniform as possible the electron 

beam energy modulation. Once the same laser energy is 

required for 100W EUV FEL, 20W average power is 

required for 324nm with 180fs at MHz repetition rate. 

There are two approaches to generate such laser pulses, 

the first is based on MHz repetition rate Ti:Sapphire laser 

with 100μJ level pulses, and the second one is based on 

OPCPA.  

          
The short pulse, short wavelength laser technology is 

now advancing due to the new suitable laser configuration 

as thin disc laser, and efficient wavelength conversion 

method. Second harmonics of the Yb:YAG thin disc laser 

is employed to pump the  Titanium:Sapphire laser or 

OPCPA with typically 1mJ pulse energy. It is reported 

recently that a thin disc multi pass amplifier generated 1.1 

kW average power at 800kHz with 1.4mJ pulse energy of 

6.5 ps[8]. It was also demonstrated to convert to the 

second harmonics efficiently with more than 400W 

average power. 

 
SUMMARY AND CONCLUSION It 

   Discussion is presented in this paper on the EUV FEL 

perspective to the kW scaling with 13.5nm wavelength 

with suitable beam characteristics. It is pointed out that 

the EUV FEL pulse is available with 100W by MHz 

repetition rate, and kW by 10MHz. Suitable 

compensation technology is required to overcome the 

negative effects of the spatial and temporal coherence, 

and pulse spikes. These are beam expansion and 

homogenization by reflective optics, and external seeding 

by HGHG. Advanced EUV optics technology and short 

pulse high average power laser technologies are the 

fundamental tools for this research subjects. Wavelength 

extension to 6.7nm is one of the options of the future 

EUV lithography, and the plasma source is expected to 

supply by Gd plasma. The usable mirror has a narrower 

band width at this particular wavelength, and the resulting 

lower efficiency is the main problem for the Gd plasma 

approach. FEL EUV has a possibility to generate 

narrower band width, 1kW 6.7nm wavelength at 

relatively comparable source size and cost at this 

wavelength.  
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A. Zholents #, W. Gai, R. Lindberg, J.G. Power, Y. Sun, ANL, Argonne, IL 60439, USA 
C. Jing, A. Kanareykin, Euclid Techlabs LLC, Solon, OH 44139, USA 

C. Li, C.X. Tang, Tsinghua University, Beijing, China 
D. Yu. Shchegolkov, E.I. Simakov, LANL, Los Alamos, NM 87545, USA 

Abstract 
A concept is presented for a multi beamline soft x-ray 

free-electron laser (FEL) facility where several FEL 
undulator lines are driven by an equal number of high 
repetition rate single-stage collinear wakefield 
accelerators (CWA). A practical design of the CWA, 
extending over 30 meters and embedded into a 
quadrupole wiggler, is considered. The wiggler’s 
structure of alternating focusing and defocusing 
quadrupoles is used to control single-bunch breakup 
instability. It is shown that practical restrictions on the 
maximum attainable quadrupole field limit the maximum 
attainable charge in the drive bunch whose sole purpose is 
to produce a high accelerating field in the CWA for the 
following main bunch. It is also pointed out that the 
distance between drive and main bunches varies along the 
accelerator, causing a measurable impact on the energy 
gain by the main bunch and on the energy spread of 
electrons in it. Means to mitigate these effects are 
proposed and results are presented for numerical 
simulations demonstrating the main bunch with plausible 
parameters for FEL application including a relatively 
small energy spread. Finally, results are presented for the 
expected FEL performance using an appropriately chosen 
undulator. 

INTRODUCTION 
A number of FEL facilities are currently in operation 

[1-4] and more have been planned. While tremendously 
effective in providing extreme photon fluxes, these 
machines can only accommodate a small number of users 
at a time. To address this limitation, multi-user FEL 
facilities have been recently proposed (see, for example, 
[5]). The mainstream approach is to accelerate electron 
bunches in a few GeV cw superconducting rf (SRF) linac 
and send them to a switchyard of ten or more FELs at a 
high bunch repetition rate. Here, we consider a different 
approach where a single cw SRF linac of a much lower 
energy (~400 MeV) and ten CWAs are used to provide ten 
FELs with a few GeV electron bunches. It is expected that 
the construction and operational costs of the facility, 
which are largely defined by the large SRF linac, can be 
significantly reduced. A high-gradient room-temperature 
CWA structure is the key to this proposal. Advanced 
accelerator studies aimed at a future high-energy collider 

have shown impressive results, achieving multiple-GV/m 
energy gradients in various wakefield acceleration 
schemes [6,7]. 

A CWA SCHEME FOR FEL 
 In a collinear wakefield accelerator [8,9], the field 

generated by a leading, high-charge drive bunch is used to 
accelerate a trailing low-charge main bunch. The collinear 
configuration has the two beams traversing the accelerator 
along the same trajectory so that the energy is directly 
transferred from the drive bunch to the main bunch. There 
are two main candidates for a CWA structure. The 
corrugate pipe wakefield accelerator (CPWA) [10] 
structure consists of a metallic pipe with wall 
corrugations where traveling on the pipe’s axis relativistic 
electrons excite a synchronous monopole mode whose 
amplitude and frequency is defined by the pipe radius and 
geometry of corrugations. The dielectric wakefield 
accelerator (DWA) [11] structure consists of a cylindrical 
dielectric tube with an axial vacuum channel inserted into 
a copper outer jacket. The dielectric constant and the 
inner and outer radii of the dielectric tube are chosen to 
adjust the fundamental monopole mode (TM01) frequency 
excited by the relativistic electrons. The phase velocity of 
the mode equals the beam velocity ~c.  

The overall facility layout is shown in Figure 1. The 
scheme consists of 10 parallel FELs and ten parallel 
CWAs that supply FELs with a ~ 2 GeV electrons. The 
CWAs share a single 650 MHz cw SRF linac that 
accelerates 8-nC drive and 250-pC main bunches to ~400-
MeV. Because of a need for the tight synchronization 
between drive and main bunches (of the order of 250 fs), 
both bunches are obtained from one source bunch as 
discussed below. The repetition rate of duets of drive and 
main bunches in the CWA is limited to ~ 50 kHz. This 
keeps the average wakefield power dissipation in the 
accelerating structure at a manageable level, as shown 
later. Thus, the bunch repetition rate in the cw SRF linac 
is ~500-kHz. A spreader switchyard distributes electron 
bunches to the ten CWAs on a rotating basis (or as 
needed). The drive bunch has a special double triangular 
current profile, shown in Figure 2. The bunch current 
shape is tailored to maximize the transformer ratio R, 
defined as the ratio of the maximum accelerating field 
behind the drive bunch over the maximum decelerating 
field inside the bunch. Obtaining short drive bunch ~ 3.3 
ps requires off-crest acceleration of the already pre-
shaped bunch in SRF linac producing ~ 10% energy chirp 
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Figure 1: A schematic of the FEL facility showing (not to scale) an electron gun, bunch shaping section, cw 
superconducting linac, spreader and transport lines, an array of collinear wakefield accelerators, undulator arrays, and 
x-ray beamlines. 

 
at the end and ~ a tenfold bunch compression in each 
spreader beam line. The energy chirp that remains after 
the compression assists in suppression of single-bunch 
breakup instability as discussed later in this paper.   

The effective acceleration length of the CWA is ~30 m, 
over which distance the drive bunch loses ~80% of its  
energy and the main bunch gains ~ 1.6 GeV.  As presently 
considered, each CWA has 40 half-meter-long 
acceleration sections followed by shorter break sections 
that include beam diagnostics, vacuum ports and a THz 
frequency directional coupler. In the case of the DWA, the 
vacuum chamber of the acceleration section consists of a 
quartz-based tube with copper cladding. A ceramic with 
DC conductivity [12] will be used in the dielectric layer 
allowing discharging of the erroneous charges produced 
by the electromagnetic showers induced by stray 
electrons. The inner surface can also be coated by a few 
nanometer metallic or TiN layer [13].  Cooling is 
provided to remove the heat load produced by the 
wakefields which is calculated to be 10.8-W per cm of a 
linear length of the DWA structure for the Case 2 of beam 
parameters discussed below. This chamber is embedded 
into a quadrupole wiggler with soft-iron magnetic poles 
excited by permanent magnets, as shown in Figure 3. The 
same chamber can be used in the case of the CPWA 
except corrugations on the inner wall instead of the 
dielectric layer. The chamber has a small 2-mm diameter 
hole, essential for achieving a high acceleration gradient 
using CWA.   

 
Figure 2: Drive bunch double triangle current profile and 
the wakefield due to drive and main bunches. 

 

 
 

Figure 3: A cut-out part of the central area of the CWA 
showing the quadrupole wiggler and the vacuum chamber 
with cooling channels and either dielectric or corrugated 
inner part (marked by yellow colour). Electron beam 
propagates on the axis of the central cross. 

DRIVE BUNCH SHAPING 
The main plan for obtaining a double triangle current 

profile of the drive bunch is to use the mask with a special 
form shown in Figure 4. The same mask is also used to 
shape the low charge main bunch and fix it at a precisely 
defined distance behind the drive bunch.  

The mask is placed in front of the transverse-to- 
longitudinal emittances exchange (EEX) beamline 
[14-21] which converts the red-coloured transverse 
image in Figure 4 into the double triangle longitudinal 
profile at the end of the beamline shown in Figure 2. 
The transmission efficiency of the mask is only ~45% 
and, therefore, we consider carrying out bunch 
shaping at a low beam energy ~5-MeV below a 
threshold energy for the material activation for copper. 
With a 500 kHz bunch repetition rate, approximately 
25-kW of a source beam power is absorbed by the 
mask.  
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Figure 4: The outline of the mask boundary (red curve) 
on a background of Gaussian distribution of electrons 
of the source bunch in transverse coordinates [14]. 

A different approach is proposed in [22] where a 
near triangular bunch current profile is obtained using 
a combination of a wakefield producing dielectric tube 
and a compact magnetic chicane. It is therefore 
possible to use a double emittance exchange beamline 
[23] in order to convert the longitudinal profile 
obtained in [22] into the transverse distribution using 
the first emittance exchange leg, to apply the mask, 
and to use the second emittance exchange leg to 
convert the transverse distribution after the mask into 
the double triangle longitudinal profile at the end.  
Here, starting with the pre-shaped longitudinal 
distribution, the transmission efficiency of the mask is 
expected to be at ~80-90% level.  

As discussed above, final compression of the drive 
and main bunches is planned after acceleration to 400 
MeV utilizing the energy chirp acquired through 
bunch shaping manipulations and off-crest 
acceleration in the SRF linac and the spreader 
beamline beam transport time-of-flight properties. 

A proof-of-principle experiment for beam shaping is 
in preparation at the AWA facility [24,25] with a 5-nC 
Gaussian bunch and plausible transverse and 
longitudinal emittances at 75 MeV electron beam 
energy. 

MAIN PARAMETERS 
Since physics of beam acceleration in CPWA and DWA 

is practically identical, we only discuss here the main 
beam parameters for a case of DWA. In order to inform 
design choices and evaluate sensitivities of the DWA to 
the key parameters of the dielectric channel and 
parameters of the drive and main bunches, we consider 
two hypothetical cases summarized in Table 1.  The Case 
2 is currently selected as our preferred scenario. In this 
case a ~90-MeV/m acceleration gradients is achieved at 
the wakefield maximum with the transformer ratio R =5 
using a 8-nC drive bunch. A drive-beam-to-main-beam 
energy transfer efficiency is calculated to be ~ 15% using 
a 250-pC main bunch. All the values are calculated using 
four longitudinal structure modes, but the fundamental 
mode gives the dominant contribution because each 
structure is designed to minimize the loss factor of higher-
order modes (HOMs). This is very important for 
achieving a high transformer ratio, as well as to mitigate 
the self-wakefield induced disturbances inside the main 

bunch as discussed later. Stable propagation of a drive 
bunch with energy varying from 400-MeV to 80-MeV 
along the CWA through this hole presents a significant 
challenge and is discussed later. 

While the structure is optimized to maintain a single-
mode excitation for the drive beam, multiple modes are 
excited by the main beam due to its shorter bunch length. 
But the self-wakefield inside the main bunch will 
converge very fast because the loss factor of HOMs 
becomes negligible beyond the first few modes. A 250-pC 
per bunch and 10-m rms main bunch length were chosen 
in the design to allow a 3-kA peak current with a 
reasonable beam loading in the CWA. 

 

Table 1: DWA and Beam Parameters 

Parameter Case 1 Case 2 Units 

Fundamental 
mode frequency 

400 300 GHz 

ID/OD/Length 1.5/1.59/100 2,/2.12/100 mm 

Drive bunch 
charge 

3.5 8 nC 

Drive bunch 
energy 

300 400 MeV 

Double triangular 
bunch length 

1 1 mm 

Peak acc. field 42 90 MV/m 

Bunch rep. rate 100 50 kHz 

Power dissipation 
without/with THz 
field coupler* 

19/5.4 55/10.8 W 

Transformer ratio 8 5  

Main bunch 
charge/length 

50/5 250/10 pC/m 

Drive beam dump 
energy 

70 80 MeV 

Total DWA 
length 

40 20 m 

Drive-to-main 
beam efficiency 

8.6 15.5 % 

Main beam 
energy 

1.9 2.0 GeV 

* per unit length, 100% THz field coupling efficiency is 
assumed  

BEAM BREAKUP INSTABILITY 
The small aperture of the CWAs structures makes the 

drive bunch particularly vulnerable to the single-bunch 
breakup (BBU) instability predominantly driven by 
transverse HEM11 mode [26,27]. We consider using BNS 
damping [28] to control the BBU and, thus, surround the 
CWA by a quadrupole wiggler (composed of alternating 
focusing and defocusing quadrupole schematically shown 
in Figure 5) and use the energy chirp in the drive bunch 
entering the CWA.  
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Figure 5: Schematic of a CWA. The quadrupole field is 
tapered to match the energy loss of the drive bunch along 
the accelerator. The final energy of the drive bunch at the 
end of the structure is 20% of its initial energy.  

 
In order to better understand main parameter 

dependencies, we developed a simple two-particle model 
[29] that was later found to correctly represent the BBU 
for the drive bunch with a Gaussian longitudinal 
distribution. Using this model we determine the 
maximum achievable acceleration gradient as a function 
of the accelerating structure inner radius a shown in 
Figure 6. A grey area on this plot represents a stable 
region and a white area represents the unstable region. 
The border curve scales as a  in a good agreement with 
results of multiparticle tracking shown by red circles. In 
this simple model, the ultimate extent of the stability 
region is limited by a maximum attainable strength for the 
quadrupole field (that in this study was scaled as a-1 from 
the value of 1-T/mm at a =1 mm). The dashed lines show 
scaling of the acceleration gradient when BBU is ignored.  

 
 

Figure 6: Maximum attainable energy gain in the CWA 
limited by BBU as a function of accelerating structure 
inner radius. 

 
The remaining studies we did using the drive bunch 

with a double triangular current distribution. In this case 
when electrons lose much of their energy, the tail 
electrons begin to lag behind the head electrons to the 
extent that they even move into the region of the 
accelerating wakefield [30]. At the same time, the main 
bunch that gains a lot of energy begins to approach the 
tail of the drive bunch and goes out of the region with the 
maximum accelerating field. This effect is more 
pronounced when the drive’s bunch energy is mostly 
used, and the energy of the tail electrons therefore 

becomes very low. One option to reduce relative slippage 
of drive and main bunches is to increase the energy of a 
drive bunch which has prompted us to use 400 MeV SRF 
linac.   

Another technique to mitigate slippage of the drive and 
main bunches with respect to each other is to position the 
main bunch at the second maximum of the wake field 
behind the drive bunch. One can also increase the 
frequency of the wakefield along the dielectric channel— 
either by decreasing the tube’s radius or thickness of the 
dielectric layer, or depth of corrugations — and keep the 
main bunch at or near the second wakefield maximum. 
Ideally, this wakefield frequency adaptive CWA will be 
insensitive to the main bunch shifts closer to the drive 
bunch during the acceleration. 

 
Figure 7: The result of the particle tracking showing 
energy variation in the drive and main bunches at a 
location of 18 m downstream of the DWA. The inset in 
the middle shows current in the drive and main bunches 
and the wakefield produced by the drive bunch with this 
current distribution. 

 
The simulation result for the DWA with parameters 

given in Table 1 for the Case 2 is shown in Figure 7. Here 
we plot electron energy in drive and main bunches versus 
distance from the head of the drive bunch at the 
accelerator location of 18 m downstream from the 
accelerator entrance. The inset in the middle shows 
current in the drive and main bunches, and the wakefield 
produced by the drive bunch with this current distribution. 
It is approximately at this location that some tail electrons 
in the drive bunch begin to be accelerated by the wake 
produced by head electrons. In this simulation Gaussian 
distribution in the main bunch was used. A combination 
of the main bunch self-wakefield and the drive bunch 
wakefield produce a noticeable correlated energy 
variation along the main bunch. However, this energy 
variation can be tolerated in the FEL, as shown later. 
Calculations show that the main bunch with an inverse 
triangular current distribution proposed in [31] will have 
the self-wakefield canceling the drive bunch wakefield 
and significantly reduced correlated energy variation. 

The straightness of the beam trajectory in the 
quadrupole wiggler is critical for maintaining the beam 
stability. Preliminary simulations point out that it should 
be at a micrometer level. This requirement presents 
significant challenges, but is feasible in principle, as 
demonstrated in dipole undulators of modern FELs.  
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FEL CONSIDERATIONS 
Results of particle tracking for a main beam presented 

above and a particle distribution obtained there were used 
as an input particle distribution for modelling of the self-
amplified spontaneous emission (SASE) process in the 
undulator line. Undulator parameters and other key 
parameters of this modelling are given in Table 3.  

Table 3: SASE FEL Parameters 

Parameter Value Units 

Undulator period 1.8 cm 

Undulator parameter, K 1.0  

Main beam mean energy 1.88 GeV 

Main bunch charge 250 pC 

Main bunch peak 
current 

3 kA 

Normalized emittance 1 m 

Main bunch relative 
energy spread, rms 

0.3 % 

FEL Pierce parameter,   0.01  

X-ray wavelength 1 nm 

X-ray peak power* 5 GW 

FWHM x-ray pulse 
bandwidth,  

3.8 % 

     * averaged over the x-ray pulse length 
 
Plots in Figure 8(a)-(d) show (a) the peak current and 

electron energy distribution in the main bunch, (b) the 
nonlinear saturation of SASE FEL gain in approximately 
20 gain lengths, (c) peak x-ray power after the saturation, 
and (d) the x-ray spectrum. The slice energy spread of the 
electron beam is less than the FEL Pierce parameter  and 
no undulator tapering is used. However an additional 
undulator with tapering can be used beyond the saturation 
to increase the output power by a factor of 3 to 5.  

 

 

 
Figure 8: Current and energy distribution of the main 
bunch (a) and results of the FEL modeling described in 
the text (b)-(d). 
 

Some applications may not be able to use FEL output 
with large frequency spread as in the above case, while 
others may benefit from it. For example, the time-
resolved x-ray Laue diffraction actually requires a 
relatively large spectral bandwidth. A more ambitious 
plan would use a soft-x-ray self-seeding similar to one 
presented in [32] to obtain a narrow bandwidth radiation 
with significantly increased peak power. The feasibility of 
this option is yet to be determined in future studies.  

CONCLUSION 
It has been shown that the collinear wakefield 

accelerator is a viable candidate to be used in a 
synchrotron light source facility with multiple FELs. The 
accelerator is reasonably compact, flexible, and can 
support the FEL producing up to 5x104 x-ray pulses per 
sec. The entire facility can consist of up to ten 
independent FELs, each with its own collinear wakefield 
accelerator. The emphases have been given to finding 
regimes with stable beam operation at a high bunch 
repetition rate. The important component of the collinear 
wakefield accelerator is a quadrupole wiggler that allows 
suppression of the single-bunch breakup instability using 
BNS damping. Maintaining straightness of the beam 
trajectory through the wiggler at a few micrometer level 
presents significant challenges, but is feasible in principle. 
While we focused here on round structures, note however 
that flat geometries both for corrugated and dielectric 
structures were also proposed [33,34] that may offer 
specific advantages for a practical realization of the 
CWA. For example, the quadrupole wakefield, that is 
present in the planar geometry, may actually help to 
improve beam stability. 

The strawman FEL facility design considered here only 
establishes the feasibility of this approach, but leaves 
many questions for future R&D. 
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DIVERGENCE REDUCTION AND EMITTANCE CONSERVATION IN A 
LASER PLASMA ACCELERATION STAGE 

I. Dornmair, A. R. Maier*, 
CFEL, Center for Free-Electron Laser Science, 22607 Hamburg, Germany 

University of Hamburg, Institute for Experimental Physics, 22761 Hamburg, Germany 
K. Floettmann, DESY, 22607 Hamburg, Germany 

Abstract 
In laser-plasma accelerators, very high acceleration 

gradients are reached, which makes them promising 
candidates for high-energy applications as well as as 
drivers for next-generation light sources. Yet, conserving 
the beam quality when coupling the beam into and 
extracting it from the plasma is very challenging. The 
concept presented here employs tapered matching 
sections to increase the matched beamsize at the plasma 
entrance and to adiabatically reduce the beam divergence 
at the plasma exit, which suppresses chromatic emittance 
growth. 

INTRODUCTION 
The electric fields present in the wakefield of a driver 

laser or beam in a plasma accelerator [1,2] are far larger 
than in conventional cavities. Acceleration of electron 
bunches to GeV energies over cm-scale distances has 
been shown [3,4,5]. However, the focusing forces 
provided by the transverse field components are very 
strong. 

An electron bunch whose transverse beam size is not 
matched to these focusing forces will perform betatron 
oscillations. The betatron frequency depends on the phase 
in the wake and on the bunch energy. Finite bunch length 
and (acquired correlated) energy spread then lead to 
emittance growth. The bunch size therefore needs to be 
matched, requiring extremely strong focusing optics both 
for injection into and extraction out of the plasma [6]. The 
combination of large divergence and large energy spread 
also leads to strong emittance growth in the drift 
following the plasma target [7,8]. 

ADIABATIC MATCHING IN PLASMA 
ACCELERATORS 

We include adiabatic matching sections at the start and 
end of a plasma stage to increase the beta function needed 
to match an external beam into the plasma and to reduce 
the divergence before the plasma-vacuum transition. 
Adiabatic profiles are characterized by the changes of 
focusing strength being slow enough so the bunch 
envelope can follow its changes and stay matched. Since 
no betatron oscillations are performed, the emittance is 
conserved. Here, we derive with simulations ideal profiles 
for both plasma density and driver laser evolution.  

We use the linear wakefield model with  

����� �� �� ��
�
��
�
�������

���
���� � ������� ������ 

����� �� � ��������
�
�������

���
��� � ������� ����� 

that we implemented in the particle tracking code Astra 
[9] and cross-checked for short plasma targets with the 
PIC code VSim (formerly Vorpal) [10]. Here, � � ��� is 
the phase, � � � � ��� the co-moving variable, �� the 
laser group velocity and ���� � � ��� ���� the plasma 
frequency. The normalized vector potential � of the 
Gaussian laser pulse is given by  
�
� � ��

�
������������ �����������

��. The model is 
valid for �� � � and includes changes of bunch phase due 
to the laser group velocity and due to changes in density. 
It does not include pump depletion and changes of the 
wakefield caused by transverse density profiles. 

We consider a plasma stage separated into injection, 
acceleration and extraction section and has a peak density 
of �� � � � ����cm-3. An electron beam of 100 MeV 
kinetic energy, normalized emittance ��� � � mmmrad 
and �� � 1 μm is injected externally. The laser with 
�� �� 1.3, fwhm length 130 fs and a spot size of 
�� � 26 μm is focused at the start of the acceleration 
section. In the injection section it follows the Gaussian 
beam evolution while it is assumed to be guided 
throughout the acceleration section.

The matching condition reads �� � �� � for � the 
focusing strength of the wakefield given by 

 
��� � �

�

����
�

���

�� ���

� 

� �
�
�
��

��
�������

���
���� ����� 

(1) 

For a sharp plasma edge, i.e. no injection section, the 
laser focus and the electron focus coincide and a matched 
beta function of �� � 0.5 mm is required.  

In an injection section, the bunch experiences slowly 
increasing focusing forces. This lensing effect leads to a 
decrease of bunch size till the start of the acceleration 
section. The bunch therefore can be injected with a virtual 
focus in the injection section that can be much larger than 
without this section. The section length is naturally 
limited by the Gaussian evolution of the laser leading to 
much weaker fields in the wake away from the focus. 

 ____________________________________________  
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We choose a linear plasma up ramp as the simplest 
function�and match the electron beam by backpropagating 
it from the start of the acceleration section using the 
differential envelope equation ���� � � � �� � �

���
�� �

�. The beta function in the virtual focus depends on the 
length of the upramp ���� as can be seen in Figure 1. It 
saturates for long plasma upramps when the laser 
evolution becomes the limiting factor. 

 
Figure 1: The beta function in the virtual focus depends 
on the length of the linear density upramp ���� and 
saturates for very long injection sections since here the 
contribution of the laser very far away from the focus 
becomes negligible. 

In the acceleration section the density is constant and 
the laser is assumed to be guided. We end this section 
when the bunch has reached dephasing at ��� � ����, 
that is after 79 cm. The bunch acquires a large energy 
chirp of ������� � 7 %/μm which is mainly caused by 
off-crest acceleration combined with the finite bunch 
length compared to the plasma wavelength. After the 
acceleration, the bunch has a kinetic energy of 8.8 GeV. 
The emittance is conserved since changes of � are only 
caused by phase slippage which is a slow, adiabatic 
process. 

In the extraction section, the divergence needs to be 
reduced for two reasons: Firstly, to relax the requirements 
on beam capturing optics behind the plasma and secondly 
to damps chromatic emittance growth in the drift 
following the plasma vacuum transition. 

The general profile for the focusing strength [11] 
 

��� � �
��

�� � ����
 

(2) 

provides largest adiabatic bunch size increase over the 
shortest distance. Since the emittance is conserved due to 
adiabaticity, the divergence is reduced. Here, � is a taper 
parameter that has to fulfill ��� � � with �� the beta 
function at the start of the extraction section. 

We derive profiles in terms of laser and plasma 
parameters for two extreme cases, separating the 
contributions of laser and density. Assuming constant 
density and neglecting slippage between laser and bunch, 

equation (1) simplifies to � � �
����

� �����.  The ideal 
transverse laser profile evolution is then 

 ���� �� ����� � ���� (3) 

Assuming the laser to be guided at constant ���� �
��, equation (1) gives � � ��� �������

���
��

�� ��������. We find a fit to the numerical solution for �� 
of this equation together with equation (2) as  
 

��� � �
��

�� � ��� � �������
 (4) 

where � � 3.45 and � � 1.59 are fit parameters and � is 
the taper parameter. This fit is valid for starting the 
density downramp at dephasing. 

Even though these profiles are optimized for the 
purpose of divergence reduction, their exact shape leaves 
room for variation as long as � is changed slow enough to 
still be adiabatic. 

Astra simulations have been done to compare a plasma 
profile with a sharp end to a profile including the 
proposed ideal extraction section. Over a length of 53 cm 
� is tapered according to eq. (3) with � � 30 m-1. The 
plasma density is constant while the laser is assumed to 
be guided in such a fashion that its envelope increases 
linearly. As can be seen in Figure 2 the divergence is 
drastically reduced to only 15 μrad compared to 160 μrad 
for the sharp plasma end. This supresses emittance growth 
in the drift to only ������� � 0.06 mmmrad/m, whereas 
the emittance increases by ������� � 33 mmmrad/m 
without extraction section. 

CONCLUSION 
We have shown in simulations that by including 

dedicated matching sections for coupling a beam into  and 
extracting it from a plasma stage, it is possible to 
drastically relax the requirements on beam optics before 
and after the stage. The beta function needed to match 
into the stage was increased by more than an order of 
magnitude, while the divergence after extraction was 
decreased by a similar amount. This minimizes chromatic 
emittance growth after the plasma and is of interest also 
for schemes employing internal injection. 

Compared to PIC codes, the linear wakefield model 
used here is simplified in order to concentrate on the 
underlying beam dynamics, and does not include effects 
like beam loading or pump depletion. 
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(a) (b) 

Figure 2: Top: Plasma profile (blue) and laser envelope (dashed red) for a case including a extraction section employing 
laser tapering (b) and a case with sharp plasma end (a) for comparison. Bottom: Normalized emittance (red) and beam 
divergence (black) of the electron beam throughout the complete stage. The extraction section drastically reduces the 
divergence and thus also suppresses chromatic emittance growth in the drift. 
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