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Foreword

The 37th International Free Electron Laser Conference FEL 2015 was held from August
23rd to 28th, 2015 in Daejeon, Republic of Korea.

Daejeon is renowned for its world-class science complex. More than 800 high-tech
companies, 70 of government or private research institutes and 6 of prominent universities are
thriving in the City of Daejeon. In the southwestern of Daejeon city, there are many historical
sites of Baekje-era (18BC ~ 660AD), which is known for an ancient Korean country to
contribute international exchange with China and Japan. Recently, eight key relics of Baekje-era
were designated as a UNESCO World Heritage Site.

In scientific aspect, two co-organizers of this Conference — Pohang Accelerator
Laboratory (PAL) and Korea Atomic Energy Research Institute (KAERI) — have complementary
FEL projects. PAL is developing the XFEL, which is expected to convey the commissioning
next year, and KAERI is running several small-scale projects. Participants had an opportunity to
visit these facilities through technical tour program.

We appreciate great interest of industrial companies to this conference to present their
exhibitions and/or supports. Their financial contributions made it possible to offer a number of
student fellowships making it possible for these young scientists to attend the conference.

In spite of more than 50 years of the FEL operation we still have many interesting talks and
posters. This progress is, probably, based on continuous progress of accelerator and other related
technologies. However, our conference was the last annual one. Next FEL conferences will be in
2017 (Santa Fe, USA) and 2019 (Hamburg, Germany).

We thank all participants who visited Daejeon and made their valuable contributions to the
Proceedings of FEL 2015.

In Soo Ko Nikolay Vinokurov
Young Uk Jeong Heung-Sik Kang
Preface ii
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FIRST LASING OF THE THIRD STAGE OF NOVOSIBIRSK FEL*

0.A.Shevchenko”, V.S.Arbuzov, K.N.Chernov, I.V. Davidyuk, E.N.Dementyev, B.A.Dovzhenko,
Ya.V.Getmanov, B.A.Knyazev, E.[.Kolobanov, A.A.Kondakov, V.R.Kozak, E.V.Kozyrev,
V.V.Kubarev, G.N.Kulipanov, E.A Kuper, .V.Kuptsov, G.Ya.Kurkin, S.V.Motygin, V.N.Osipov,
V.M. Petrov, L.E.Medvedev, V.K.Ovchar, A.M.Pilan, V.M.Popik, V.V .Repkov, T.V.Salikova,
M.A.Scheglov, I.LK.Sedlyarov, G.V.Serdobintsev, S.S.Serednyakov, A.N.Skrinsky,
S.V.Tararyshkin, V.G.Tcheskidov, A.G. Tribendis, N.A.Vinokurov, P.D.Vobly
BINP, Novosibirsk, Russia

Abstract

Novosibirsk FEL facility is based on the first in the
world multi-turn energy recovery linac (ERL). It
comprises three FELs (stages). FELs on the first and the
second tracks were commissioned in 2004 and 2009
respectively and operate for users now. The third stage
FEL is installed on the fourth track of the ERL. It
includes three undulator sections and 40-meters-long
optical cavity. The design tuning range of this FEL is
from 5 to 20 microns and the design average power at
bunch repetition rate 3.74 MHz is about 1 kW. Recent
results of the third stage FEL commissioning are reported.

OVERVIEW OF THE NOVOSIBIRSK FEL
FACILITY

Accelerator Design and Basic Parameters

The Novosibirsk FEL facility is based on the multiturn
energy recovery linac (ERL) which scheme is shown in
Fig. 1. The advantage of this scheme is that high energy
electrons can be obtained with shorter linac as the beam
goes through the linac several times before it enters
undulator.
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Figure 1: Simplest multiturn ERL scheme: 1 — injector,
2 — linac, 3 — bending magnets, 4 — undulator, 5 — dump.

Multiturn ERLs look very promising for making ERLs
less expensive and more flexible, but they have some
serious intrinsic problems. Particularly in the simplest
scheme shown in Fig. 1 one has to use the same tracks for
accelerating and decelerating beams which essentially
complicates adjustment of the magnetic system.

*Work supported by by Russian Science Foundation (project 14-12-
00480)
#0.A.Shevchenko@inp.nsk.su
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At present the Novosibirsk ERL is the only one
multiturn ERL in the world. It has rather complicated
lattice as it can be seen from Fig. 2. The ERL can operate
in three modes providing electron beam for three different
FELs. The whole facility can be treated as three different
ERLs (one-turn, two-turn and four-turn) which use the
same injector and the same linac. The one-turn ERL is
placed in vertical plane. It works for the THz FEL which
undulators are installed at the floor. This part of the
facility is called the first stage. It was commissioned in
2003 [1].

The other two ERL beamlines are placed in horizontal
plane at the ceiling. At the common track there are two
round magnets. By switching these magnets on and off
one can direct the beam either to horizontal or to vertical
beamlines. The 180-degree bending arcs also include
small bending magnets with parallel edges and
quadrupoles. To reduce sensitivity to the power supply
ripples, all magnets on each side are connected in series.
The quadrupole gradients are chosen so that all bends are
achromatic. The vacuum chambers are made from
aluminium. They have water-cooling channels inside.

The second horizontal track has bypass with the second
FEL undulator. The bypass provides about 0.7 m
lengthening of the second orbit. Therefore when the beam
goes through the bypass it returns back to the linac in
decelerating phase and after two decelerations it finaly
comes to the dump. This part (the second stage) was
commissioned in 2009. The final third stage will include
full-scale four-turn ERL and FEL installed on the last
track.

The basic beam and linac parameters common for all
three ERLs are listed in Table 1.

Table 1: Basic ERL Parameters

Injection energy, MeV 2
Main linac energy gain, MeV 11
Charge per bunch, nC 1.5
Normalized emittance, mm-mrad 30
RF frequency, MHz 180.4
Maximum repetition rate, MHz 90.2
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Figure 2: The Novosibirsk ERL with three FELs (bottom view).

Depending on the number of turns the maximum final
electron energy can be 12, 22 or 42 MeV. The bunch
length in one-turn ERL is about 100 ps. In two and four-
turn ERLs the beam is compressed longitudinally up to
10-20 ps. The maximum average current achieved at one-
turn ERL is 30 mA which is still the world record.

One essential difference of the Novosibirsk ERL
compared to other facilities [2,3] is using of the low
frequency non-superconducting RF cavities. On one hand
it leads to increasing of the linac size but on the other
hand it also allows to increase transversal and
longitudinal acceptances which allows to tolerate longer
electron bunches with large transversal emittance.

The location of different parts of the facility in the
accelerator hall is shown in Fig. 3.

7 e
2nd stage FEL
ndulator

#Honzontal tracks
I - N

! Mainlinac

1% stage FEL
undulator

Figure 3: Accelerator hall (bottom view).
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The First Stage FEL

The first stage FEL includes two electromagnetic
undulators with period 12 cm, phase shifter and optical
cavity. Undulator pole shape is chosen to provide equal
electron beam focusing in vertical and horizontal
directions. The matched beta-function is about 1 m. The
phase shifter is installed between undulators and it is used
to adjust the slippage. The optical cavity is composed of
two copper mirrors covered by gold. The distance
between mirrors is 26.6 m which corresponds to the
repetition rate 5.64 MHz. Radiation is outcoupled through
the hole made in the mirror center. The optical beamline
is separated from the vacuum chamber by diamond
window. The beamline pipe is filled with dry nitrogen.

The FEL generates coherent radiation tunable in the
range 120-240 micron as a continuous train of 40-100 ps
pulses at the repetition rate of 5.6 - 22.4 MHz. Maximum
average output power is 500 W, the peak power is more
than 1 MW [4]. The minimum measured linewidth is
0.3%, which is close to the Fourier-transform limit.

The Second Stage FEL

The second stage FEL includes one electromagnetic
undulator with period 12 c¢cm and optical cavity. The
undulator is installed on the bypass where the electron
energy is about 22 MeV. Therefore the FEL radiation
wavelength range is 40 - 80 micron. The undulator design
is identical to the first stage one but it has smaller aperture
and higher maximum magnetic field amplitude. The
optical cavity length is 20 m (12 RF wavelengths).
Therefore the bunch repetition rate for initial operation is
7.5 MHz.

First Lasing
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The first lasing of this FEL was achieved in 2009. The
maximum gain was about 40% which allowed to get
lasing at 1/8 of the fundamental frequency (at bunch
repetition rate ~1 MHz).

The significant (percents) increase of beam losses took
place during first lasing runs. Therefore sextupole
corrections were installed into some of quadrupoles to
make the 180-degree bends second-order achromatic. It
increased the energy acceptance for used electron beam.

The optical beamline (Fig. 4) which delivers radiation
from new FEL to existing user stations is assembled and
commissioned. The output power is about 0.5 kW at the 9
mA ERL average current. In future we consider an option
to use the new type of undulators with variable period [5]
at this FEL. It will allow us to increase significantly the
wavelength tuning range.

Figure 4: Optical beamlines for the first and the second
stage FELs. Radiation of both FELs is delivered to the
same user stations. Switching between FELs is done by
retractable mirror.

THE THIRD STAGE FEL DESIGN

Energy of electrons in the third stage ERL is about 42
MeV as the beam is accelerated four times. Undulator of
the FEL is installed on the fourth track as it is shown in
Fig. 5 and Fig. 6. The whole undulator is composed of
three 28 period sections. Each of them is a permanent
magnet undulator with period 6 cm and variable gap. The
wavelength range of this FEL will be 5-30 microns. The
optical cavity of this FEL is about 40 meters long. It is
composed of two copper mirrors (Fig. 7).
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Figure 5: The third stage ERL with FEL undulators and
optical cavity.
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Figure 7: Copper mirrors.

The radiation is outcoupled trough the holes in the
mirror center. But we also have an option to implement
electron outcoupling scheme here (see Fig. 8) [6].

Undulator 3

Undulator 1 Undulator 2 (power limitation
(radiation)
(energy modulatlon)

F1gure 8: Electron outcouphng scheme.

COMMISSION CHALLENGES AND
FIRST EXPERIMENTS

Commissioning of the third stage FEL could not be
possible without solution of some physical and technical
problems. The first one was obtaining of high recovery
efficiency in multiturn ERL. Without it one could not get
the high enough bunch repetition rate which is required
for lasing. Adjustment of the ERL lattice allowed to
decrease beam losses down to 10 %. As the result the
average current 3.2 mA was obtained. The other problem
was alignment of 40 meters long optical cavity. The

ISBN 978-3-95450-134-2
3



MOAO02 Proceedings of FEL2015, Daejeon, Korea

distance between mirrors had to be adjusted with
accuracy better than 0.3 mm. One also had to align the
beam trajectory in undulator with submillimetric
accuracy. When all requirements were fulfilled getting
lasing became a simple task. The first experiment with
FEL radiation included measurement of radiation power
and wavelength. The maximum power was 100 watts at
wavelength about 9 microns (see Fig. 9). Future
experiments at the third stage FEL will include study of
selective photochemical reactions, infrared laser catalysis
and separation of isotopes

Figure 9: Radiation wavelength measurement experiment.

FUTURE PROSPECTS

Concerning the third stage FEL in the nearest future we
plan to improve x-ray and neutron radiation shielding,
install remote control units for undulator gap and optical
cavity mirror angles, deliver FEL radiation to existing
user stations, decrease beam losses and increase average
current, increase DC gun voltage and improve beam
quality in injector, optimize electron efficiency of FEL.
The regular user shifts at the first stage FEL will be also
continued.
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THREE PLUS DECADES OF TAPERED UNDULATOR FEL PHYSICS*

William M. Fawley, Sincrotrone Trieste S.C.p.A., Trieste, Italy, and
SLAC National Accelerator Laboratory, Menlo Park, Califonia, 94025 USAT

Abstract

Beginning with the classic 1981 work of Kroll-Morton-
Rosenbluth [1], multiple generations of FEL scientists have
studied and used experimentally undulator tapering to im-
prove and optimize the radiation output of both amplifier
and oscillator FELs. Tapering has undergone a renaissance
of interest, in part to make possible TW instantaneous power
levels from x-ray FELs. In this talk, I will give a highly
personalized (and undoubtedly strongly biased) historical
survey of tapering studies beginning with the ELF 35-GHz
experiments at Livermore in the mid-1980’s and continuing
up to quite recent studies at the LCLS at both soft and hard
x-ray wavelengths.

SOME GENERAL COMMENTS

Not wanting to put together pages and pages of dusty, his-
torical material covering my tapering experiences since the
early 1980’s, I will instead limit myself to a few suggestions
to my younger, brighter, and far more energetic FEL col-
leagues concerning subject areas of our current millenium
where it is *possible* (but not certain!) that additional work
on tapering theory could be useful and productive.

Regarding optimizing "KMR-style" tapers, I think it
is quite evident at this FEL 2015 conference that nu-
merous groups (e.g., UCLA/SLAC, Lund, DESY, Dia-
mond/Daresbury) realize that allowing a variable pondero-
motive phase ¥g(z) can lead to much greater power output
over a fixed undulator length than would be keeping ¢ r
rigidly fixed. (Moreover, as I tried to stress in my talk, KMR
themselves knew this and T. Scharlemann and I from the mid-
1980’s had a ramping option for ¢ g in the FRED&GINGER
self-design algorithm). However, it is not clear to me person-
ally that there is a unique (or even semi-unique) strategy that
can maximize the trapping fraction in the undulator region
just downstream of the nominal saturation point zs 47 that
will work over a broad range of FEL parameters such as
Zr/Lg, Twiss-B/Lg, 4nen[As, O/ p , etc. (here all the
standard abbreviations hold...). My guess is that when emit-
tance and incoherent energy spread are non-trivial relative
to the size of the FEL parameter p, one may need to be very

* My FEL work over these last 3+ decades has been funded by numerous
entities including the taxpayers of the European Union via the FERMI
project of Elettra-Sincrotrone Trieste and the taxpayers of the USA via
the Office of Science in the Dept. of Energy through grants to SLAC,
Argonne, and Lawrence Berkeley National Labs, and also via DARPA
and the Strategic Defense Initiative Organization (the "Star Wars" people)
within the Dept. of Defense through grants to Lawrence Livermore
National Laboratory. DISCLAIMER: the views and opinions expressed
herein are those solely of the author, completely privately funded, and
hopefully unpolluted by any publicly-supported political correctness or
toadiness. Few neurons were harmed in the writing of this paper.

T william.fawley @elettra.eu
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careful in increasing g too rapidly in z. Effects such as
these mean that if the bucket area does not increase suffi-
ciently quickly with z due to an increasing radiation power,
then there will likely be a lot of detrapping in the first couple
gain lengths beyond the nominal saturation point from parti-
cles near the outer edges of bucket. There is also the issue for
high electron beam energy FELs such as LCLS or XFEL that
depend upon quadrupole-based strong focusing that the vari-
ation of wiggle-period-averaged p| over a betatron period
can be another source of detrapping lightly-bound electrons.

Regarding sidebands, during the olden days of the LLNL
high gain amplifier work, I started a paper (never finished
after my departure from the shortly-to-collapse LLNL FEL
program) on SASE-stimulated sideband limits to stable ta-
pering. This was stimulated by the desire to see if one could
get a solid criterion for the necessary seed power (presum-
ably higher due to the detrapping effects of sidebands than
would be necessary from just final spectral bandwidth con-
siderations). This subject is now (refreshingly???) current
again with the interest in reaching TW power levels from
x-ray FELs. My feeling is that there has been no truly defini-
tive work on to what degree will tapering control sideband
growth in situations where one wants reasonably stable trap-
ping over as many as 10 gain lengths beyond zsar. I also
suspect that whatever work was done in the 1990’s concern-
ing detrapping due to sidebands should likely be redone and
extended by considering 2015-style high brightness e-beams
in which the particles might be more deeply trapped ini-
tially in the saturation region. Moreover, with 3 (or is it 4)
orders of additional computational power now available, it
is useful for someone to look at the various characteristics
of sideband growth (e.g., radiation mode size and shape,
sensitivity to different focusing schemes and different ratios
of the betatron to the synchrotron wavelength). If in fact
SASE-initiated sidebands are a true issue in terms of detrap-
ping, perhaps there are clever schemes in terms of detuning
a’ la I-SASE that can reduce the effective sideband growth
rate.

Regarding tapering SASE-mode amplifiers, I do not be-
lieve we in the community know at all what the best strategy
is in terms of a variable ¥ g (z) that will work over a broad
range of parameters. The statistical irregularities of the
depths of the ponderomotive wells from one SASE-spike to
another suggests there may *not* be one taper that works
best for all. Sam Krinsky and Robert Gluckstern) did some
very nice work [2] in the early-2000’s on the general sta-
tistical properties of SASE spikes in the exponential gain
region leading up to zsa7. Perhaps some clever soul can do
similar analysis that could extend this analysis to a few gain
lengths beyond zs47. Then ideally, this soul could also use
the resultant properties to find an indication as to how best
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manipulate g in a way that maximizes both the trapping
in the saturation region and then also leads to an optimized
power extraction in the next five to ten gain lengths.

Since the effective group velocity of the SASE radiation
spikes speeds up to ¢ as one moves beyond zs 47, this change
of effective slippage rate might have some consequences in
determining the statistically-optimized ¥ g (z) that would not
be seen in the time-steady situation. I note that the FELO1
work [3] that was done on SASE-tapering for LCLS-like
parameters indicated that a reduced g = 0.2 (relative to
the ~ 0.35 — 0.45 found for time-steady cases) could retain
significant residual trapping out to z = 200 m. Thus, it does
not seem that the particles fully debunch as a given electron
slice passes though the valley of "darkness" between one
SASE radiation spike to the next. But here too the great
increase in computational power should allow a relatively
easy investigation into what might be going on in the case
of a very, very long hard x-ray FEL. Looking for various
correlations between the relative spike power (including its
nearby neighbors in the direction of the beam head) and the
trapping/detrapping properties of the electron slices might
be quite illuminating. It also might not be too surprising
that the taper that optimizes SASE power for a given undu-
lator length is not the exact same one that would maximize
the far field brightness nor the one that minimizes shot-to-

ISBN 978-3-95450-134-2
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shot fluctuations in the situation where the electron beam
length is comparable to a couple slippage lengths or less.
For situations where the electron beam has strong longitu-
dinal variation in properties such as emittance, incoherent
energy spread and/or current, the situation is likely even
more complex in finding an "optimized" taper for a SASE
configuration.

In the end, it is almost certain that the "final" taper opti-
mization will be done in the control room (much as is true for
LCLS and FERMI today), perhaps with the benefit of some
genetic algorithm. But we are very lucky to be entering a
golden age regarding FEL amplifiers in which more than
a half-dozen XUV to hard X-ray FELs will be operational
by 2018 and the best is almost certainly yet to come for
amplifier FELs.
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X-RAY FEL R&D: BRIGHTER, BETTER, CHEAPER

Zhirong Huang
SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract

The X-ray free-electron lasers (FELs), with nine to ten or-
ders of magnitude improvement in peak brightness over the
third-generation light sources, have demonstrated remark-
able scientific capabilities. Despite the early success, X-ray
FELs can still undergo dramatic transformations with accel-
erator and FEL R&D. In this paper, I will show examples of
recent R&D efforts to increase X-ray coherence and bright-
ness, to obtain better control of X-ray temporal and spectral
properties, and to develop concepts for compact coherent
sources.

INTRODUCTION

X-ray FEL or XFEL is a breakthrough in light source de-
velopment and enables atomic-scale imaging at femtosecond
(fs) time resolution [1-3]. Despite the early success, it is
widely recognized that XFELs continue to have significant
potential for improvement. New methods have been rapidly
developing to provide FEL seeding, extremely short x-ray
pulses, variable double pulses, two-color FEL generation,
and polarization control. Many of the proposals were im-
plemented in the LCLS since 2011 through the so-called
FEL R&D program that I have the privilege to contribute.
Here I present a personal (incomplete) overview. I also like
to discuss dreams/progress towards compact XFELs and
conclude with some final remarks.

IMPROVING TEMPORAL COHERENCE
(BRIGHTER)

Typical XFEL pulses are made of a few tens to hundreds
of coherent spikes of fs duration, each with no fixed phase
relation to the others due to the self-amplified spotaneous
emission process. Longitudinal coherence can be imposed
by a post-SASE monochromator, but typically with reduced
intensity and increased intensity fluctuations. External seed-
ing at radiation wavelengths down to a few nanometers was
demonstrated at the FERMI FEL at Synchrotron Trieste
with high-gain harmonics generation from an UV laser [4].
At shorter radiation wavelengths around 1 nm or below, ex-
ternal laser seeding becomes increasingly difficult, while
self-seeding can be a viable alternative.

Following a proposal from DESY [5], a collaboration
between SLAC, Argonne and the Technical Institute for Su-
perhard and Novel Carbon Materials in Russia successfully
implemented hard X-ray self-seeding at LCLS in 2012. One
out of 33 undulator sections (U16) was removed in order to
install a chicane and an in-line single diamond crystal. The
thin crystal transmits most of the SASE pulse but also gener-
ates a trailing monochromatic seed pulse. The chicane can
delay the electron bunch to temporally overlap with the seed
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and to amplify the seed in the second part of the undulator
array (U17-U33). Self-seeding at the angstrom wavelength
scale, with a factor of about 40 bandwidth reduction, was
demonstrated [6]. Hard X-ray self-seeding is in operation
since 2013 and provides seeded beams from 5 keV to 9.5 keV
with two to four times more photons per pulse than SASE
using a post-monochromator. In a recent warm dense matter
dynamic compression experiment, the unique properties of
the seeded X-rays provide plasmon spectra of this complex
state that yield the temperature and density with unprece-
dented precision at micrometer-scale resolution [7].

After the success of hard X-ray self-seeding, a compact
soft X-ray self-seeding system was designed and imple-
mented upstream of the hard X-ray self-seeding section in
2013 [8]. This system covers the photon energy range from
0.5keV to 1keV with a fwhm bandwidth of 2x107*. The
SXRSS system relies on a grating monochromator consist-
ing of a variable line spacing toroidal grating followed by a
plane mirror, slit and two mirrors. The four-dipole chicane is
similar to the hard X-ray one and displaces, de-bunches and
delays the electron beam. Although still being optimized,
the soft X-ray self-seeding system has demonstrated a band-
width of 3-5x1074, wavelength stability of 1 x 10™#, and an
increase in peak brightness by a factor of up to 5 across the
photon energy range [9].

One of the main challenges for seeded FELs is the elec-
tron energy stability. Since the radiation wavelengh is fixed
by seeding, the relative electron energy jitter should be less
than the fractional FEL bandwidth divided by 2. Intense
efforts have been launched to reduce the LCLS energy jit-
ter. These includes injector RF tune-up and compression
scheme optimization [10]. Underlying hardware instability
has also been carefully scrutinized and improved over recent
years [11]. High-power RF terminating loads and higher-
rated deuterium thyratrons are forthcoming. Since 2012,
both hard and soft X-ray energy jitters have been reduced by
a factor of 2, and the hard X-ray self-seeding pulse intensity
has increased by about a factor of 3 [12].

The measured spectrum of the soft X-ray self-seeding
at LCLS has a pedestal-like distribution around the seeded
frequency [9], which limits the spectral purity and seeding
applications without a post-undulator monochromator. In
a separate contribution to these proceedings [13], we study
the origins of the pedestals and focus on the contributions
of microbunching instability prior to the FEL undulator. We
show that both energy and density modulations can induce
sidebands in a seeded FEL. Theory and simulations are used
to analyze the sideband content relative to the seeding signal.
The results place a tight constraint on the longitudinal phase
space uniformity for a seeded FEL.
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7



MOB02

CONTROL X-RAY PULSE PROPERTIES
(BETTER)

To accommodate user requests for shorter X-ray pulses,
LCLS has developed two operating modes to deliver pulses
with durations in the few-fs range: a low-charge operating
mode [14] and a slotted-foil method [15]. In the low-charge
mode (20 pC), the reduced bunch charge provides improved
transverse emittance from the gun compared to nominal op-
eration and also mitigates collective effects in the accelerator,
allowing for extreme bunch compression. The compressed
electron bunch length is measured to be < 5 fs fwhm, using
the X-band transverse deflector installed after the LCLS un-
dulator in 2013 [16]. In this low-charge mode, the FEL pulse
consists of only 1 or 2 coherent spikes of radiation and has
better temporal coherence. Another method for femtosec-
ond pulse generation is to use an emittance-spoiling slotted
foil, which has been used at LCLS since 2010. When the
dispersed electron beam passes through a foil with single or
double slots, most of the beam emittance is spoiled, leaving
very short unspoiled time slices to produce femtosecond
X-rays. To achieve a variable pulse duration and separa-
tion, an aluminum foil (3 um thickness) with different slot
arrays was implemented. Depending on the bunch charge
and the final current, a single slot with variable slot width
can control the X-ray duration from 50 fs down to ~ 4fs,
while V-shape double slots with different slot separation can
provide two short X-ray pulses separated by about 10 fs to
80 fs for pump-probe experiments [17].

Two-color pulses are another example of custom-made
X-rays from an FEL, where two pulses of different photon
energy are generated with a variable time delay. One method
relies on generating two X-ray colors by dividing the LCLS
undulator beamline into two sections longitudinally with a
distinct K associated with each section [18]. The same elec-
tron beam lases twice in two sections of the undulator so the
FEL power of each color is between 5% and 15% of the full
saturation power. The second method generates two colors
simultaneously in one undulator using two electron bunches
of different energies [19]. This method requires generation,
acceleration and compression of double electron bunches
within the RF wavelength of the accelerator system [20].
Each X-ray pulse is generated by one electron bunch and
can reach the full saturation power, improving the two-color
intensity by one order of magnitude in comparison with the
first method. This “twin-bunch” approach can also be com-
bined with hard X-ray self-seeding using appropriate crystal
orientations to generated two-seeded hard X-ray colors [21].
The time delay between pulses can be adjusted from nearly
overlapping to ~100fs [19].

LCLS generates linearly polarized, intense, high bright-
ness x-ray pulses from planar fixed-gap undulators. A new
3.2-m-long compact undulator (based on the Cornell Univer-
sity Delta design [22]) has been developed and installed in
place of the last LCLS undulator segment (U33) in 2014 [23].
This undulator provides full control of the polarization de-
gree and K value. Used on its own, it produces fully polar-
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ized radiation in the selected state (linear, circular or ellip-
tical) but at low intensity. To increase the output power by
orders of magnitude, the electron beam is micro-bunched by
several (~ 10) of the upstream LCLS undulator segments op-
erated in the linear FEL regime. As unavoidable by-product,
this micro-bunching process produces moderate amounts of
horizontally linear polarized radiation which mixes with the
radiation produced by the Delta undulator. This unwanted ra-
diation component has been greatly reduced by the reversed
taper configuration [24]. Full elimination of the linear po-
larized component was achieved through spatial separation
combined with transverse collimation. As a result, close to
100% circularly polarized soft X-rays with pulse intensity
over 200 pJ have been delivered to study magnetic circular
dichroism and ultrafast magnetization reversal [23].

COMPACT COHERENT SOURCES
(CHEAPER)

Both synchrotron storage rings and XFEL are large X-
ray light source facilities. At the moment, synchrotrons
can provide 30-60 beamlines per machine, while XFELs
only support 1-2 beamlines. Hence synchrotron facilities
are much more cost effective to operate than XFELs even
though they are both expensive to build. Therefore, it is very
desirable to develop compact coherent X-ray sources that are
at a small fraction of cost and size of big XFELs. Realization
of compact XFELs that can be installed at many universi-
ties and research institutions will further revolutionize the
ultrafast X-ray sciences. Many ideas exist to make compact
coherent sources. Some rely on inverse Compton scattering
(replacing cm-period undulator with um wavelength laser
and hence lower electron beam energy by a factor of 100.
While others attempts to take advantage of the advanced ac-
celerator methods to produce high-energy, high-brightness
beams in a compact way (e.g., plasma accelerator boosts
acceleration gradient by more than a factor of 100).

Laser plasma accelerators (LPAs) have made tremendous
progress in generating high-energy (~ 1 GeV and above),
high peak current (1-10 kA), and low-emittance (~ 0.1 um)
beams [25-28]. Such an accelerator was used to produce
EUV spontaneous undulator radiation [29]. Due to the chal-
lenges in controlling the injection process, LPA beams have
rather large energy spread, typically on a few percent level.
Such energy spread hinders the short-wavelength FEL ap-
plication. Nevertheless, active research and development
efforts have been pursued to develop compact FELs based
on these novel accelerators [30-32].

Transverse gradient undulator (TGU) has been proposed
to reduce the sensitivity to electron energy variations for
FEL oscillators [33] and to enhance the FEL interaction
for high-gain FELs driven by large energy spread beams
of laser plasma accelerators [31]. In Ref. [31], we have
analyzed and simulated a compact soft x-ray FEL example
using a laser plasma beam with 1 GeV central energy and
1% rms energy spread. For a peak current of 10 kA and
a normalized emittance of 0.1 um, the TGU-based FEL
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reaches the multi-GW power in 5-m undulator length at
the radiation wavelength of 3.9 nm (the so-called "water
window” soft X-ray regime). We have also showed that
the TGU improves the SASE power by about two orders of
magnitude and the bandwidth by another order of magnitude
over the normal undulator. A later study has also taken into
account energy-time correlation of the beam that always
exists in a laser plasma accelerator and have obtained similar
results [34].

A TGU FEL demonstration experiment at 30 nm radia-
tion wavelength is under development using the laser plasma
accelerator [26] at Shanghai Institute of Optics and Fine
Mechanics [35]. The electron beam energy is between 400
to 600 MeV, with the measured rms energy spread about
1% [36]. A 6-m TGU with the undulator period 2 cm and
the transverse gradient of ~ 50 m™! is being manufactured
at Shanghai Institute of Applied Physics for this experi-
ment [37]. Controlling and transporting these beams with
unusual characteristics (large angular divergence and energy
spread) will be a major challenge in such an experiment.

CONCLUSIONS

In summary, I have showed examples that vigorous accel-
erator and FEL R&D can drastically improve FEL coherence
and brightness. These improvements in turn demand much
better control of electron beams, as well as advanced diag-
nostics and undulator development. I have briefly discussed
possibilities and challenges for realizing compact XFELs.
These efforts are worth pursuing and will be complementary
to the development of large facilities.
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TRANSFORMING THE FEL: COHERENCE, COMPLEX STRUCTURES,
AND EXOTIC BEAMS

E. Hemsing*
SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

Abstract

Modern high brightness electron beams used in FELs are
extremely versatile and highly malleable. This flexibility
can be used to precisely tailor the properties of the FEL
light for improved temporal coherence (as in external or self-
seeding), but can also be exploited in new ways to generate
exotic FEL modes of twisted light that carry orbital angular
momentum (OAM) for new science. In this paper I briefly
review the history of the work on OAM light production in
FELs, and describe how lasers and undulator harmonics can
be combined to produce both simple and complex e-beam
distributions that emit intense, coherent, and highly tunable
OAM light in future FELs.

INTRODUCTION: FEL TAILORING

Free-electron lasers (FELs) are composite systems of ac-
celerators, electron beam (e-beam) optics, and undulators
that produce widely tunable light with exceptional brightness
at wavelengths down to hard x-rays for a broad range of stud-
ies. The versatility of FELs is derived from the fact that the
e-beams that form the lasing medium can be precisely ma-
nipulated to tailor the properties of the radiated light. These
‘beam shaping’ manipulations, which range from coarse
shaping of the e-beam current profile to precision shaping of
the distribution at optical or shorter wavelengths, are used
primarily to tailor the temporal shape of the FEL pulse. Be-
cause the typical SASE FEL pulse is composed of many
temporal spikes, the aim of these schemes is to improve
the longitudinal coherence and produce Fourier Transform-
limited pulses. To this end, such techniques can also be
combined with ‘radiation shaping’ techniques that exploit
characteristic features of the undulator radiation to further
broaden the landscape of designer FEL photon beams.

The past decade has shown tremendous progress in the
development of such ‘beam by design’ concepts [1], in some
cases turning proposed techniques into experimental reali-
ties over the course of just a few years. This is due in part to
the confluence of rapidly advancing technologies that yield
higher brightness e-beams, highly stable sub-ps lasers, and
tunable undulator systems. The diagram in Figure 1 shows a
sample of a number of different schemes designed to tailor
the FEL output through either direct shaping of the electron
beam (beam shaping) or through shaping using intrinsic
features of the undulator radiation (radiation shaping). The
slotted foil technique [2], for example, is a method of select-
ing only a short portion (or portions) of the electron beam
to lase by spoiling the emittance of or removing the rest of
the beam. Laser-based e-beam shaping techniques (shown

* ehemsing @slac.stanford.edu
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Figure 1: Diagram of example FEL pulse shaping schemes.
In bold are those that are based on lasers.

in bold) such as HGHG and EEHG rely on external lasers to
precisely rearrange the e-beam phase space to produce coher-
ent density bunching at high harmonics. Such microbunched
beams then radiate coherent pulses with bandwidths much
narrower than the intrinsic FEL bandwidth. Radiation shap-
ing with the i-SASE, HB-SASE, or pSASE techniques, on
the other hand, seeks to take control over the natural slip-
page between the e-beam and the co-propagating radiation
to communicate phase information over different portions
of the beam to improve the temporal coherence. In another
example, the polarization of the FEL pulse can be controlled
using different combinations of linear or circularly polarized
undulators, delays, and undulator tapering. Several schemes
rely on specific combinations of both types of shaping. In
the laser-based ‘chirp-taper’ technique designed to produce
ultrashort pulses, for example, the resonant frequency of the
undulators is tapered along the length to exactly match the
energy chirp of a short portion of an e-beam that has been
modulated by a few-cycle laser pulse.

The concentration on tailoring the temporal profile stems
from the fact that the high-gain FEL is nearly diffraction
limited and thus already has a high degree of transverse co-
herence, even for SASE. The lowest order transverse mode
also has the highest gain, so the radiation at the fundamental
frequency is gaussian-like and is peaked on axis. While it
is fortunate that such ubiquitous modes are generated as a
matter of course, there are numerous emerging applications
and research opportunities where higher order transverse
modes, specifically modes that carry orbital angular mo-
mentum (OAM), provide additional degrees of freedom that
may be specifically exploited to probe the deep structure and
behavior of matter.
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Figure 2: Helical phase and spiraling Poynting vector of
OAM light.

A BRIEF HISTORY OF OAM LIGHT

The idea that light can carry spin angular momentum
(SAM) dates back to the work of J.H. Poynting in 1909 [3].
He argued that circularly polarized light waves must carry
angular momentum by virtue of the energy flux carried by
the rotating electromagnetic fields, and that the associated
torque could thus be measured in its transfer with matter.
This was first confirmed by Beth in 1936 [4] in an exper-
iment that measured the twist on a series of quarter wave
plates suspended by a thin torsion fiber and normal to an
incident circularly polarized beam. The conversion of the
polarization state gave a measured angular momentum that
was in agreement with expectations from quantum theory
that predicted each photon carried +7 of SAM.

Analysis of the total angular momentum of the electro-
magnetic fields reveals, however, that the spin does not nec-
essarily account for all of the angular momentum carried
by the light. It wasn’t until 1992 that Allen et al [5] showed
that Laguerre-Gaussian modes, which are eigenmodes of
the paraxial wave equation, also carry discrete values of
orbital angular momentum per photon!. Since then, there
has been considerable work devoted to revealing the novel
behaviors and uses of these exotic beams, because like the
SAM, the OAM can also be transferred to matter. This leads
to unique exploits in particle micro-manipulation [9—11], mi-
croscopy [12, 13], imaging [14], optical pump schemes [15],
quantum entanglement [16, 17], and communications [18].

The most salient feature of OAM light is a characteristic
helical phase front and associated spiraling Poynting vector
that describes the flow of the linear momentum about the
propagation axis. The depicted single twist helix shown
in Figure 2 illustrates the phase of the lowest order non-
zero OAM mode. Modes described by such phases have
associated [ of OAM per photon, where [ is an integer.
This is in addition to the angular momentum defined by the
polarization state where each photon has at most +7 of SAM.
The undefined phase along that axis also gives these modes a
characteristic annular intensity profile, which has important
implications for their generation in FELs.

1 To the astute reader troubled by the assignment of OAM to the massless
photon which should have only SAM by Lorentz invariance, I defer to the
relevant discussions in [6], [7], and [8] regarding the subtleties of intrinsic
and extrinsic angular momentum as they apply to the OAM modes.
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OAM AMPLIFICATION IN FELS

Because of their exotic properties and multitude of ap-
plications at visible and longer wavelengths, it seems only
natural to wonder how OAM light might be folded into the
flexible FEL repertoire, particularly since these new insights
overlapped with the development of the first x-ray FEL [19].
Among the promising x-ray OAM applications is an ex-
panded x-ray magnetic circular dichroism technique [20]
where it is proposed that angle-resolved energy loss spec-
trometry can distinguish spin-polarized atomic transitions
subject to different photon OAM and polarization states
[21,22].

In reality, the first examinations into FEL. OAM were more
modestly motivated. They began at UCLA initially as an
attempt to explain the strange hollow and swirling intensity
profiles that were observed at the visible-infrared SASE
amplifier (VISA) FEL at the ATF at Brookhaven [23, 24].
While in the end these profiles were likely not OAM in
nature?, it was soon realized that OAM light could indeed
be generated in an FEL given the proper conditions.

This came as a result of a theoretical formalism that had
been developed by myself, Avi Gover and James Rosenzweig
to understand how OAM modes couple to the e-beam and
are amplified [25,26]. The basis of this formalism was the
gain-guiding nature of the high-gain FEL process, in which
the lasing e-beam tends to guide the radiation rather than
let it diffract completely away [27]. This feature compels
a mathematical description of the guided FEL radiation in
terms of self-similar eigenmodes with fixed profiles rather
than the diffracting modes of free space. In our formalism,
the guiding properties of the lasing e-beam were modeled
through a description of the e-beam as a ‘virtual dielectric’.
This approach is ultimately mathematically identical to pre-
vious analyses that described the radiation field through a
mode expansion, but it had a particularly useful advantage.
It turned out that, if the virtual dielectric is chosen to have
a refractive index with a parabolic radial dependence (i.e.,
a so-called quadratic index medium), then the basis self-
similar eigenmodes have precisely the same form as the
OAM modes of free space paraxial propagation evaluated
at the beam waist. In this way of describing the FEL, we
had a useful connection between the guided FEL modes
and the naturally occurring free-space modes such that the
coupling characteristics of specific OAM modes in the FEL
interaction could be calculated directly [25]. Subsequent
extensions to the model were then developed that included
energy spread [28] (where the equivalence between ours and
other formalisms was also shown) and later on emittance and
betatron motion [29]. From the full theoretical description,
a fitting formula? for the gain length L3p/Lip =1+ Ao +1
of the / = £1 OAM modes was obtained in at the optimal

2 The donut shapes were most likely the result of off-axis coupling to the
radiation due to betatron motion and energy spread.

3 in the spirit of the example set by Ming Xie for quickly calculating the
FEL gain length [30]
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detuning [29],

Ag.s1 =1.1n%°7 +3.0n3 +0.607 2% + 9500 57
+5.505 1027 + 11970 L2 (1)

+ 114> 'n 0 +20300n;n, 02,
where ng = Ly D/2k0')2C is the diffraction parameter, 1, =
20k, L1p is the energy spread parameter for a gaussian
distribution, and n = 2kexkgLp is the emittance parame-
ter. An analogous fitting formula for the OAM gain length
in a space charge dominated beam is given in Ref [29].

With the description of the FEL as an expansion of OAM
modes it became relatively straightforward to calculate the
requirements for an OAM mode to be amplified. One strik-
ing result was that, even in the presence of averaged betatron
motion and energy spread for a round e-beam, the OAM
modes in the FEL are orthogonal. Modes of a given / do
not couple to each other unless the cylindrical symmetry is
broken. This is related to the fact that the spatial structure
of the bunching in the e-beam during amplification corre-
sponds with the phase structure of the emitted light. As such,
the bunching factor for OAM light should be written in a
modified form to incorporate the helical phase,

N
1 . R
b, (k) = > elksimilvds, )
Jj=1

When coupled to a radiation field of the form e'*s—ild there
is a direct relationship between the /;, mode in the e-beam
and the / mode in the field at the fundamental lasing fre-
quency,

Ip =1 3)

This means that, in an ideal system, an OAM mode can
be amplified independent from other modes in the system
and they will not cascade down to the fundamental / = 0
mode because they are tied to the helical e-beam distribution.
Thus, an OAM mode with a sufficiently large head start in
the amplification process will dominate up to saturation.
But this also means that it has to be externally seeded in
order to dominate over the SASE-driven fundamental mode
that has the highest gain. This isn’t necessarily a problem
because there are numerous ways in which OAM modes can
be produced to act as an EM seed. Mode conversions have
been performed with conventional lasers by shaping the laser
pulse front with dedicated optics [31-33]. But such methods
are not optimal from the standpoint of harnessing the extreme
wavelength tunability of the FEL down to x-ray wavelengths,
where can also be difficult to obtain a sufficiently intense
x-ray OAM seed.

FEL TAILORING FOR OAM

Without an external EM seed that carries OAM to jump-
start the FEL, one is left to rely on two possible options,
vis-a-vis Figure 1. One is beam shaping, the other is radi-
ation shaping. For beam shaping to work, the OAM seed

ISBN 978-3-95450-134-2
12

Proceedings of FEL2015, Daejeon, Korea

comes from the electron beam itself. Because of the helical
phase structure of the OAM modes, this option requires a
precise helical manipulation of the e-beam structure at the
level of the lasing wavelength as given by the bunching in
Eq. 2. The e-beam must be helically bunched so that the
EM emission in the undulator has the helical phase struc-
ture of the desired OAM mode, thereby initiating the FEL
process [25]. But how does one make a spiral electron beam
density distribution at the lasing wavelength?

A clue came from a 2008 paper by Sasaki and McNulty
[34] where they showed that the phase structure of harmonic
radiation from helically polarized undulators carries an az-
imuthal component that is characteristic of OAM light. It
had in fact been known for some time that all harmonics
h > 1 from helical undulators have an off-axis annular inten-
sity profile (see e.g., [35]), which is characteristic of OAM
modes. This profile structure was confirmed for coherent
emission by Allaria et al [36]. That the associated phase
was helical, however, had apparently gone previously unno-
ticed. Only recently was the predicted helical phase structure
confirmed in experiments on second harmonic incoherent
undulator radiation from a 3rd generation synchrotron light
source [37].

The intimate connection between the helical phase and
the harmonic radiation fields thus provided a beam-shaping
mechanism to tailor the FEL for OAM amplification at the
fundamental lasing frequency. A subsequent revisiting of
the spatial coupling between the e-beam and the resonant
undulator harmonics suggested that the correspondence be-
tween the helical bunching mode and the radiation / modes
should be modified [38],

Ip=1+(h-1), “)

where the + or — sign indicates the right or left handedness
of the helical undulator field. From the harmonic interaction
it was shown that there is a way to couple azimuthal modes
in the e-beam to different azimuthal modes in the fields.
This feature essentially provided a solution to the problem
of jumpstarting the FEL to emit an OAM mode without an
OAM EM seed, namely, through harmonic coupling.

From these realizations came two different methods by
which coherent OAM light can be produced in an FEL, il-
lustrated in Figure 3. Though they appear similar in layout,
the first method A) is essentially a beam shaping method
whereas B) is a radiation shaping method. The interaction
in each undulator is effectively governed by the coupling
in Eq. 4, although the bunching is not revealed until the
beam exits the chicane. In the beam shaping case A), the
electron beam is energy modulated by the simple / = 0 laser
(e.g, a Gaussian profile) at the second harmonic resonance
of the helical undulator, assumed here to be right handed.
In other words, the resonant frequency of the helical un-
dulator is wp,» = wr /2 where wy, is the laser frequency.
This generates a spatially dependent energy modulation that,
after passage through the simple chicane produces [, = 1
helical bunching at the frequency wy. The bunched beam
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Figure 3: Two different OAM production methods in FELs.
A) Beam shaping with helically microbunched e-beam. B)
Radiation shaping with regularly microbunched e-beam ra-
diating at 2nd harmonic.

then enters an FEL planar undulator tuned so that it’s funda-
mental frequency is the same as that of the laser, w,, , = wr.
Because the beam is also bunched at the fundamental fre-
quency, the FEL lases and produces an [ = 1 OAM mode
at the frequency wy, which matches the [, = 1 bunching
(Eq. 3). The system effectively acts like a mode convertor
and amplifier, where the initial / = 0 laser mode is converted
to an / = 1 OAM mode at the same frequency.

In the radiation shaping method shown in B), the helical
and planar undulators are simply swapped. No other tuning
is changed, but the result is different. In this case, the [ = 0
laser modulates the beam in a simple fashion, again with
wp,r = wr. The resulting bunching at the chicane exit is of
the ordinary sort and has no azimuthal dependence, so [}, =
0. In the helical undulator downstream, the beam, which
is again bunched at wy, radiates at the second harmonic
because wp » = wr/2. By Eq. 4, this generates [ = —1
OAM light at the frequency wy,. Note that the OAM mode
has reversed sign between case A) and case B), while the
frequency of the light stays the same. This ‘radiation shaping’
scheme also acts like a mode convertor of the [ = 0O laser,
but in this case the OAM light is generated by exploiting
the spatial features of the harmonic radiation rather than the
beam distribution.

EXPERIMENTS

Several experiments designed to investigate the different
OAM generation techniques followed. The first, performed
at the Neptune Laboratory at UCLA in 2011 called HE-
LiX [39], was a test of the helical microbunching concept
proposed in [38] required by the beam shaping method of
OAM generation. The setup of the experiment is shown in
Figure 4. The 12-12.5 MeV electron beam was modulated by
a 10.6 um wavelength CO, laser in a short helical undulator,
which was tuned to be resonant at 21.2 ym. The e-beam and
the laser thus interacted at the second harmonic resonance,
which generated a single twist helical energy modulation.

FEL Prize Winner Talks

NaCl

window
CTR Foil
x CTR ¥
.

e

) Movable
£,/ CTR mirror

aion (St
. detector
i meal foil | Ldetector |

CTR ‘

—>

mirror

. helically
laser helical bunched e-beam

undulator
N
Figure 4: Picture (above) and cartoon (below) of the HELiX
helical microbunching experiment at UCLA.

At these low e-beam energies, the longitudinal dispersion
through the undulator was sufficient to turn the energy mod-
ulation into a helical density modulation, so no chicane was
needed. The beam then hit a thin aluminum foil and emit-
ted coherent transition radiation (CTR) with an imbedded
helical phase. The integrated CTR signal intensity was mea-
sured and matched well with theoretical expectations for the
CTR energy of a helically modulated beam [40], but direct
experimental evidence for the helical phase was lacking.

A direct measurement of the helical phase in the radiation
emitted by a helically microbunched beam was performed at
the SLAC Next Linear Collider Test Accelerator (NLCTA)
in 2013 [41]. The layout was identical to the beam shaping
scheme in Fig. 3. Piggybacking on the infrastructure used
for the echo enabled harmonic generation (EEHG) program
[42-45], in this experiment, a helical undulator built by
Andrey Knyazik at UCLA was used to modulate the 120MeV
e-beam through the second harmonic interaction with an 800
nm laser [46]. Helical bunching was produced as the beam
transited the chicane, and the coherent OAM light emitted
in the following planar undulator was sent through a beam
splitter and captured with two cameras set to image different
focal planes. This enabled the phase to be determined by an
iterative phase reconstruction algorithm from the measured
intensities. Results showed that 85% of the radiation power
was contained in the / = 1 azimuthal mode. Further direct
evidence of the helical phase structure was obtained from
images of the far field diffraction pattern of the light as it
passed through a narrow slit, which showed clear evidence of
a r phase difference across the beam and a shearing pattern
that is the hallmark of traverse energy flow.

Following the beam shaping OAM experiment, the radia-
tion shaping technique was then also tested at NLCTA by
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Figure 5: From [41]. Measured undulator radiation inten-
sities (left) and reconstructed / = 1 OAM phases (right)
from two cameras positioned to view the undulator radiation
profiles at different planes. Intensity (A) and phase (B) at
camera 1 are shown, and correspond to the intensity (C) and
phase (D) at camera 2.

exchanging the positions of the helical and planar undula-
tors [47]. Again, the phase reconstruction algorithm showed
the presence of a helical phase in the coherent harmonic
emission from the helical undulator, only this time with the
opposite I = —1 handedness, as predicted by Eq. 4. Over
91% of the mode power was in this mode. The observed
pattern of transverse interference between the coherent undu-
lator radiation (CUR) and the CTR from the ejection screen
also confirmed the helical phase via the presence of a forked
pattern that is the signature of a phase singularity (See Fig-
ure 6).

Together, these two experiments confirmed the basic
physics of in situ OAM light production in FELs using the e-
beam as the mode conversion medium. In the beam shaping
experiment, the beam radiates OAM light at the fundamental
frequency of the undulator. This has the advantage that in
principle the FEL can lase up to saturation to produce OAM
light up to the GW level. A drawback of this technique is that
the helical e-beam distribution is sensitive to asymmetries
or transport effects that can wash out the carefully prepared
structure and reduce the purity of the radiated OAM mode.
In contrast, the radiation shaping technique, which relies
primarily on the radiation emission profile of the helical
undulator, is much less sensitive to these effects because
the e-beam bunching does not have a helical structure. The
result is higher mode purity, but because the harmonic emis-
sion is less intense than the fundamental, this scheme may
produce less peak power. Even so, this technique is simpler,
likely more robust in practice, and could be used in a simple
FEL afterburner arrangement [48] where a helical undulator
is placed downstream of an FEL to radiate coherent OAM
light from the spent beam. This opens up new possibilities
for pump-probe experiments with two pulses that carry dif-
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Figure 6: From Ref. [47]. Interference between CUR and
off-axis CTR reveals the signature forked pattern (black
arrow, right image) of a / = —1 vortex from the second-
harmonic undulator emission. Image b) is the difference
between image a) and an image taken with the e-beam is
steered to remove the CTR interference (not shown).

ferent values of OAM, i.e, one / = 0 mode from the upstream
FEL and one with [ # 0 from the helical afterburner.

FUTURE POSSIBILITES

Building on these concepts, new and more advanced
schemes have been proposed. In a scheme dubbed Echo-
v for vortex [49], the beam shaping method is integrated
with an EEHG arrangement. In contrast to standard EEHG
where two pairs of laser modulators and chicanes are used
to generate high harmonic bunching [50,51], in Echo-v, one
or both of the modulators also imprints a helical energy
modulation. Through the EEHG process the final helical
bunching in the beam transforms just like the harmonics as
lp = nl; + mly where n and m are the frequency harmon-
ics of each laser and /; and /, are the helical modulations
imprinted by the first and second lasers, respectively. With
different combinations of /; and /5, both the frequency and
lp can be up-converted simultaneously or independently to
produce high harmonics at soft x-rays with either a large or
small output /. Another scheme suggests the use of a simple
transverse mask to seed the amplification of tunable OAM in
a soft x-ray HGHG FEL [52]. The concept of OAM has also
been applied directly to coherent electron beams where the
quantum mechanical electron wave functions have a helical
phase [53], as distinct from the classical helical bunching
described here. This has become a rapidly advancing field
of study in its own right.

CONCLUSION

It has become clear that FELs are extraordinarily powerful
machines for discovery. They are highly flexible in that the
character of the light they produce can in many ways be
precisely tailored to suit an ever growing set of needs. The
landscape of ‘beam by design’ techniques used previously
to tailor the temporal profile of the light can now begin to
include transverse tailoring schemes that open exciting new
regimes of study in accelerator and photon science.
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OPTIMIZATION OF A HIGH EFFICIENCY FREE ELECTRON LASER
AMPLIFIER

E.A. Schneidmiller, M.V. Yurkov, DESY, Hamburg, Germany

Abstract

Technique of undulator tapering in the post-saturation
regime is used at the existing X-ray FELs for increasing
the radiation power. We present comprehensive analysis
of the problem in the framework of one-dimensional and
three-dimensional theory. We find that diffraction effects
essentially influence on the choice of the tapering strategy.
Our studies resulted in a general law of the undulator tapering
for a seeded FEL amplifier as well as for SASE FEL.

INTRODUCTION

Effective energy exchange between the electron beam
moving in an undulator and electromagnetic wave happens
when resonance condition takes place. In this case electro-
magnetic wave advances electron beam by one radiation
wavelength while electron beam passes one undulator pe-
riod. When amplification process enters nonlinear stage,
the energy losses by electrons become to be pronouncing
which leads to the violation of the resonance condition and
to the saturation of the amplification process. Application
of the undulator tapering [1] allows to a further increase
of the conversion efficiency. An idea is to adjust undulator
parameters (field or period) according to the electron energy
loss such that the resonance condition is preserved.

It is generally accepted that in the framework of the one-
dimensional theory an optimum law of the undulator taper-
ing should be quadratic [2-9]. Similar physical situation
occurs in the FEL amplifier with a waveguide [2]. In this
case radiation is confined within the waveguide. Parame-
ters of FEL amplifiers operating in the infrared, visible, and
x-ray wavelength ranges are such that these devices are de-
scribed in the framework of three dimensional theory with
an “open” electron beam, i.e. physical case of diffraction
in a free space. In this case the diffraction of radiation is
an essential physical effect influencing optimization of the
tapering process. Discussions and studies on the optimum
law of the undulator tapering in the three-dimensional case
are in the progress for more than 20 years. Our previous
studies were mainly driven by occasional calculations of per-
spective FEL systems for high power scientific (for instance,
FEL based yy - collider ) and industrial applications (for
instance, for isotope separation, and lithography [10-12]).
Their parameter range corresponded to the limit of thin elec-
tron beam (small value of the diffraction parameter). In this
case linear undulator tapering works well from almost the
very beginning [6]. Comprehensive study devoted to the
global optimization of tapered FEL amplifier with “open”
electron beam has been presented in [4]. It has been shown
that: i) tapering law should be linear for the case of thin elec-
tron beam, ii) optimum tapering at the initial stage should

FEL Theory

follow quadratic dependence, iii) tapering should start ap-
proximately two field gain length before saturation. New
wave of interest to the undulator tapering came with the
development of x-ray free electron lasers [13-20]. Undu-
lator tapering has been successfully demonstrated at long
wavelength FEL amplifiers [2,21], and is routinely used at
x-ray FEL facilities LCLS and SACLA [16, 17]. Practical
calculations of specific systems yielded in several empirical
laws using different polynomial dependencies (see [22,23]
and references therein).

Comprehensive analysis of the problem of the undulator
tapering in the presence of diffraction effects has been per-
formed in [24,25]. It has been shown that the key element for
understanding the physics of the undulator tapering is given
by the model of the modulated electron beam which pro-
vides relevant interdependence of the problem parameters.
Finally, application of similarity techniques to the results of
numerical simulations led to the universal law of the undu-
lator tapering. In this paper we extend studies [24,25] to the
case of SASE FEL.

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 o = /e, where € is rms beam emittance and 8
is focusing beta-function. An important feature of the pa-
rameter space of short wavelength FELs is that the space
charge field does not influence significantly the amplifica-
tion process, and in the framework of the three-dimensional
theory the operation of the FEL amplifier is described by
the following parameters: the diffraction parameter B, the
energy spread parameter A2, the betatron motion parameter
l%,; and detuning parameter C [9,26]:

B =2I'c*w/c, C=CJr,
kg =1/(BD), A3 =(0e/E)?/p*, (1)

where I' = [IwzefA?J/(lAc2y22y)] 12 is the gain parameter,
p = ¢y2TJw is the efficiency parameter, and C = 27/, —
w/ (2cy§) is the detuning of the electron with the nominal
energy &p. Note that the efficiency parameter p entering
equations of three dimensional theory relates to the one-
dimensional parameter pip as pip = p/B'/3 [9,27]. The
following notations are used here: I is the beam current,
w = 2nrc/A is the frequency of the electromagnetic wave,
0s = K/v, K is the rms undulator parameter, y; 2= 7‘2 + 03,
kyw = 2m/Ayw is the undulator wavenumber, I, = 17 kA
is the Alfven current, Aj; = 1 for helical undulator and
Ay = Jo(K?/2(1 + K?)) — J1(K?/2(1 + K?)) for planar
undulator. Jy and J; are the Bessel functions of the first
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kind. The energy spread is assumed to be Gaussian with
rms deviation o g.

In the following we consider the case of negligibly small
values of the betatron motion parameter ]A‘B and the energy
spread parameter IA\% (i.e. the case of “cold” electron beam).
Under these assumptions the operation of the FEL amplifier
is described by the diffraction parameter B and the detuning
parameter C.

Equations, describing the motion of the particles in the
ponderomotive potential well of the electromagnetic wave
and the undulator, become simple when written down in the
normalized form (see, e.g. [9]):

—=C+P, df:Umq%+TL 2)

dz dz

where P = (E — Ey)/(pEy), 2 = Tz, and U and ¢ are the
amplitude and the phase of the effective potential. Deviation
of the electron energy is small in the exponential stage of
amplification, P < 1, and process of the beam bunching in
phase W lasts for a long distance, Z > 1. Situation changes
drastically when amplification process enters nonlinear stage
and deviation of the electron energy P approaches to the
unity. The phase change on a scale of AZ =~ 1 becomes to be
fast, particles start to slip fast in phase ¥ which leads to the
reduction of the electron beam modulation, and the growth
of the radiation power is saturated.

Undulator tapering [1], i.e. adjustment of the detuning
according to the energy loss of electrons, C) = -P®),
allows to keep synchronism of trapped electrons with elec-
tromagnetic wave.

UNIVERSAL TAPERING LAW

During amplification process the electron beam is modu-
lated periodically at the resonance wavelength. This mod-
ulation grows exponentially in the high gain linear regime,
and reaches a value about the unity near the saturation point.
Application of the undulator tapering allows to preserve
beam bunching at a long distance. Electron beam current
I1(z,t) = Ip[1 + ain cos w(z/v; —t)] is modulated with am-
plitude a;, in this case. Radiation power of the modulated
beam is given by [28]:

272 2 2 1242
27r10ama' KAJ

= Lraz,

cAAy 1+K
. 4
£ o) 4) NG

In the right-hand side of expression (3) we explicitly iso-
lated z-dependence of the radiation power with function
f(Z) of argument 7 = 1/N where N = ko?/z is Fresnel
number, and k = 27/ A is wavenumber. Plot of the function
f(2) is shown in Fig. 1. Asymptotes of the function f(Z)
are:

arctan (/2) + ' In (

f(Z) > x/2 for (N1,
f(2)=2z2/4 for (N>1) &
for thin and wide electron beam asymptote, respectively.
ISBN 978-3-95450-134-2
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Figure 1: Function f(z) entering equation (3). Dashed line
shows the asymptote (4) for small values of z, f(2) = Z/4.
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Figure 2: Upper plot: the trapping efficiency K;,4) for the
globally optimized undulator (black curve) and the fitting
coefficient o} p» of the global optimization entering Eq. (5)
(red curve). Lower plot: coefficients a (black line) and b

(red line) of the rational fit of the tapering law (6).

The detuning (undulator tapering) should follow the en-
ergy loss by particles given by (3) which suggests the fol-
lowing universal law [24,25]:

2
¢ = Qrap(Z—20) [arctan (L) + Nln( 4N ) , 5

2N 4N2 +1

with Fresnel number N fitted by N = B;4,/(Z — Z0). Undu-
lator tapering starts by two field gain length 2 X L, before
the saturation point at zg = zgqs — 2 X Lg. Parameter S,
is rather well approximated with the linear dependency on
diffraction parameter, 8,4, = 8.5 X B. Parameter o, is
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Figure 3: Evolution along the undulator of the reduced ra-
diation power 7 = W/(pWpeam) (blue curve) and of the
detuning parameter C = C/I" (red curve). Top and bottom
plots correspond to the seeded and SASE case, respectively.
Solid blue and green curve on the bottom curve correspond
to tapered and untapered case, respectively. Dashed green
line is radiation power of seeded untapered FEL. Diffraction
parameter is B = 10.

plotted in Fig. 2. It is a slow varying function of the diffrac-
tion parameter B, and scales approximately to B'/3.

Analysis of the expression (5) shows that it has quadratic
dependence in z for small values of z (limit of the wide
electron beam), and linear dependence in z for large values
of z (limit of the thin electron beam). It is natural to try a
fit with a rational function which satisfies both asymptotes.
The simplest rational fit is:

A a(z-20)? ©)
C1+b(2-20)

The coeflicients a and b are the functions of the diffraction
parameter B, and are plotted in Fig. 2. Start of the undulator
tapering is set to the value zg = z44; — 2Lg. Analysis per-
formed in [24,25] have shown that the fit of the tapering law
with the rational function also works well.

ANALYSIS OF THE TAPERING PROCESS

Seeded FEL

We proceed our paper with the analysis of the trapping
process. Top plot in Fig. 3 shows evolution of the average
radiation power of seeded FEL along the optimized tapered
undulator. The trapping efficiency Kqp = P/C falls down
with the diffraction parameter B (see Fig. 2). This is natural
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Figure 4: Phase space distribution of electrons at different
stages of the trapping process. Diffraction parameter is B =
10. Plots from the top to the bottom correspond to Z = 23.5,
35.3,39.2,43.2, 49, 58.9, 68.7, and 78.5, respectively. Left
column represents seeded FEL amplifier. Right column
represents SASE FEL at the coordinate along the bunch
§ = pwt = 100, see Figs. 5 and 6.

consequence of the diffraction effects discussed in earlier
publications (see, e.g. Ref. [9], Chapter 4). Indeed, FEL
radiation is not a plane wave. Transverse distribution of the
radiation field (FEL radiation mode [9,29]) depends on the
value of the diffraction parameter B, and the field gradient
(or, amplitude of ponderomotive well) across the electron
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Figure 5: Phase space distribution of the particles along the
bunch (red dots), average loss of the electron energy (blue
line), and radiation power (green line) at different stages of
the trapping process in SASE FEL. Here diffraction parame-
ter is B = 10. Plots from the top to the bottom correspond
to 2 =23.5,35.3,39.2, and 43.2, respectively.

beam is more pronouncing for larger values of the diffraction
parameter B. In the latter case we obtain situation when
electrons located in the core of the electron beam are already
fully bunched while electrons at the edge of the beam are not
bunched yet (see phase space plot (a) in Fig. 4). As a result,
the number of electrons with similar positions on the energy-
phase plane falls down with the growth of the diffraction
parameter, as well as the trapping efficiency in the regime
of coherent deceleration. The trapping process is illustrated
with the phase space plots presented on Figs. 4-6 for the value
of the diffraction parameter B = 10. The particles in the core
of the beam are trapped most effectively. Nearly all particles
located at the edge of the electron beam leave the stability
region very soon. The trapping process lasts for a several
field gain lengths when the trapped particles become to be
isolated in the trapped energy band for which the undulator
tapering is optimized further. For the specific value of the
diffraction parameter B = 10 the trapping proces is not
finished even at three field gain lengths after saturation, and
non-trapped particles continue to populate low energy tail of
the energy distribution (see Fig. 7). There was an interesting
experimental observation at LCLS that energy distribution
of non-trapped particles is not uniform, but represent a kind
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Figure 6: Phase space distribution of the particles along the
bunch (red dots), average loss of the electron energy (blue
line), and radiation power (green line) in the deep tapering
regime. Diffraction parameter is B = 10. Plots from the
top to the bottom correspond to Z = 49, 58.9, 68.7, and 78.5,
respectively.

of energy bands [30-32]. Graphs presented in Fig. 4 give
a hint on the origin of energy bands which are formed by
non-trapped particles. This is the consequence of nonlinear
dynamics of electrons leaving the region of stability. Note
that a similar effect can be seen in the early one-dimensional
studies [7, 8].

Optimum Tapering of SASE FEL

The considerations on the strategy for the tapering opti-
mization of a SASE FEL is rather straightforward. Radia-
tion of SASE FEL consists of wavepackets (spikes). In the
exponential regime of amplifications wavepackets interact
strongly with the electron beam, and their group velocity
visibly differs from the velocity of light. In this case the slip-
page of the radiation with respect to the electron beam is by
several times less than kinematic slippage [9]. This feature
is illustrated with the upper plot in Fig. 5 which shows onset
of the nonlinear regime. We see that wavepackets are closely
connected with the modulations of the electron beam current.
When the amplification process enters nonlinear (tapering)
stage, the group velocity of the wavepackets approaches to
the velocity of light, and the relative slippage approaches to
the kinematic one. When a wavepacket advances such that
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Figure 7: Population of the particles in energy at different
stages of amplification. Diffraction parameter is B = 10.
Plots from the top to the bottom correspond to Z = 23.5, 35.3,
39.2,43.2,49, 58.9, 68.7, and 78.5, respectively. Left and
right columns represent seeded FEL amplifier and SASE
FEL, respectively.

it reaches the next area of the beam disturbed by another
wavepacket, we can easily predict that the trapping process
will be destroyed, since the phases of the beam bunching and
of the electromagnetic wave are uncorrelated in this case.
Typical scale for the destruction of the tapering regime is
coherence length, and the only physical mechanism we can
use is to decrease the group velocity of wavepackets. This

FEL Theory

MOC02

Iz
Figure 8: Evolution along the undulator of the squared value
of the bunching factor for the FEL amplifier with optimized
undulator tapering. Dashed and solid line represent seeded
FEL amplifier and SASE FEL, respectively. Diffraction
parameter is B = 10.

happens optimally when we trap maximum of the particles
in the regime of coherent deceleration, and force these parti-
cles to interact as strong as possible with the electron beam.
We see that this strategy is exactly the same as we used for
optimization of seeded FEL. Global numerical optimization
confirms these simple physical considerations. Conditions
of the optimum tapering are the same as it has been described
above for the seeded case. Start of the tapering is by two
field gain lengths before the saturation. Parameter S, is
the same, 8.5 % B. The only difference is the reduction of the
parameter @, by 20% which is natural if one remember
statistical nature of the wavepackets. As a result, optimum
detuning is just 20% below the optimum seeded case.

We illustrate operation of SASE FEL with simulations
with three-dimensional, time-dependent FEL simulation
code FAST [33]. Bottom plot in Fig. 3 shows evolution of
the average radiation power of SASE FEL along optimized
tapered undulator. Details of the phase space distributions
are traced with Figs. 4 - 6. Initially behavior of the process
is pretty close to that of the seeded case. Initial values of
the beam bunching is comparable with the seeded case (see
Fig. 8). The rate of the energy growth is also comparable
with the seeded case. The feature of the "energy bands"
remains clearly visible in the case of SASE FEL as well
(see Figs. 7 - 6). It is interesting observation that plots in
Figs. 6 corresponding to the well trapped particles qualita-
tively correspond to experimental data from LCLS taken
with transverse deflecting cavity [30-32].

The beam bunching gradually drop down when wavepack-
ets travel along the bunch. As we expected, the amplification
process is almost abruptly stopped when the relative slippage
exceeded the coherence length. However, increase of the
total radiation power with respect to the saturation power is
about factor of 12.
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Figure 9: 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).

PROPERTIES OF THE SASE RADIATION:
TAPERED VERSUS UNTAPERED CASE

We perform comparative analysis of the radiation prop-
erties tapered and untapered case for the parameters of the
SASE3 undulator of the European XFEL [34]. Undulator
period is 6.8 cm, electron energy is 14 GeV, radiation wave-
length is 1.55 nm. Undulator consists of 21 modules, each
is 5 meters long with 1.1 m long intersections between mod-
ules. 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 [35]. Average focusing beta function is
equal to 15 m. The value of the diffraction parameter is B =
1.1 which is close to the optimum conditions for reaching the
maximum value of the degree of transverse coherence [36].
Two cases were simulated: untapered undulator, and the
undulator optimized for maximum FEL efficiency as it has
been described in previous sections [25].

Plots in Fig. 9 show evolution along the undulator of the
radiation power, the degree of transverse coherence, the
coherence time, and the brilliance for the fundamental har-
monic. For the case of untapered undulator the coherence
time and the degree of transverse coherence reach maximum
values in the end of the linear regime. Maximum brilliance
of the radiation is achieved in the very beginning of the
nonlinear regime which is also referred as the saturation
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point [36]. In the case under study the saturation occurs at
the undulator length of 53 m. Parameters of the radiation
at the saturation point are: the radiation power is 108 GW,
the coherence time is 1.2 fs, the degree of transverse co-
herence is 0.86, and the brilliance of the radiation is equal
to 3.8 x 10?? photons/sec/mm?/rad®/0.1% bandwidth. The
radiation characteristics plotted in Fig. 9 are normalized to
the corresponding values at the saturation point.

General observations for the tapered regime are as follows.
Radiation power grows faster than in the untapered tapered
case. The coherence time and the degree of transverse coher-
ence degrade, but a bit less intensive than in the untapered
case. Brilliance of the radiation for the tapered case satu-
rates at the undulator length of 80 m, and then drops down
gradually. For this specific practical example the benefit
of the tapered case against untapered case in terms of the
radiation brilliance is factor of 3, and it is mainly defined by
the corresponding increase of the radiation power. Coher-
ence properties of the radiation in the point of the maximum
brilliance of the tapered case are worse than those of the
untapered SASE FEL in the saturation point: 0.86 to 0.68
for the degree of transverse coherence, and 1 to 0.86 in terms
of the coherence time.
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Abstract

A novel definition for the three-dimensional free
electron laser gain length is proposed [1], which takes
into account the increase of electron beam projected
emittance as due, for example, to geometric transverse
wakefield and coherent synchrotron radiation developing
in linear accelerators. The analysis shows that the gain
length is affected by an increase of the electron beam
projected emittance, even though the slice (local)
emittance is preserved, and found to be in agreement with
Genesis code simulation results. It is then shown that the
minimum gain length and the maximum of output power
may notably differ from the ones derived when collective
effects are neglected. The proposed model turns out to be
handy for a parametric study of electron beam six-
dimensional brightness and FEL performance as function,
e.g., of bunch length compression factor, accelerator
alignment tolerances and optics design.

WORK PLAN

Following our work in [1], which relies in turn on the
formalism developed in [2,3.4]:

* We analytically evaluate the electron beam 6-D
energy-normalized brightness, B, gp, in the presence of
short-range geometric transverse wakefield (GTW) in
accelerating structures and coherent synchrotron radiation
(CSR) emitted in magnetic compressors. We extend our
previous study [5] to include the analytical estimate of the
final slice energy spread when microbunching instability
(MBI) is suppressed with a laser heater [6]. This estimate
makes use of the analytical model for the MBI given in
[7.8].

* We show that the physical picture proposed in [4] for
the beam motion in an undulator also applies to angular
perturbations caused by GTW and CSR in the accelerator.
Consequently, we establish an explicit connection
between the FEL performance, so far only predicted on
the basis of the electron bunch’s slice parameters, and a
more complete set of sources of B, ¢p degradation that is
including projected beam parameters.

* An analytical formula is given for estimating the self-
amplified spontaneous emission (SASE) FEL [9,10] 3-D
power gain length’s [11] increase due to collective
effects, the power saturation length and the peak power at
saturation. We extend the discussion beyond SASE to the

*Work supported by the FERMI project of Elettra Sincrotrone Trieste.
#simone.dimitri@elettra.eu
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case of externally seeded FELs.

THEORETICAL MODEL

GTW and CSR offset individual “macro-slices” both in
configuration and velocity spaces. The macro-slices are
modelled to be as long as several cooperation lengths,
since GTW and CSR-induced transverse kicks are
typically correlated with z, the longitudinal coordinate
internal to the bunch, on the length scale of few to
hundreds microns. Neglecting for the moment any slice
emittance growth from the injector to the undulator, the
projected emittance growth is entirely due to mismatch of
the bunch macro-slices in the transverse phase space. We
take this growth into account through the mechanism
described by Tanaka et al. [4]. In that work, the authors
identify two distinct processes that increase L, jp. One is a
lack of overlapping between the spontaneous undulator
radiation, whose wavefront follows the electrons’ local
direction of motion, and the FEL radiation, whose
wavefront is preserved when the electrons are
transversally kicked by lattice errors. The other process is
electrons’ bunching smearing due to longitudinal
dispersion of electrons transversally kicked by lattice
erTors.

We recognize that the electrons’ angular divergence has
two contributions: one is incoherent and due to the finite
beam emittance as depicted in Xie’s [11] and Saldin’s
[12] models; the other is coherent, being the tilt of the
macro-slice centroids with respect to the reference
trajectory. The coherent divergence adds to (and in some
cases, surpasses) the incoherent one and may amplify the
effect of bunching smearing. In order to take into account
the coherent motion of electrons, we apply the physical
picture depicted in [4] to individual macro-slices. Each
macro-slice is transversally kicked by collective effects in
the linac and thus moves along the undulator on a
different trajectory than other macro-slices, as shown in
Fig. 1.

We call <9‘?nu> the rms angular divergence of the

macro-slice centroids at the undulator. Being a quantity
averaged over the bunch duration, <¢9?[l> is an

indicator of the mismatch of the macro-slices in the
transverse phase space, projected onto the z-coordinate.
We assume that the charge transverse distribution at the
undulator is matched to some design Twiss parameters,
and that a smooth optics is implemented along the
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undulator line: B, is the average betatron function and its
variation is small along the wundulator. Thus, the
determinant of the so-called “sigma matrix” computed at
the undulator provides the beam projected emittance as a

function of <9620u> and B, [1]:

N 7B, <0L‘zull >

gn,O

gn,f ~ gn,() 1 (1)

B

with €,9, &,r being the rms initial (unperturbed)
normalized and the final normalized emittance in the
plane of interest, respectively, and 7y the relativistic
Lorentz factor at the undulator. Finally, we revise
Tanaka’s formula for the gain length [4] and make the
following ansatz to estimate the 3-D gain length in the
presence of collective effects [1]:

Loan | @

17 <‘9§>11 >/‘912

Lgsp is the 3-D power gain length in the sense of Xie
[11]; ¢, = M/Lg ,,and 4 the FEL wavelength. The

electron beam slice transverse emittance and the slice
energy spread at the undulator are taken into account in
Lg 3p; the information on the degradation of the projected
emittance is brought about by <9¢20u>' The range of

Lg,coll ~

application of Eq.2 is<¢9€20”> <6, / 7 ; larger values of are
assumed to inhibit the FEL process.

LT
Figure 1: Effect of a transverse kick on electrons in an
undulator. (a) All electrons in the bunch follow the same
direction of motion as a whole. (b) Different macro-slices
in the same bunch follow different directions of motion
along the undulator by virtue of their initial different
launching conditions. In the sketch, solid lines define the
bunch (a) or a macro-slice (b); arrows indicate the
electrons’ direction of motion; vertical bars identify the
FEL microbunch wavefront orientation. Copyright of
American Physical Society [1].

——

DEPENDENCE ON THE BEAM OPTICS

Equation 2 aims to generalize Xie’s formalism, so that
Lgcon reduces to Lgsp either for null collective effects
<9520//>: 0 or large B,, for any pre-set emittance growth

(see Eq.1). The dependence on B, is explained as follows.
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We assume an electron beam whose normalized emittance
grows along the linac according to Ag, = €,¢— €,0. If such
a growth only concerns the slice emittance, the gain
length will be L,sp according to [11]. If, instead, the
emittance growth is only the projected one, and the slice
emittance is preserved at the injector level, the gain length
will be L, ., in Eq.2. We point out that, in this modeling,
the projected growth Ag, is uniquely determined by the
initial beam parameters and the linac setting and, as
already said, it is due to the bunch slices’ misalignment in
the transverse phase space. Then, if B, is large, as in a
weak focusing undulator lattice, the macro-slices will
tend to overlap in angular divergence, that 1s<93011> -0,

as shown in Fig. 2-d. In this case we expect Lg .oy to
approach L, 3p. On the contrary, a small B, as due, e.g., by
strong focusing, will force the macro-slice centroids to

very different angular divergences. In this case <9§0”> #0

as shown in Fig. 2-c, and we expect L ., to diverge from
L 3D-
8

Figure 2: Mechanism of emittance growth in the
transverse phase space, due to kicks by collective effects
(cartoon). (a) Two macro-slices are displaced along the
direction of the kick (dashed line) with respect to an
unperturbed macro-slice (inner centered ellipse). The
projected emittance has grown (outer ellipse). (b) Same as
in (a), after /2 betatron phase advance. The area of the
outer ellipse remains constant after the kick. (¢) The beam
is matched at the entrance of the undulator to some design
Twiss parameters. The optics is smooth in a way that
Twiss parameters 3 and a vary little along the undulator
(dashed outer ellipses). Since Pu is small, the macro-
slices are largely dispersed in angular divergence that is
(solid line ellipse). (d) Same as in (c), but with Bu large.
The macro-slices largely overlap in angular divergence
that is (solid line ellipse). Copyright of American Physical
Society [1].

The parameters listed in Table.1 are considered for a
quantitative comparison of L, and the M.Xie-defined
L, 3p as function of B, in Fig. 3. The FEL wavelength and
the emittance growth were chosen in order to ensure

<t9(,20,,><6?é /7Z'OV€1‘ the entire range of B, Lgsp was
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computed for beam slice normalized emittances of 0.5 um
(green dashed-dotted line) and 2.3 um (red dashed line);
in these cases the projected emittances coincide with the
sliced values since all slices are well aligned in the phase
space. Lo, instead, was computed for a beam slice
normalized emittance of 0.5 um and 2.3 um normalized
projected emittance (blue solid line). The latter is
determined by the misalignment of the bunch slices in the
phase space. The analytical predictions are in agreement
with the simulation results obtained with the Genesis code
[13], over the entire range of B, considered (symbols),
thus demonstrating the validity of the proposed gain
length model and its consistency with the existing 3-D
theory.

Most of VUV and x-ray FELs, existing and planned,
tend to have (3, small in order to maximize the transverse
overlap of electrons and photons in the undulator. Figure
3 suggests that a beam focusing less tight than foreseen
for an ideal beam might be more suitable in the presence
of a highly diluted projected emittance.

Table 1. Parameters for the SASE FEL used to compare
Ly con (Eq.2) and Lg3p [11], as function of B,

Parameter Value  Unit
Energy 1.8 GeV
Peak Current 3.0 kA
Norm. Transv. Emittance at the Injector, 0.5 pm
rms rad
Norm. Transv. Emittance at the Undulator, 2.3 pm
rms rad
Undulator Parameter (Planar Undulator), K \2
Undulator Period 20 mm
FEL Parameter, 1-D (for §, = 10m) 0.1 %

The physics depicted so far applies in principle both to
SASE and to externally seeded FELs because,
independently from the FEL start-up signal, they both rely
on the amplification of undulator radiation through the
formation of bunching at the resonance wavelength. In
practice, however, in a SASE FEL the entire bunch
participates to lasing, while for externally seeded FELs
only the seeded potion of the electron bunch is relevant to
lasing. In other words, the present analysis applies only to
the lasing (seeded) portion of the electron bunch.

BRIGHTNESS AND FEL PERFORMANCE

The electron 6-D normalized electron beam brightness,
B..6p, is defined as the total bunch charge over the product
of the horizontal, vertical and longitudinal rms
normalized projected emittance. The normalized
longitudinal emittance is the product of bunch length and
absolute energy spread. All three emittances are invariant
under acceleration and linear bunch length compression,
but are degraded by collective effects, i.e. CSR and GTW.
These effects are modelled as angular kicks to the
particles’ coordinate. The final normalized emittance
subjected to CSR in n consecutive compression stages
and to GTW in m linac sections, is provided by the
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Figure 3: Gain length as function of the average betatron
function in the undulator, analytical (lines) and from
Genesis simulation (symbols), with parameters from
Tab.l. The gain length from simulations fits the FEL
power growth along the undulator. Error bars show the
maximum variation of the fit value over several runs. For
each run used to fit L, (blue circles), several random
distributions of the bunch’s macro-slices in the transverse
phase space were generated. In this case, each distribution
(in each transverse plane) corresponds to a normalized
projected emittance of 2.3 um, while the slice emittance
is 0.5 um for all slices. The projected beam size is forced
to fit the average betatron function selected for that run.
Copyright of American Physical Society [1].

determinant of the “sigma matrix” computed at the linac
end in the presence of those kicks. Since the emittance is
also defined in Eq.1, we can compute <92”> as a function

of the perturbations once B, and &, are known.

We consider a single-pass linac driving SASE FEL in
the ultra-violet wavelength range (see [1] for list of
parameters). We investigated two options: one-stage
compression at low energy and two-stage compression
with fixed total compression factor C = C1 x C2. We then
looked at B, sp versus Cl to identify the compression
scheme that maximizes the beam brightness for a given
final peak current (1 kA), as shown in Fig. 4. That
compression scheme was then used to compare in Fig. 5
the FEL 3-D output performance gain length in the
presence of collective effects to those predicted by M. Xie.
Finally, we selected the compression factor that
minimizes L., and, in Fig. 6, studied its sensitivity, as
well as that of B, gp, to the linac-to-beam misalignment
and the optics in the compressor.

CONCLUSIONS

We have extended the existing analytical models for
the estimation of the electron beam brightness and of FEL
properties — gain length, saturation length and power at
saturation of a SASE FEL — by including the collective
effects in the driving linac. Two major findings follow
from the proposed model:

1) The degradation of the beam transverse projected
emittance affects the FEL performance even though the
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Figure 4: Analytical estimate of final B, 4p for the one-
stage (left) and two-stage compression, as function of the
compression factor in BCI1. In the two-stage, the total
compression factor is fixed to 20. Copyright of American
Physical Society [1].
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Figure 5: The 3-D gain length (left), and the 3-D SASE
saturation power are evaluated in the M. Xie sense and in
presence of collective effects. Copyright of American
Physical Society [1].
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Figure 6: Contour plot of B,sp (left) and Py, as
function of the rms linac-to-beam misalignment and of
the minimum betatron function in BC1. A 500 pC bunch
charge, compressed in one-stage by a factor 18. The final
peak current is 0.9 kA. Copyright of American Physical
Society [1].

slice emittance is preserved. Our analytical finding for the
3-D gain length in the presence of collective effects, i.e.
Eq.2, is in agreement with Genesis simulation results
within 5%—15% of the gain length, over the wide range of
B. considered (see Fig.3). The residual analysis vs.
simulation discrepancy may originate from the lack of
several approximations in the Genesis runs, which are
instead part of our theory: the asymmetry of horizontal
and vertical betatron function (at large P, ) whereas our
model assumes perfect symmetry; the effect of multiple
angular kicks on the bunch’s macro-slices by offset
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quadrupole magnets, which are neglected in our model;
the power gain computed from time-dependent
simulations instead of the steady-state approximation
(single longitudinal FEL mode), which is part of Tanaka’s
model.
2) The enlargement of the FEL power gain length due to a
dilution of the projected emittance can be counteracted by
a relatively large average betatron function in the
undulator line. The optimum value of the average betatron
function (i.e., corresponding to the minimum gain length)
turns out to be closer to the value dictated by the
projected emittance with respect to that associated to the
slice emittance.

Our model was then compared with that by Xie [11],
with the following quantitative findings:

1) A deterioration of the FEL performance with respect
to Xie’s model is observed when collective effects are
included. For the cases considered here, a discrepancy
of ~15% between L, ;p and L, is observed around
the point of minimum gain length, and a much larger
discrepancy at very small and very large values of C1.

il) The collective effects halve the “good” range of C1
over which the gain length and the saturation length
are little sensitive (i.e., vary less than 10%) to the
compression factor.

iii) The SASE power at saturation in the Xie’s sense is
reduced by the collective effects by a factor up to 3 in
the C1 range considered.

The proposed analysis does not pretend to replace
sophisticated FEL codes. Our analysis may be useful for
an initial exploration of the design parameters of a high
brightness linac-driven FEL and of the magnetic lattice in
the undulator line. As a matter of fact, the analytical
model described in this article allowed us to investigate
and to optimize, as a practical case study, an accelerator
layout by inspecting two compression schemes, and to
scan the FEL properties vs. the compression strength, the
linac-to-beam misalignment, and the betatron function in
the magnetic compressor. Our study establishes the
predominant influence of GTW on B, 4p for a high charge
beam driven by an S-band linac, and that of CSR for a
low charge beam in an X-band FEL driver (not shown).
We observed a net dependence of the FEL saturation
power on B, sp. We also found that the gain length and the
saturation length can be made quite insensitive to the
linac-to-beam misalignment (i.e., GTW instability) and to
the optics in the compressor (i.e., CSR instability) with a
proper choice of the compression scheme and strength.
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Abstract

The beam energy spread at the entrance of undulator
system is of paramount importance for efficient density
modulation in high-gain seeded free-electron lasers
(FELs). In this paper, the dependencies of high harmonic
bunching efficiency in the high-gain harmonic generation
(HGHG) schemes on the electron energy spread
distribution are studied. Theoretical investigations and
multi-dimensional numerical simulations are applied to
the cases of uniform and saddle beam energy distributions
and compared to a traditional Gaussian distribution. It
shows that the uniform and saddle electron energy
distributions significantly enhance the performance of
HGHG-FELs. A numerical example demonstrates that,
with the saddle distribution of sliced beam energy spread
controlled by a laser heater, the 30th harmonic radiation
can be directly generated by a single-stage seeding
scheme for a soft x-ray FEL facility.

INTRODUCTION

In recent years, enormous progresses have been
achieved in the seeded free-electron lasers (FELs), which
hold great potential to deliver high brilliance radiation
pulses with excellent longitudinal coherence in the
extreme ultraviolet and even x-ray regions. The first
seeding scheme, i.e., high-gain harmonic generation
(HGHG) has been fully demonstrated at BNL [1-4] and is
currently used to deliver coherent extreme ultraviolet FEL
pulses to users at FERMI [5]. For a long time, it is
thought that the frequency multiplication factor of a
single-stage HGHG is usually limited within ~10 [1,6],
due to the tradeoff between the energy modulation and the
energy spread requirement for exponential amplification
process of FEL. Therefore, a complicated multi-stage
HGHG scheme [7-9] has been theoretically proposed and
experimentally demonstrated for short wavelength
production from a commercially available seed laser.

Up to now, the bunching performance assessment for
seeded FELs is on the basis of assumption that the
electron beam at the entrance of undulator has an energy
spread of Gaussian distribution, which however is not
true, e. g., in the specific case with a laser heater in the
LINAC [10-11]. Laser heater is widely utilized in high-
gain FEL facilities to suppress the gain of the micro-
bunching instability via Landau damping by controllable
increasing the beam energy spread. It is found that a non-
Gaussian energy distribution can be induced by a laser
heater and inherited in the main LINAC section,

#xmyang@dicp.ac.cn
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depending upon details of the transverse overlap between
the laser beam and the electron beam in the laser heater
system. A recent experiment at FERMI [5,12] demon-
strates that the non-Gaussian beam energy spread induced
by the laser heater may expand the harmonic number of a
single-stage HGHG to several tens [13-14]. Meanwhile,
one cannot exclude other unknown schemes lie beyond
the horizon for controlling beam energy spread
distribution in future.

Considering that the initial energy distribution of
electron beam is one of the most critical elements in the
bunching process of seeded FELs, in this paper, the
possible beam energy distribution influences on density
modulation efficiency in various seeded FEL schemes
have been studied. In Section II, by using a set of nominal
parameters of Shanghai soft x-ray free-electron laser
facility (SXFEL) [15], the bunching efficiencies in
HGHG schemes with different electron beam energy
spread distribution are theoretically derived and
numerically simulated, which shows that the uniform and
saddle cases may significantly enhance the bunching
performance of HGHG. It indicates that the beam energy
distribution is of great importance for HGHG scheme, the
frequency up-conversion number of a single-stage HGHG
can be improved to 30 or even higher with a uniform or
saddle electron energy distribution. A followed start-to-
end example in Section III demonstrated that the saddle
distribution of sliced beam energy spread controlled by a
laser-heater can be maintained in the following
accelerations of LINAC, and the saddle beam energy
distribution is capable of driving a 30"™ harmonic up-
conversion in a single-stage HGHG operation of SXFEL,
even though it has a larger sliced beam energy spread
than a Gaussian case. Finally, we present our conclusions
in Section IV.

ENERGY SPREAD DISTRIBUTION
EFFECTS ON SEEDING SCHEME

In order to obtain a comprehensible idea of the energy
spread distribution effects on different seeded config-
urations, by using the nominal parameters of SXFEL,
uniform and saddle energy spread distributions are
investigated for the density modulation process and
compared to the previous Gaussian distribution case in
this section, under the same RMS deviation, i.e., beam
energy spread. SXFEL aims at generating coherent
8.8 nm FEL pulses from 264 nm seed laser through a two-
stage HGHG. In the nominal design of SXFEL, an
840 MeV electron beam with sliced energy spread of
84keV, ie., a relative energy spread of 1x10™
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normalized emittance of 1.0 pum-rad, bunch charge of
500 pC, and peak current of 500 A is expected at the exit
of the LINAC for efficient FEL lasing. The sliced beam
energy distributions used in the frame of analysis of this
section are summarized in Fig. 1.

3

Gaussian
=== Uniform
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Figure 1: The different beam energy distributions with

RMS energy spread of 84keV for the studies in this

Section.

0 .
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It is necessary to take some words to describe the
saddle distribution before we step forward, while the
Gaussian and uniform distributions are quite straight. As
is well known, laser-heaters used for micro-bunching
instability ~suppression in modern high-brightness
LINACs have shown the possibility to control the RMS
deviation and the distribution shape of sliced beam energy
spread by choosing the laser spot size and the peak power
[10,13]. In more detail, in the LINAC of SXFEL,
electrons from the photo-injector are firstly accelerated up
to 130 MeV, and then sent into the laser heater system
where a 792 nm Ti-sapphire laser with the pulse length of
10 ps are used to increase the RMS energy spread from
2keV to about 8.4 keV. After a total longitudinal
compression factor of about 10, the sliced RMS energy
spread should be about 84 keV at the undulator entrance
(at 840 MeV) in the absence of impedance effects. If one
supposes a fundamental Gaussian mode laser with spot
much larger than the electron beam size co-propagates
with a Gaussian electron beam in the laser heater
undulator, the energy modulation amplitude is almost the
same for all electrons, and the energy profile of heated
beam is possibly a saddle distribution, as the black shown
in Fig. 1.

Among the various seeding schemes, HGHG is the
most compact and pioneering. The high harmonic
bunching of HGHG can be described as [16]:

b=J,(hAy,D)[dpf(p)e ™", (1)

where % is the harmonic number, D = k R:¢ /Yy , ks is the
wave number of the seed laser, Rz is the strength of the
dispersive chicane, v is the electron beam Lorentz factor,

Ays is the seed laser-induced energy modulation
ISBN 978-3-95450-134-2
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amplitude and J, is the h®" order Bessel function,
p = (E — Ey)/og is the dimensionless energy deviation
of a particle with an average energy E, and RMS energy
spread oy, f(p) is the initial longitudinal phase space
distribution. For a Gaussian energy distribution, following
Eq. (1), the bunching factor can be written as,

22 2
Do

h
b =J,(hDAy Jexp(-——5) . @)

For a saddle distribution, which is caused by the energy
modulation process in laser heater, using the notations in
ref. [13], i.e., the net longitudinal bunch length compre-
ssion between the laser heater and the main undulator C,
the energy modulation induced in the laser heater system
Ayy, and the energy spread at the exit of the photo-injector
oy, the bunching factor can be written as [10, 13],

Ko C2D?

by =|J, (hDAy,)exp(— YxJ,(hCDAy,)|- 3)

The predictions made by Eq. (2) has been analyzed
intensively in Ref. [11]. The bunching factor draw back
fast for a Gaussian energy distribution and this feature
limits the feasibility of HGHG at high harmonics. For the
non-Gaussian case, FERMI’s experiment results show an
FEL output pulse energy oscillation with the increase of
the laser heating [13], which is a meaningful
demonstration of Eq. (3).

If we assume a more ideal case that the electron energy
is uniformly distributed between [E(-1/2, Ejt+1/2], the
RMS energy spread is then changed to oz = 0.5t/+/3.
According to Eq. (1) and the law of Fourier transform for
a rectangular pulse [17], the bunching factor for the
uniform energy distribution at h*" harmonic can be
presented as

b, =J,(hDAy,)

Sinc(hDr / 2)| . 4)

To verify the abovementioned theoretical predictions
and compare different cases, we carry out the single
frequency simulations using the universal FEL simulating
code GENESIS [18]. In these simulations, we take the
main parameters of SXFEL as an example to illustrate the
effects of different energy distribution on FEL density
modulation process. Considering that the effective energy
spread induced by the seed laser in HGHG is limited by
the FEL parameter p for the requirement of exponential
amplification in the final 8.8nm radiator, the energy
modulation amplitude A = AE /oy is chosen to be about
5, and the optimal dispersive strength is chosen to be
k1Rs¢A = 1.2 here.

Figure 2 shows the bunching factor distributions at
various harmonic numbers for different cases. The
bunching factor oscillations are clearly seen for the
uniform and saddle energy spread distribution cases. The
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amplitudes of the oscillations can be adjusted by setting
the energy modulation amplitude and the strength of
dispersive chicane. The simulation dots are all at the
vicinity of the theoretical value, which is in good
agreement with the derivation of Egs. (2)-(4). This kind of
bunching factor oscillation can be used to significantly
extend the tuning range of the output wavelength of a
single-stage HGHG down to very high harmonics, and
makes the generation of soft X-ray FEL pulses in a
single-stage HGHG possible.

Gaussian

0.45 ——— Uniform
Saddle

0.25r

Bunching factor
o 2 o
- (9] N

o

=}

a
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o

0 5 10 15 20 " 30
Harmonic number

Figure 2: The evolution of bunching factor with the

harmonic number, the red circle is Gaussian results, blue

square and the black diamond is for uniform and saddle

respectively, the corresponding color line is theoretical

derivation of Egs. (2)-(4).

OPERATING SXFEL WITH SINGLE-
STAGE HGHG

It has been widely discussed that, seeded FELs with
total frequency up-conversion factor of 30, e.g., SXFEL.
In this section, we discuss the feasibility of operating
SXFEL with a single-stage HGHG, by properly handling
the distribution of the sliced beam energy spread with the
laser heater.

It is widely known that, the Landau damping of the
micro-bunching instability in the electron beam with a
Gaussian energy spread is much more efficient than that
with a saddle one. It means that, in order to achieve the
same suppression of the micro-bunching instability, a
larger laser energy in the laser heater, or equivalently a
larger RMS deviation of the electron energy distribution
could be needed for the non-Gaussian case. Therefore, to
clearly understand and state the tradeoff of using a saddle-
like energy distribution instead of the Gaussian one for
seeded FELs, start-to-end tracking of the electron beam,
including all the components of SXFEL has been carried
out. The electron beam dynamics in the photo-injector
was simulated with ASTRA [19] to take into account
space-charge effects. ELEGANT [20] was then used for
the simulation in the remainder of the LINAC. For
simplicity, one bunch compressor setup of SXFEL is
considered.
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In the simulation, the total energy spread of about
20 keV is obtained in the absence of all the impedance
effects, i.e., the energy sliced energy spread at the exit of
photon injector of ~2 keV and the bunch compression
factor of 10. In further micro-bunching studies, we first
switch off the laser heater, and it is found that the typical
sliced beam energy spread is 54 keV at the exit of
LINAC. Then two laser-heater cases with the laser size of
0.3 mm and 1.2 mm are considered, respectively, while
the electron beam size in the heater is 0.3 mm in both
cases. The laser energy is independently optimized to
obtain a better micro-bunching suppression, i.e., a lower
sliced beam energy spread here for each case. The energy
distribution at the exit of the LINAC is shown in Fig. 3.
According to the simulation, the beam energy distribution
shape controlled by the laser-heater can be maintained in
the LINAC. The optimal energy spread is about 27 keV
and 38 keV for Gaussian and saddle case, which are both
better than the case without laser heater. In other words, it
results more micro-bunching and larger energy spread in
the saddle case than in the Gaussian one.

Saddle
Gaussian

—gOO -200 —1(I)0 (‘J 160 200 300
E-E, [keV]
Figure 3: The saddle and Gaussian sliced beam energy
distribution at the exit of the LINAC.
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Figure 4: The 30™ harmonic bunching factor in a single-
stage HGHG v.s. the energy modulation amplitude and
the strength of the dispersion. A saddle-like energy
distribution from ELEGANT with a RMS energy spread
of 38 keV is used.
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According to the previous results, the bunching factor
of HGHG can be significantly enhanced with a saddle
energy distribution. Using the tracked saddle-like energy
distribution, the optimized 30™ harmonic bunching factor
as a function of the HGHG scheme setup is shown in
Fig. 4. One can find that the 30™ harmonic bunching
factor could be more than 4% for energy modulation
amplitude 4 around 6, which is strong enough for driving
intense coherent radiation at the beginning of the radiator.
Moreover, in view of the tradeoff between the seed laser
induced energy spread and the available bunching factor,
a moderate modulation amplitude of 4 = 6.5 is chosen for
FEL gain process in the radiator.
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Figure 5: Comparison of final 8.8 nm radiation pulse
energy (a) and spectra (b) of SXFEL with a single-stage
HGHG. The spectra are exported at the undulator position
of 10 m, where the saddle distribution is almost saturated,
while the Gaussian one is still in exponential gain regime.

In the FEL simulation, the saddle energy distributions
from ELEGANT are artificially imported to GENESIS
[18] at the entrance of the modulator undulator. The
FWHM pulse duration of the 264nm seed laser is
supposed to be 500fs. In order to fairly compare the
HGHG performance for both Gaussian and saddle
distributions, the energy spread induced by the seed laser
is assumed to be same in both cases. Figure 5 shows the
comparison of output pulse energy along the radiator and
the output spectra. The saddle energy spread beam drives
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a strong coherent radiation at the beginning of the radiator
and the saturation length is about 10m, while the
Gaussian one almost starts from shot noise and a much
longer radiator is required. After passing through 10 m
long radiator, the relative FWHM bandwidth of saddle
case is about 0.05% and 5 times narrower than the
Gaussian distribution. The noisy spike and FEL spectrum
broaden in the saddle case is induced mainly by the
nonlinear energy chirp in the electron beam [21-24]. It is
worth stressing that with the recent technology [25-26],
the FEL performance can be future improved by
removing the beam energy curvature [27].

CONCLUSION

In this paper, the sliced energy distribution effects on
the bunching process in seeded FELs are investigated by
using theoretical analysis and numerical simulations. It is
found that a bunching factor oscillation happens in
HGHG for uniform and saddle distributions. Moreover,
such a bunching factor oscillation in HGHG can be
adjusted by setting the energy modulation amplitude and
the strength of the dispersive chicane, thus to obtain a
large bunching factor at high harmonics.

For the single-stage HGHG operation of a soft X-ray
FEL, the start-to-end example in this paper demonstrates
that the 30™ or even higher harmonic is possible with a
moderate energy spread control by using the laser-heater
system in the LINAC, even though the saddle distribution
has a larger sliced beam energy spread than a Gaussian
case. Thus, by manipulating the energy spread
distribution, a single-stage HGHG may be used to cover
much larger harmonic range than the theoretical
predictions under the assumption of Gaussian beam
energy spread distribution. However, in order to avoid the
temporal coherence degradation due to the nonlinear
beam energy curvature, a much shorter seed laser is
preferred for high harmonic operation of single-stage
HGHG.

Finally, it is worth emphasizing that the control of the
sliced beam energy spread, both RMS deviation and
shape is quietly related to many issues, e.g., the required
suppression of the micro-bunching instability, the detailed
LINAC setup, and the FEL performances in pursuit. In
general, larger laser heater energy, or equivalently a
larger RMS for the electron energy distribution may be
needed in non-Gaussian case. Then for a real FEL
machine, except the robust design and self-consistent
start-to-end beam tracking, it is likely that the machine
flexibility, the accuracy of beam energy spread
measurement, the commissioning experiences and efforts
will determine the frequency up-conversion limit
achievable for different seeded FELs.
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INFLUENCE OF HORIZANTAL CONSTANT MAGNETIC FIELD ON
HARMONIC UNDULATOR RADIATIONS AND GAIN

H. Jeevakhan, P. K. Purohit, Applied Science Department, NITTTR, Bhopal, India
G Mishra, SOP, DAVYV, Indore, India

Abstract
Harmonic undulators has been analyzed in the presence
of constant magnetic field along the direction

perpendicular to the main undulator field. Effect of
constant magnetic field magnitude on trajectory of
electron beam, intensity of radiation and FEL gain at
fundamental and third harmonics has been evaluated.
Performance of harmonic undulator in the presence
horizontal component of earth's magnetic field is the
practical realization of the suggested scheme

INTRODUCTION

Current researches in science calls for an ultrafast, high
brightness and X —ray light source . Fourth generation
FEL systems are use to lase at X ray wavelength region
[1,2]. FEL is produced by interaction of relativistic
electron beam, an electromagnetic wave travelling in the
same direction and undulator. FEL differs from other
conventional lasing systems in terms of operation
mechanism and assembly as well [3, 4]. Novel design
and error analysis of undulator are among the major and
important part in FEL research. Concept of Harmonic
undulator is given to use undulator assembly with slight
modification and radiating lower wavelength with modest
electron beam. Structure of undulator is optimized to
enhance the output radiation and gain in FEL systems [5-
9].

In this paper we have modeled an harmonic undulator
with additional horizontal magnetic field. In real
applications this component can be realized with earth's
horizontal magnetic field component. In the related work,
K Zhukovsky has given an analytical model and discus
the effect of horizontal field constituent of undulator
radiation and compare it with other factor such as energy
spread in beam, emittance and focusing components [10].
N. O. Strelnikov et al presents experimental and modeling
results concerning the effects of the interaction of Earth’s
magnetic field with different types of Insertion devices
[11]. In the previous paper [9], we have presented semi
analytical results for the effect of constant magnetic field
along the direction parallel to undulator field. In this
paper we have added a constant field perpendicular to
undulator field. The effect of additional field in horizontal
direction on harmonic undulator radiations and gain has
been analyzed.

UNDULATOR FIELD

We have considered a constant magnetic field in the
direction perpendicular to planar undulator magnetic field
encompass with harmonic field
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B = [Byk, agBysink,z + a,Bysinhk, z, 0] (1

2m
where, k,, = =
u

wave length, h is harmonic integer, B, is peak magnetic
field, a, and a, controls the ratio of main undulator field
to additional harmonic field k is the magnitude of
constant magnetic field. For practical purpose it is replica
of horizontal component of earth magnetic field.

The velocity can be evaluated by using Lorentz force
equation:

undulator wave number, A,, is undulator

dv
il }?C (U X B) (2)
This gives
By = K [cos(ﬂut) + A—Cos(hnut)]
14
K
By = =S [k0,¢] 3)
B,= B —— cos(ZQ t) +
A
%(Z) cos(2hQ,t) + ( )cos(l + h)Q,t +
(&) cos(1 — M)t + (mut)z] )
ageBy . a
where K = Do 18 the undulator parameter and A = -
u 0 0
and 7 =1-— [1 + K +K1] with K, =2

The electron tra]ectory along z direction is given by

=Bt sm(ZQ t) — 2hﬂ —2—sin(2hQ,t) —
KK1 _ K _
mSln(l h) .Q —2}/ RE sm(l + h) .Q t
K2K20,,%t3
ez ®)

The spectral properties of radiation can be evaluated
from Lienard-Wiechart integral [12],

I {7 x (% Blexp [iw(t = 5] dt| (6)

where the integration is carried over undulator length,

2N . . .
T = Q—n and w is the emission frequency. Introducing the
u

a1 _ e?w?
dwdQ ~ 4m2c

variables
g = wk? g = wk?
17 gy2q) 27 gyznay’
wKKq wKK K
Zz3=————— and z, = ——-——.
3 2y2(1-h)Qy, 4 2y2(1+h)Qy,

The brightness expression is reduced to
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d?1 e?w? (K\?
dwdQ - 4m2c (;) [
%cos(hﬂut)} expi(dt +
W) (0,200 (0,22 (22)]q (70) | 2 +
ijT dt{kQ,t} expi(Pt +

ifoT dt {cos(ﬂut) +

2
e (0,201 (0,2,))p (2] )| | ™)
® = wﬂ — mfy, — nhQy — p(1 — B, — q(1 + )2y
1
B wK?Kk2Q,?
=—%7
and Eq. (7) can be further reduced to
d’l  e?w?T? 205(2,¥)
_ 2
dwod ~ 4mic {'Txl S+ [ =55 }

(3)
with

K
T, = Z [Um+1(0r21)
+ Jm-1(0,21)}/, (0, Zz)]p(z3)]q(z4)
+ %Un+1(0: Z3)

I 0.2 0,2y (23 (20)|

2itKkN
T, =
14
1 3 2 . .
and S(O,¥) = |f0 e(®¥T)qr | and 7= t/T is unit
interaction time.

FEL Gain

To calculate the small signal gain of the harmonic
undulator with constant magnetic field, let us consider a
radiation field as,

E =E,cos(yx )

V= nlklz—nla)lt+¢)_n1=1’ 2. 3.,

where, . are the

emission harmonics and ? s the phase of the electron
with the radiation field. The change in energy of the
electron is given by,

(10)

Eq. (3) & Eq. (9) are used to solve Eq.(10) and we
obtain,
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dy _eEK Fcoil//+kuz)+cos(l//—ku2)}
dt - 2mcy L (Al hylcosly +k,z)+cosly —k, )}
(11)

The electron longitudinal motion from Eq. (5) is
expressed by,

z=Z+Az
where
F=pc K2Kk20,%t3
6y?2
Az = —W;Cusin(z.()ut) - %sin@h!)uﬂ
KKic .
- msm(l —h) 2.t

KK c

———  F sin(1 0]
2y2(1+h)f2usm( + h) 2.t

(12)
Using Eq.(12) ,the phase terms appearing in Eq.(11) are
simplified to read as,

wt(k,z)=né +o+nkAz—(n F1)k, z
-nk,z—n(1-h)k,z—n,(1+h)k, z

yt(k,z)=né +@o+nkAz—(n F1)k,z
-nk,z—=n(1-h)k,z—n (1+h)k, z
(13)

where,
E=(k +k, +k,+A+h)k, +(1-h)k, )z -t

Using, Eq. (13), Eq. (11) is simplified after averaging
over the undulator to find ,

dy_ eKEoLg [b, +(A/ h)b,]cos(n,& + @)
d'[ 27””06

(14)
by = {Jm+1(0,21) + J;m-1(0,21)}n (0, 2,)], (23)] 4 (24)
by = {Jn+1(0,2;) +]m—l(OrZZ)}]m(Orzl)]p(Z3)]q(Z4)

Expressing,
2 3\11 2L2
nld §:4LN n, ;zu ﬂ_6\{1f[‘3
dr 4 Q,c” |dr
(15)
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we get,
" d’¢é  AnNeKE,L, ; WLl
dr? 2y’ m,c’ : Q c’

(b, + (A7 )b, 1cos(n,& + @) — 6 7T°)
(16)

Introducing the dimensionless optical field as,

47NeKE, L Wil
a =TT 20%u g f 22 2y (A R)b,]
2y“myc Q.

(17)

The pendulum equation is,

d’g,

i la|cos(&, + @) -6 T
(18)

né =4

for the vector potential A is written as

where, we have substituted .The wave equation

, 1 0% - 4 -
[V —0—267]/1——7]
19)
where, the vector potential is calculated from
1
o

~ VL
AAAAANS
SV

5.00E-010 1.00E-009
t

(a)

x=0.0002

= /\ £=0.0000

1.50E-009

0.00E+000

-4.00E-013
0.00E+000
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Solving Eq. (19) for the transverse current density

J =-—necf where p is taken from Eq. (3) we get the
free electron laser gain, for

Y <<l

G = —%[2 —2cos(v,) — v, sin(v,)]

0 (20)
where,
. 27°Ne’K’L,
J= 3 5 nl[b() +Ab, + Azbz]2
y myc
RESULT AND DISCUSSION

The undulator field analyzed in the paper can be
realized as the effect of horizontal components of earth's
magnetic field on the harmonic undulator radiation. For
beam and undulator parameters,

y=100,K =1,4, =5cm,h =3 , we have find the effect
on intensity of fundamental frequency and third harmonic
frequency with the variation of k. Figure 1 (a, b) shows
the trajectory along ‘x” and ‘y’ direction, demonstrates
the shifting of beam from mean position (x=0; y=0) with
Kk . The emittance effect due non alignment of electron
beam predicts the degradation of intensity of beam and
modification in the spectrum.

3.50E-012

3.00E-012

J
/ k=0.0004
2.50E-012 .

2.00E-012

ylc
1.50E-012

K=0.0002
1.00E-012

5.00E-013

0.00E+000

-5.00E-013

0.00E+000 5.00E-010 1.00E-009

t

1.50E-009

Figure 1: Trajectory along 'x' and 'y' directions.
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Figure 2 illustrates the case of undulator radiation for

the case of "~ L3, harmonic. For single peak beam
energy distribution, the reduction of the intensity
spectrum broadening is displayed. Figure 2 (a) and (b)
reflects the intensity reduction for the fundamental and
third harmonics respectively. The intensity reduction is
proportional to the square of the harmonic number. So the

reduction in intensity is substantial for harmonics ? = 3.
However with harmonic field amplitudes, the intensity at

Mm=3 the intensity loss is compensated.

Intensity -AU

(a)
40000000 «
——0.0
o N 0.0002
-0.0004
o 4 v AR N 0,000
0.0008
2 mooo] 0 NV B 0,001
2
‘@ 20000000
(9]
<
= 15000000
10000000
5000000
0 T

— 7T
2.980 2985 2990 2995 3.000 3.005 3010

/o,

(b)

Figure 2 : Intensity at fundamental and third harmonic.
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The shift in resonance and reduction in intensity at third
harmonic is more as compare to first harmonics. In
Fig. 2a it is shown that for k =0.0010 the resonance shift
is 0.0025 and the intensity reduction is nearly 5 % at
fundamental and for similar value of additional field there
is shift of 0.0067 and intensity reduction of 28%
.However the overall normalized shift at first and third
harmonics is 0.2%. The additional field in the directional
along the 'y ' direction shows similar results but at a very
low magnitude of additional constant field [9].

In conclusion we have reported the intensity
distribution at fundamental and third harmonics of
harmonic undulator radiations of harmonic undulator field
associated with very low magnitude constant magnetic
field.

The constant magnetic field present in undulator due to
horizontal component cause shifting of resonance
frequency at fundamental and third harmonics and loss of
intensity at resonance frequency. The shift in the resonant
frequency is very low almost 0.1 % matters in very low
gain band width system otherwise, it has adjusted for
optimum output in high gain band width amplifier
systems but the intensity degradation is the issue of
concern as it is higher at third harmonic as compare to
fundamental .

We have compared this effect at fundamental and third
harmonics. The additional harmonic field with addition of
shims in the planar undulator structure is helpful to
overcome the loss in the intensity further effect the
overall gain.
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THEORETICAL COMPUTATION OF THE POLARIZATION
CHARACTERISTICS OF AN X-RAY FREE-ELECTRON LASER WITH
PLANAR UNDULATOR

Gianluca Geloni, European XFEL GmbH, Hamburg, Germany
Vitali Kocharyan, Evgeni Saldin, Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany

Abstract

We show that radiation pulses from an X-ray Free-
Electron Laser (XFEL) with a planar undulator, which are
mainly polarized in the horizontal direction, exhibit a sup-
pression of the vertical polarization component of the power
at least by a factor 12,/(4nLg)?, where A, is the length of
the undulator period and Ly is the FEL field gain length. We
illustrate this fact by examining the XFEL operation under
the steady state assumption. In our calculations we consid-
ered only resonance terms: in fact, non resonance terms are
suppressed by a factor A3, /(47L,)? and can be neglected.
While finding a situation for making quantitative compari-
son between analytical and experimental results may not be
straightforward, the qualitative aspects of the suppression
of the vertical polarization rate at XFELSs should be easy to
observe. We remark that our exact results can potentially
be useful to developers of new generation FEL codes for
cross-checking their results.

INTRODUCTION

In this paper we quantify the small component of the elec-
tric field in the vertical direction in radiation pulses produced
by an XFEL with horizontal planar undulator. In particular,
we show that for a typical XFEL setup the horizontally po-
larized component of radiation is greatly dominant, and that
only less that one part in a million of the total intensity is
polarized in the vertical plane.

The study of XFEL polarization characteristics is obvi-
ously deeply related to the problem of electromagnetic wave
amplification in XFEL, which refers to a particular class
of self-consistent problems. It can be separated into two
parts: the solution of the dynamical problem, i.e. finding
the motion of the electrons in the beam under the action of
given electromagnetic fields, and the solution of the elec-
trodynamic problem, i.e. finding the electromagnetic fields
generated by a given contribution of charge and currents.
The problem is closed by simultaneous solution of the field
equations and of the equations of motion.

Let us consider the electrodynamic problem more in detail.
The equation for the electric field E follows the inhomoge-
neous wave equation
*E - aj
— =4nc V'O+47TE . (D)

AV2E -
or?

Once the charge and current densities p and fare specified
as a function of time and position, this equation allows one
to calculate the electric field E at each point of space and
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time [1]. The current density source provides the main con-
tribution to the radiation field in an FEL amplifier, and the
contribution of the charge density source to the amplification
process is negligibly small. This fact is commonly known
and accepted in the FEL community.'

Due to linearity, without the gradient term the solution
of Eq. (1) exhibits the property that the radiation field E
points in the same direction of the current density f An
important limitation of such approximation arises when we
need to quantify the linear vertical field generated in the case
of an XFEL with planar undulator. In the case fpoints in
the horizontal direction (for a horizontal planar undulator),
according to Eq. (1), which is exact, only the charge term is
responsible for a vertically polarized component of the field:
if it is neglected, one cannot quantify the linear vertical field
anymore.

Similar to the process of harmonic generation, the process
of generation of the vertically polarized field component can
be considered as a purely electrodynamic one. In fact, the
vertically polarized field component is driven by the charge
source, but the bunching contribution due to the interaction
of the electron beam with the radiation generated by such
source can be neglected. This leads to important simpli-
fications. In fact, in order to perform calculations of the
radiation including the vertically polarization component
one can proceed first by solving the self-consistent problem
with the current source only. This can either be done in an
approximated way using an analytical model for the FEL
process or, more thoroughly, exploiting any existing FEL
code. Subsequently, the solution to the self-consistent prob-
lem can be used to calculate the first harmonic contents of
the electron beam density distribution. These contents enter
as known sources in our electrodynamic process, that is Eq.
(1). Solution of that equation accounting for these sources
gives the desired polarization characteristics.

Approximations particularly advantageous for our theo-
retical analysis include the modeling of the electron beam
density as uniform, and the introduction of a monochromatic
seed signal. Realistic conditions satisfying these assump-
tions are the use of a sufficiently long electron bunch with a
longitudinal stepped profile and the application of a scheme
in the SASE mode of operation for narrowing down the
radiation bandwidth. In the framework of this model it be-
comes possible to describe analytically all the polarization
properties of the radiation from an XFEL.

1 However, we have been unable to find a proof of this fact in literature,
except book [2] and review [3], which are only the publications, to the
authors’ knowledge, dealing with this issue.
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The simplicity of our model offers the opportunity for
an almost completely analytical description in the case of
an XFEL in the linear regime. A complete description of
the operation of an XFEL can be performed only with time-
dependent numerical simulation codes. Application of the
numerical calculations allows one to describe the most gen-
eral situation, including arbitrary electron beam quality and
nonlinear effects. Finding an analytical solution is always
fruitful for testing numerical simulation codes. Up to now,
in conventional FEL codes the contribution of the the charge
source is assumed to be negligible. However, the charge term
alone is responsible for the vertically polarized radiation
component, which is our subject of interest. Our analytical
results for the high-gain linear regime are expected to serve
as a primary standard for testing future FEL codes upgrades.

Here we will report only the main results of our calcula-
tions. Details can be found in [4].

RESONANCE APPROXIMATION

Paraxial Maxwell’s equations in the space-frequency do-
main can be used to describe radiation from ultra-relativistic
electrons (see e.g. [5]). We call the Fourier transform of the

real electric field in the time domain EL(z, 7., w), where
7L = xéy + yé, identifies a point on a transverse plane at
longitudinal position z, €, and €, being unit vectors in the
transverse x and y directions. Here the frequency w is re-
lated to the wavelength A by w = 27¢/ A, ¢ being the speed
of light in vacuum. From the paraxial approximation follows

that the electric field envelope E = E 1 exp [-iwz/c] does
not vary much along z on the scale of the reduced wavelength
A/(2m). As aresult, it can be shown that the following field
equation holds:

2iw 9\ = R
(Vi + Ta_z) Ei(za ra, (1)) =
< W iw >
—Adrexp |i di——| | =V, -V
p[ fo Z2CY§(Z)] [02 o l]
XP(z,FL = o1 (2),w), 2)

where 7, (z), 5, (z) and v, are the transverse position, the
curvilinear abscissa and the velocity of a reference elec-
tron with nominal Lorentz factor vy, that is injected on
axis with no deflection and is guided by the planar undu-
lator field. Such electron follows a trajectory specified by
Fo1(2) = Troxeyx +roye—)y with7,x(2) = K/(yokw) cos(ky, z)
and r,y(z) = 0. Here K is the undulator parameter defined
in terms of the maximum magnetic field and k,, = 27/4,,,
A,, being the undulator period. The corresponding veloc-
ity is described by Vv, (2) = Vox€x + Voy€y. Moreover,

¥2(2) = 11T =vo(2)2/c2 and v, (2) = \JV2 = VoL (2)%

Finally, p is related to the Fourier transform of the macro-
scopic charge density, p, by

p=p(z 7L —Tou1(2),w)exp [iwsov_(z)] ; 3)
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s, being the curvilinear abscissa along the trajectory.

With the aid of the appropriate Green’s function and using
the far-zone approximation a solution of Eq. (2) can be found
to be:

=2 iw S [ > N
E, = - f dlf dz' p(z, I, w)exp [iCDT(Z', l,w)]
K . , S o
X (— sin (sz)+0x) ex+0yey] , 4)
Y
where

Or = w 2 1+K—2+y2(02+92)
2y%c 2 roy

Ko,
e sin(2ky2) -
8y2k,,c vk,

Ko 1 Z
+w {kw;c = ~(Oclc +0yly) + (0% + 95)%} (5)

cos (kyz")

Here 6 and 6,, indicate the observation angles x/z and y/z.
Moreover, since in Eq. (4) we introduced explicitly the tra-
jectory inside the undulator, we need to limit the integration
in dz’ to a proper range within the undulator. We assume
that this is done by introducing a function of z’ as a factor to
0, which becomes zero outside properly defined range, thus
effectively limiting the integration range in z’.

In this article we are interested in considering fields and
electromagnetic sources originating from an FEL process.
Imposing resonance condition between electric field and
reference particle, the self-consistent FEL process automati-
cally restricts the amplification of radiation at frequencies
around the first harmonic w;, = 2k, 0372 and at emission
angles 62, < 1/¥2, where ¥2 = y*/(1 + K*/2). Our focus
onto FEL emission also explains the definition in Eq. (3). In
fact, introduction of p is useful when p is a slowly varying
function of z on the wavelength scale. If the charge density
distribution under study originates from an FEL process a
stronger condition is satisfied, namely p is slowly varying
on the scale of the undulator period 4,, and, as the FEL
pulse itself, is peaked around the fundamental wi,. The
words ‘peaked’ or ‘around’ the fundamental mean that the
bandwidth is Aw/wi, < 1. We quantify ‘how near’ the
frequency w is to wy, introducing the detuning parameter
C = (Aw/w16)ky, with Aw = w — w1,. The detuning pa-
rameter C should indeed be considered as a function of z,
C = C(z). All other dependencies on z, for example due to
the fact that the energy of particles actually deviates from y
and actually decreases during the FEL process, is accounted
for in p. We seek to calculate theﬁﬁrst harmonic contribution

at frequencies w around wy,, E 11, by making use of the
well-known Anger-Jacobi expansion. Invoking the FEL pro-
cess allows to take the limit for C < k,, and 62, < 1/ )72.
Keeping the dominant terms only we obtain

= Wlo
Ei =

.Wlo 2 2
—z(6; + 0
exp 12c z(65 + y)
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K
AJJ €x +

2Ky
2+ K2B]J9 9 ey]

fdlf dlf dz’

19 (0l + eyly)]
.Wlo 2 2 | <0 7 . ’
2 (63 +63) 2’| (/L) expliCL 6)

Xexp |—i—

X exp

where we have defined

K2 K2
+K2>) - (2<2+K2>) 0

Ay =10 (2 2
K? K?

f (2<2+ KZ)) o (2<2+ KZ)) - ®
and J, (-) indicates the Bessel function of the first kind of or-
der p. Note that usually computer codes present the product
p(z’, I, w) exp[iCz’] combined in a single quantity tipically
known as the complex amplitude of the electron beam mod-
ulation with respect to the phase ¢ = k. z’ + (w/c)z’ — wt.
Regarding such product as a given function allows one not
to bother about a particular presentation of the beam mod-
ulation. Eq. (6) is our most general result, and is valid
independently of the model chosen for the current density
and the modulation. It can be used together with FEL simu-
lation codes for detailed calculations of the evolution of the
vertically polarization contribution to the FEL radiation.

In the case of an FEL, due to the presence of a maximum
angle On,x related with the self-consistent process, the angle-
integrated correction to the power from the horizontally
polarized radiation component only includes the leading
resonant term, and Eq. (6) can always be used to calculate
such correction at the first harmonic.

By =

ANALYTICAL CASES

We now restrict our attention to the steady-state model
of an FEL amplifier. Because of the steady state assump-
tion we restrict our attention to one single frequency. This
means that, in the time domain, the electric field enve-

lope E.; must correspond to a real electric field at a cer-
tain frequency @ = wi, (1 + Ck,,) given by E(z,7L,1) =
E.1(z 71) explid(z/c —1)] + C.C., where the symbol C.C.
indicates complex conjugation.

The power fractions into the two modes of polarization
are found to be

C (o] (o]
Wio,n) =§f de dYEL1an (@M, (9)

where

Ey (27, w) =278, 1(2 FL)6(w - @) . (10)

In order to calculate W ») we make use of Eq. (9). The
expression for &, 1(,,y) can be found in terms of E 1 with
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the help of Eq. (10). Finally, one needs to calculate E.l,
which can be done using Eq. (6).

Under the assumption of a one-dimensional steady state
FEL amplifier we write the expression for the slowly-varying
amplitude of the charge density as

Jo(F1)

zZ

Pz, 7L, w) = 2ra(z2)é(w — wo) , (11)

where we defined the current density

(L) = — =22 a 12
Jo(F1) = T 5g2 P (—F) , (12)
and where we dropped the term in 6(w + @) passing to
complex notation, as done before with the field.

We will show that, typically, in the case of an XFEL with

a horizontal planar undulator, only less that one part in a
million of the total power at the first harmonic is polarized in
the vertical direction. For some experiments even such small
fraction of the m mode is of importance. The contribution
of the second harmonic can be calculated using results in
[6] and was studied in [4]. There it was found that the
contribution from the even harmonics can be completely
disregarded when the XFEL operates in linear regime. At
saturation, the contribution from the second harmonic can be
comparable with the first harmonic in the case when X-ray
optics harmonic separation is absent.

High-gain Linear Regime

We first model the case of an FEL amplifier in the high-
gain linear regime. We proceed approximating the detuning
parameter C as constant along the undulator. Let us restrict,
for simplicity, to the case of perfect resonance for C = 0.
This means that from now on @ = wj,. The high-gain
asymptote of the one-dimensional steady-state theory of
FEL amplifiers yields

a(z) = apexp[(V3 +)z/(2Ly)]1 (13)
where we set the exit of the undulator (in the linear regime)
at z = 0 and ay = constant is the modulation level at z = 0.
Here L, is the field gain length. The number of undulator
periods in the field gain length Ly is just Ny, = (47pip)~",
where the FEL parameter p;p is defined in [7]. Based on
Eq. (6) we obtain

Wo \ _ A1 Go(N) )
( W )_W ( BilonGey |0 1Y
where
G (N) = 2\% expl(1 - V3)N] {

+mexp [2iV3N] - iexp [2iV3N]| Ei (N(-1 - iV3))
+iEi (iN(i + V3))} (15)
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Figure 1: Illustration of the behavior of f(K) (left) and
w(N) (right).

G (N) = é {% — (-3 + V3) exp[(1 + iV3)N]

x [ —iBi (-1 = iV3)N)] - (3i + V3)
xexpl(1—iV3)N] [z +iEi (i + V3N)|}  (16)

and

I, K?

o= (5) (75 w
where Wy, = m, czyl,, /e is the total power of the electron
beam and N = wy,02%/(cL,,) is the diffraction parameter
(or Fresnel number) with L,, = L, in our case.

The ratio between the fractions radiated in the two modes
of polarization is therefore conveniently expressed as a func-
tion of three separate factors:

Wi
W = fEIg N w(N) (18)
with
_ B, o, _ Gr(N)
f(K) = A—ij,g(/?m) = pipw ) = X5 (19)

The first factor, f(K), is only a function of the undulator
K parameter and is plotted in Fig. 1. The second factor,
g(p1p) scales as the inverse number of undulator periods
squared, and is a signature of the fact that the gradient term
in the equation for the electric field scales as the inverse
number of undulator periods. The third factor, w(N), is
only a function of the diffraction parameter that is, once the
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wavelength and the undulator length are fixed, a function of
the electron beam size only. It is also plotted in Fig. 1. It
is unity for values of the diffraction parameter around unity,
but it quickly decreases for larger values of N. The power
fraction radiated in the 7 mode increases drastically with the
photon energy, partly due to a larger number of undulator
period per field gain-length, but mainly because of a larger
diffraction parameter.

As an example we consider a 250 pC electron beam at
a photon energy of about 9 keV for the SASE2 line of the
European XFEL, at the electron energy of 17.5 GeV. Here
K =~ 3.6, the peak current is about 5 kA, and the rms sizes
of the electron beam in the horizontal and vertical directions
are about o, ~ 15 ym and o, ~ 18 um respectively. For
our purposes of exemplification we consider a round beam
with o = 16um. The peak current density can then be
estimated as Iy/(2no2). Finally, the undulator period is
Ay = 40 mm. From these numbers we obtain the parameter
pip = 8 - 107*. Plugging these numbers in Eq. (18) and
remembering the definition in Eq. (19)we obtain f(K) =~
2.5, 8(p1p) ~6.4-1077, N ~ 3 and w(N) =~ 0.072, so that
the overall ratio Wy /W, ~ 1.13 - 1077

Constant Density Modulation

In analogy with the previous paragraph, we now proceed
to study the case of a constant density modulation along an
undulator of fixed length L,,, imitating the behavior of an
FEL at saturation. We can still set C(z) = 0. At variance
with the previous model we now write

p(z.D) = jo (I) 2mapHy, (2)8(w - wio) -

Here ay = const, Hy,(z) = 1 for z in the range
(-L,/2,L, /2) and zero otherwise, with L,, the undula-
tor length, and j, is defined as in Eq. (12). One finds

(20)

We | _ A (4N, ) Fy (N)
( W, )‘W"( By (4nlyy )" F(N) ) @h
where
F(N) = arct (i)+N1 ( AN ) (22)
o (V) = arctan | 5 "ave+1)
Fa(N) = — L (23)
TN +4N2Y

and where parameters N and W,, are defined above.
Similarly as before, the ratio between the two fractions

radiated into the two modes of polarization is conveniently

expressed as a function of three separate factors:

W,
W—” = f(K)g(Ny)h(N) (24)
o
with
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Figure 2: Illustration of the behavior of Z(N).

_ B3, R _ Fz(N)
f(K) = A_gj’g(Nw) = G " =

(25)

The function f has been defined in the previous paragraph.
Concerning the second factor g, we have an expression which
is similar to that in Eq. (19). The only difference is that here
we replaced pp with (4nN,,)~!, with N,, the number of
undulator periods in the undulator. The number of undulator
periods in a field gain length is just N,, = (47p1p)~"', and
therefore the second factor in Eq. (24) just amounts to p%D
for an undulator length L,, = Lg, L, being, as before, the
field gain length. By setting the undulator length equal to the
field gain length the two models can be directly compared
by studying w(N) as defined in Eq. (19) and i(N) defined
in Eq. (25). We plot h(N) explicitly in Fig. 2. As one can
see it differs from Fig. 1, due to the different model used.

Considering the same example made in the previous para-
graph we find again f(K) ~ 2.5, g(pip) ~6.4-1077, N =~
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3. Plugging the value for N into Eq. (25) we obtain A(N) =~
0.097, so that the overall ratio W, /W, ~ 1.5- 1077,

The case of a constant density modulation treated in this
paragraph not only pertains an FEL at saturation, but also
the case of spontaneous emission in an undulator. A major
difference compared to the FEL case is that the FEL process
limits the detuning to values C < k,, and the angle of
interest up to @max. Such limitations are not automatically
present in the case of spontaneous emission. However, if
we limit the acceptance angle of the spontaneous emission
to Omax and we assume the undulator length of order of the
FEL gain length, we expect the same ratio of the fractions
radiated in the two modes of polarization found in Eq. (24).
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RADIATION WITH COMBINED HELICAL AND UNIFORM MAGNETIC
FIELDS

N. Balal"”, V. L. Bratman"*, E. Magori'
'Ariel University, Ariel, Israel
*Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia

Abstract

Two methods to mitigate repulsion of electrons in
dense bunches from photo-injectors with a relatively low
particle energy and to enhance the power of terahertz
radiation have been studied. First method is based on
using very short bunches and small undulator periods that
allows a significant shortening radiation sections.
According to simulations bunches with duration (50-
100) fs and energy 6 MeV that presumably could be
formed in the constructing Isracli THz FEL [1] would
fairly effectively radiate at frequencies up to (10-20) THz.
The second method is based on an idea recently proposed
by A.V. Savilov for longitudinal electron bunching [2, 3].
This is possible when a bunch moves in a combined
magnetic field of a solenoid and of a undulator and the
electron cyclotron frequency is sufficiently large in
comparison with their undulator frequency. In such
situation, an increase/decrease of particle energy in the
repulsed Coulomb field of space charge leads to a
decrease/increase in particle longitudinal momentum.
Correspondingly, Coulomb repulsion can lead to an
effective attraction of the particles (this effect is
analogous to the known cyclotron negative-mass
instability). A large value of the uniform field that is
necessary in this method can be used to easily obtain a
undulator field by inserting a simple steel helix inside a
pulsed solenoid. Simulations confirm that the particle
attraction can provide a powerful and narrowband
radiation of the bunch with electron energy (5-6) MeV
and duration 0.3 ps at the frequencies up to 3 THz.

SHORT BUNCHES IN
MICROUNDULATORS

The first opportunity may be realized if bunches with
duration of about of 100 fs or even shorter are formed at
the entrance of a radiation section. In this case, one can
use a mm-period undulator (microundulator) and produce
the radiation with the frequency up to 10 THz and higher.
A small undulator period provides a relatively narrow-
band radiation at comparably short radiation length where
the longitudinal particles expansion is not too large even
at very high bunch charges if the corresponding energy
chirp is also used. For such situation, we propose a helical
undulator in the form of a set of a helically spaced magnet
block interspaced with a preliminarily non-magnetized
steel helix; such a set with helically periodic elements

#nezahb@ariel.ac.il
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being inserted into a solenoid redistributes its field adding
the required helical component in it (Fig. 1). The magnet
block should be permanently magnetized toward the
solenoid field. This method was successfully developed
for a plane prototype in [4]. A strong solenoid field
prevents also the transverse particles expansion.
According to simulations on the basis Microwave Studio
code the optimized undulator systems of such a kind with
the ratio of longitudinal helix thickness to the separations
1:2 can provide a strong transverse helical field with the
amplitude up to (0.7-1.0) T at an acceptable gap-period
ratio 1:3 (Table 1). Such fields provide, in particular, a
sufficiently large undulator parameter K=0.3-0.4 at the
small period of (4-5) mm. Simulations of Coherent
Spontaneous Undulator Radiation of an electron bunch in
a combined magnetic field of the solenoid and steel and
preliminarily magnetized helical insertions was carried
out on the basis of a self-consistent one-dimensional
model of the bunch in the form of a charged plane layer
using simple formulas for the field of an arbitrary moving
charged plane [5]. Such one-dimensional simulations
were used for estimations of interaction and radiation
from thin disc-like electron bunches with the following
parameters: charge (50-200) pC, radius 0.4 mm, duration
(50-100) fs, energy 5.5 MeV and a large energy chirp
(0.3-1.0) MeV moving in a waveguide mounted into the
undulator with the length (5-10) cm. According to
calculations one may expect to obtain in such situation
narrowband picosecond pulses with the radiation
frequency up to (10-20) THz and energy up to (0.1-
0.4) pJ.

Waveguide

Figure 1: Microundulator for a source of Coherent
Spontaneous Radiation of a dense electron bunch with the
frequency up to (10-20) THz consisting of a solenoid and
insertions in the form of a magnetized block and a non-
magnetized steel helix.
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Figure 2: Results of simulations for transverse magnetic
field at the axis of symmetry of microundulator on the
basis of Microwave Studio code: a) x-component and
b) phase.

Table 1: Parameters of Microundulator

Field of solenoid, T 0.8
Period, mm 4.5
Gap, mm 1.5
Height of steel poles, mm 6

Height of magnet block, mm 15
Helical undulator field, T 0.7

NEGATIVE-MASS BUNCH
STABILIZATION

The second considered method is intended to realization
of a promising idea [2,3] for an effective longitudinal
electron bunching in a combined helical and very strong
(over-resonance) uniform magnetic fields. Such effect can
occur when the cyclotron electron frequency is
significantly larger than its undulator bounce-frequency.
It is known that in this region of parameters the
longitudinal velocity of a particle can decrease/increase
with an increase/decrease in its energy [6,7]. Corres-
pondingly, like in the classic cyclotron negative-mass
instability of non-isochronously oscillating and inter-
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acting charged particles [8,9], the change of the particle
energy in the repulsing Coulomb field of a bunch leads to
the longitudinal electron attraction and bunching of
particles. In this paper, we propose to use a very large
value of the uniform magnetic field that is required for
such Negative-Mass Stabilization for easy obtaining the
transverse undulator field by inserting a one steel helix
inside a pulsed solenoid with a strong field that leads to a
proper redistribution of this field. For example, a steel
helix with the period 2.5 cm mounted in the axial
magnetic field 8 T (Fig. 3) can easily provide the
undulator parameter K=0.5-1.0 (despite the fact that the
axial field significantly exceeds the saturation value for
steel and other magnetic materials). In such fields the
cyclotron frequency of the particles with energy 5.5 MeV
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Figure 3: Helical undulator for Negative-Mass Stabiliza-
tion of the electron bunch: a) a steel helix wound on
cylindrical waveguide with outside diameter 10 mm and
inserted inside a solenoid with a strong field, b) axial
distribution of transverse undulator field, ¢) dependence
of amplitude of transverse field on helix radius r.

r
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is 60% larger than their undulator frequency. Simulations
for the bunch with the charge 300 pC on the basis of
General Particle Tracer code (Fig. 4) demonstrate a good
coincidence with results of calculations for an ideal model
studied in [2]. Due to the Negative-Mass effect the
longitudinal size of the nucleus of the electron beam is
nearly constant at a large undulator length.
Correspondingly, the effective particle attraction in such
conditions can provide a powerful and narrowband
radiation at the frequencies (1-3) THz.

(a)

linear charge density

0.6 -0.3 0 0.3 0.6
z (mm)

(b)

linear charge density

\

-1.8 -1.2 -0.6 0 0.6 1.2
z (mm)

Figure 4: Density distribution for the electron bunch in
the combined undulator and uniform magnetic fields in
negative- and positive-mass regimes (solid and dashed
curves correspond to the guiding field +8 T and -8 T,
respectively) after the distance 45 cm (a) and 90 cm (b).

Table 2: Parameters of Electron Beam and Undulator for
a THz Source with Negative-Mass Stabilization

Electron bunch Undulator

Energy, MeV 5.5 Period, mm 25

Charge, pC 300 | Axial field, T 8

Duration, ps 330 | Transverse field, T | 0.15
CONCLUSION

Two methods have been proposed and theoretically
studied for possible power and frequency enhancement in
the constructing Israeli source of THz coherent
spontanecous radiation of short ultrarelativistic electron
bunches.

Use of very short electron bunches with duration of
(50-100) ps and a large energy chirp together with a
proposed helical modification of the microundulator
based on redistribution of uniform magnetic field of a
solenoid by a periodic set of preliminarily magnetized and
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non-magnetized materials (Fig. 1) could increase the
maximum frequency of the source from (3-4) THz to (10-
20) THz and significantly narrow its radiation spectrum.

The simple steel helical structure inserted into a strong
field of solenoid (Fig. 3) can be also used for obtaining a
helical undulator field and realization of Negative-Mass
Stabilization regime that may lead to significantly higher
efficiency and narrower bandwidth of radiation
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Abstract

We are building an infrared free-electron laser (IR-FEL)
facility that will operate from 5 um to 200 um. This FEL
source is drived by a linac, which is composed of a triode
electron gun, a subharmonic prebuncher, a buncher, two
accelerators, and a beam transport line. The linac is re-
quired to operate from 15 to 60 MeV at 1 nC charge, while
delivering a transverse rms emittance of smaller than 30
mm-mrad in a 5 ps rms length, smaller than 240 keV rms
energy spread bunch at the Far-infrared and Mid-infrared un-
dulators. In this article, the preliminary Linac design studies
are described.

INTRODUCTION

The basic layout of the FEL facility is shown in Fig. 1.
The accelerating system consists of a 100kV triode electron
gun, a bunching system, and two accelerators. The energy
range between 15 and 25 MeV will be covered with the first
accelerator (A1) for the far-infrared radiation, and the range
between 25 to 60 MeV with the second accelerator (A2) for
the middle-infrared radiation. As to the requirement of the
FEL physics [1], the electron beam characteristics are listed
in Table 1.

Table 1: Electron Beam Characteristics

Energy (E) 15-60 MeV
Energy spread (0E) < 240keV
Emittance (g,,) < 30 mm-mrad
Charge (Q) 1 nC
micro pulse Peak current (1) >05A
Pulse length (o) 2-5 ps
Repetition rate % MHz
Pulse width 5-10ps
macro pulse | Average current (1) ~300 mA
Repetition rate 20 Hz

DESCRIPTION OF THE LINAC

As shown in Fig. 1, the Linac consists of a:

- 100 keV electron gun

- 476 MHz subharmonic standing wave pre-buncher

- 2856 MHz fundamental frequency traveling wave
buncher

- two 2856 MHz fundamental frequency traveling wave
accelerators

* Supported by National Natural Science Foundation of China (No.
21327901).
 Corresponding author, email: shancai@ustc.edu.cn
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- set of solenoid focusing coil from the gun exit to the

end of the first accelerator

- magnetic compressor (chicane)

- two beam transport systems

The triode gun can be driven by the grid for the pulsed
mode. A 476 MHz signal during 10 ps is carried to the HV
deck. A frequency divider is used to control the repetition
rate of the micro pulses. The electron gun pulser could offer
the pulsed signal of up to 200 V/1 ns every 2, 4, 8, 16, or
32 ns. We expect to obtain micro pulses of 1-2 A/l ns at
the gun output. The operating mode of the electron gun is
similar to the gun of the CLIO FEL [2, 3], while RF gated
electron guns are adopted by the FELIX FEL [4,5] and FHI
FEL [6].

The pre-buncher will be a 20 cm long stainless steel re-
entrant standing wave cavity operating at 476 MHz. With a
gap voltage of 40 kV, the bunch length could be compressed
by about 20 times in 24 cm long drift space downstream
from the pre-buncher exit at the entrance of the buncher.

For further bunch length compression, a traveling wave
buncher operating at 2856 MHz is used, which consists of
an input coupler, 11 cells , and an output coupler. The phase
velocities By of the fist four cells are 0.63, 0.8, 0.915, and
0.958 respectively, and that of the rest of the cells is 1. With
a 9 MV/m gradient (about 5 MW input power), the bunch
length can be compressed to 4.5 ps (rms) and the beam
energy is about 3.1 MeV at the exit of the buncher.

The two 2 meters long traveling wave accelerators are
also operating at 2856 MHz, which consists of input and
output couplers and 57 cells. Because of the high average
current, the beam loading effect should be considered in the
accelerators. As to our design structures, the acceleration
gradient of the cells are shown in Fig. 2. When the beam
current is 300 mA, one accelerator can offer about 30 MeV
beam energy increase with 20 MW input power.

To improve the gain of the short wavelength radiation, a
higher peak current bunch may be required. The chicane
could be as a backup apparatus to obtain a shorter bunch.
Because the peak current is above 100 A at the exit of Al,
the magnetic compressor is not used normally.

The main functions of the beam transport systems are
beam matching and beam energy filtering. Energy slits will
be used in the dispersion section to filter out the electrons
with great energy spread.

BEAM DYNAMICS

The code PARMELA is used for beam dynamics simula-
tion. The initial beam current and bunch length are 1.5 A
and 1 ns respectively.

Figure 3 shows the simulated longitudinal distribution
state and phase space of the electron bunch at the exit of the

Status of Projects and Facilities
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Figure 2: Acceleration gradient of the acceleration cells for
different beam currents.

buncher. The electron bunch is compressed to about 30 ps
width. In the core part, the bunch length is within 15 ps, and
the energy spread is also small.

Figure 4 shows the current distribution state and phase
space of the electron bunch at the exit of Al. The peak
current is up to 120 A, the charge of electrons in the core
part is about 1 nC, and the rms bunch length is 4.5 ps. When
the beam energy is 20 MeV, the rms energy spread is about
80keV. When the beam energy is 30 MeV, the spread could
be increased to 120 keV, which is the maximum rms energy
spread of the whole Linac, however the energy spread caused
by errors is not included. The transverse emittances are
about 10 mm-mrad in the horizontal and vertical directions,
as shown in Fig. 5.

The lattice of the beam transport line is designed with the
code MAD. As an example, the beta and dispersion functions
for the MIR-undulator without the magnetic compressor are

Status of Projects and Facilities

Figure 3: Longitudinal distribution state and phase space
of the electron bunch at the exit of the buncher.

shown in Fig. 6. At the position of 0.9 m dispersion, the
energy slit will be installed for energy filter.

STATUS AND SCHEDULES

The project is under technical design. The first 60 MeV
electron beam is scheduled in September of 2017, the MIR
laser would operate at the end of 2017, and the FIR laser
would be available at the middle of 2018.
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Abstract

CLARA is a new FEL test facility being developed at
STFC Daresbury Laboratory in the UK. The main
motivation for CLARA is to test new FEL schemes that
can later be implemented on existing and future short
wavelength FELs. Particular focus will be on ultra-short
pulse generation, pulse stability, and synchronisation with
external sources. The project is now underway and the
Front End section (photoinjector and first linac)
installation will begin later this year. This paper will
discuss the progress with the Front End assembly and also
highlighting other topics which are currently receiving
significant attention.

INTRODUCTION

CLARA will be a dedicated FEL test facility in the UK,
capable of testing new FEL schemes that have the
capability to enhance the performance of short
wavelength FELs worldwide. The primary focus of
CLARA will be on ultrashort pulse generation, stability,
and synchronisation. Enhancements in these three areas
will have a significant impact on the experimental
capabilities of FELs in the future.

The wavelength range chosen for the CLARA FEL is
400 — 100 nm, appropriate for the demonstration of
advanced FEL concepts on a relatively low energy
accelerator. Key drivers for this choice are the availability
of suitable seed sources for interacting with the electron
beam and the availability of single shot diagnostic
techniques for the characterisation of the output. The
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proposal is to study short pulse generation over the range
400 — 250 nm, where suitable nonlinear materials for
single shot pulse profile characterisation are available.
For schemes requiring only spectral characterisation (for
example producing coherent higher harmonics of seed
sources, or improving the spectral brightness of SASE)
the operating wavelength range will be 266 — 100 nm.
Generating these wavelengths will be readily achievable
with the 250 MeV maximum energy of CLARA.

Since the Conceptual Design Report was published in
2013 [1] there has been significant progress in the overall
design of the facility, with special attention paid to the
Front End injection section (up to 50 MeV) and the FEL
layout itself. The injection section is currently being
procured and assembled offline and it will be installed in
November 2015 with commissioning planned for April
2016. A schematic layout of the full facility is given in
Fig. 1.

FRONT END SECTION

The CLARA Front End includes the RF photoinjector,
a 2 m long S-band linac, a straight ahead line into a
temporary combined Faraday cup/beam dump and a dog-
leg to transport the beam into the already operational
VELA facility [2]. Initially the existing 2.5 cell S-band
RF gun currently used at VELA will be used for the
CLARA Front End [3]. This is limited to 10 Hz repetition
rate, at bunch charges of up to 250 pC. The gun is fed
with a 10 MW klystron with a power available for the gun
of 8.5 MW. Maximum beam momentum measured at this
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power is 5.0 MeV/c [4]. To reach repetition rates of up to
400 Hz this will be replaced by a high repetition rate
photoinjector which is currently being manufactured [5].
This new photoinjector is a 1.5 cell S-band gun with RF
probe included for active monitoring and feedback. The
cooling system has been optimised to cope with up to
10 kW of average power which means that at a maximum
gradient of 120 MV/m it will be capable of 100 Hz, or
alternatively 100 MV/m at 400 Hz. The gun also
incorporates a vacuum load lock system for ready
replacement of the cathode. CAD models of the gun

Laser Heater
X-band Cavity
Bunch Compressor
Spectrometer 1
Trans. Def. Cavity 1

Diagnostics 1

Gun
Linac 1
Linac 3
Linac 4

70 - 150 MeV

~250 MeV
PlLaser

Seed Laser
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cavity, which is currently being fabricated, are given in
Figs. 2 and 3. The linac will also be capable of 400 Hz
operation at a maximum gradient of 25 MV/m. A photo of
the linac structure currently being fabricated and tested is
given in Fig. 4. Detailed studies of the Front End
performance with the existing 10 Hz gun and the new
400 Hz gun as a function of accelerating gradient,
photoinjector laser pulse length, and also the impact of a
velocity compression mode are all discussed in [6].
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Figure 1: Schematic layout of CLARA.

H shape coupler

RF probe*

Gun Cavity

Cathode plug and
spring retaining plate.

Cooling channels

Figure 2: CAD model of the high repetition rate gun
showing the key features.
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Figure 3: CAD model of the high repetition rate gun
mounted on CLARA with the main solenoid in dark green
and the bucking solenoid in light green. The load lock
system attaches to the back of the gun within this bucking
solenoid.
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Figure 4: Photo of the 2 m long S-band linac undergoing
low power RF testing following manufacture.

LASER HEATER STUDIES

The CLARA linac is potentially affected by
longitudinal microbunching instability (MBI) [7-9], as are
other accelerators that drive high gain free electron laser
(FEL) facilities [10,11], which produces short wavelength
(~1 — 5um) energy and current modulations. These can
both degrade the FEL spectrum and reduce the power by
increasing the slice energy spread. This instability is
presumed to start at the photoinjector exit growing from a
pure density modulation caused by shot noise and/or
unwanted modulations in the photoinjector laser temporal
profile. As the electron beam travels along the linac to
reach the bunch compressor, the density modulation leads
to an energy modulation via longitudinal space charge.
The resultant energy modulations are then transformed
into higher density modulations by the bunch compressor.
The increased current non-uniformity leads to further
energy modulations along the rest of the linac. Coherent
synchrotron radiation in the bunch compressor can further
enhance these energy and density modulations [12,13].
The main solution to prevent MBI, used in several FEL
facilities, is the laser heater [14,15].

A laser heater consists of a short, planar undulator
located in a magnetic chicane where an external infra-red
laser pulse is superimposed temporally and spatially over
the electron beam. The electron-laser interaction within
the undulator produces an energy modulation on a
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longitudinal scale length corresponding to the laser
wavelength.

The second half of the laser heater chicane smears the
energy modulation in time, leaving the beam with an
almost pure incoherent energy spread. This controllable
incoherent energy spread suppresses further MBI growth
via energy Landau damping in the bunch compressor. A
layout of a laser heater is shown in Fig. 5.

Screen Screen

Undulator

Dipole Dipole

Figure 5: Laser heater layout.

Whilst our studies have shown that a laser heater will
not be essential in order for CLARA to lase, the presence
of the laser heater in a test facility like CLARA could be
exploited to study further some less explored aspects of
MBI such as the microbunching induced by the laser
heater chicane and the microbunching competition
between different sections of the accelerator [16].

The laser heater can also be used to modulate the
electron beam energy spread to control the FEL
temporal and spectral properties [17] or to deliberately
increase the final energy spread to study energy spread
sensitivities of the FEL schemes tested at CLARA. The
laser heater chicane could be also used to implement the
diagnostics presented in [18]. These are all possible
experiments of relevance to future FEL facilities. Further
details of the CLARA laser heater design and motivation
are presented in [19].

REVISED FEL SECTION

The layout of the FEL section has been revised since
the publication of the CDR. The previous layout included
a single modulator undulator to provide an interaction
between seed/modulating lasers and the electron beam. It
was found in simulations however that for the 30 —
120 pm seed wavelength range the amplitude of the
modulation obtained was smaller than that required for
optimum performance in some modes. This was due to
the modest seed power available and the fact that the
slippage limited the interaction length to only a few
undulator periods. The revised layout comprises two
modulators with dispersive chicane in between, i.e. an
optical klystron configuration. The small modulation
induced in the first modulator can be bunched in the
chicane giving strong coherent emission in the second
modulator which then slips over the whole bunch driving
the energy modulation more strongly. The amplitude of
the energy modulation is expected to be enhanced by
nearly an order of magnitude, compared to the original
design comprising a single modulator.

The layout of the radiator section has also been revised.
The length of the individual undulator modules has been
reduced from 1.5 m to 0.75 m and the gaps between
modules have also been halved in length from 1.1 m to
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0.5 m. The number of modules is now 17 compared with
7 previously. There are several motivations for this
change. First, two of the schemes to be investigated on
CLARA, Mode-Locking [20] and HB-SASE [21], have
been seen in simulations to perform more effectively for a
lattice comprising a greater number of shorter undulators,
in agreement with other research [22]. Second, reducing
the FODO period reduces the FEL gain length which
benefits all CLARA FEL schemes. Third, the natural
focussing of the FEL undulators becomes less significant
allowing easier matching into the FODO channel. In order
to reduce the length of the intermodule gaps the
diagnostic screens and vacuum components will now be
incorporated within the length of the undulator modules,
rather than in the gaps. Design of the vacuum solution and
diagnostic screens is ongoing.

UNDULATOR TAPERING STUDIES

Undulator tapering is a well-known and widely used
technique for improving the performance of free-electron
lasers. It was originally proposed as a way to improve the
energy extraction efficiency of an FEL, but has since
found many other applications. For example, when
tapering is combined with self-seeding, it provides a route
to coherent, high-power, hard x-ray FELs. Alternatively,
it can be used in combination with an external laser
modulator to generate short, fully coherent radiation
pulses by restricting high FEL-gain to the energy-chirped
sections of the electron bunch. Similarly, energy-chirps
arising from velocity bunching or longitudinal space
charge can be compensated using an undulator taper. A
reverse undulator taper can also be used to suppress FEL
power, whilst still allowing a high degree of bunching to
develop within the electron bunch. This can then be used
for a variety of applications, such as generating circularly
polarised light in a helical undulator after-burner.

In view of this diverse range of applications for
undulator tapering, the topic is currently one of interest
for study with CLARA. An investigation has been carried
out into the suitability of the proposed FEL layout for
improving both the final FEL pulse energy and spectral
brightness via undulator tapering. The results have
confirmed that the proposed layout is suitable for
effective tapering experiments [23].

X-BAND DEVELOPMENTS

Initially CLARA will be based on S-band linac sections
to achieve the required energy of 250 MeV. However, a
study has shown that the replacement of the last 4 m linac
section by an X-band linac designed for FEL applications
does not have any adverse impact on the bunch quality
and would have the useful advantage of increasing the
maximum energy of CLARA to approximately 430 MeV,
assuming a gradient of 65 MV/m [24]. This would enable
CLARA to prove that X-band technology developed
initially for the CLIC particle physics collider at CERN is
applicable to FELs [25]. In the long term, as this
technology matures and is further industrialised, X-band

ISBN 978-3-95450-134-2
52

Proceedings of FEL2015, Daejeon, Korea

acceleration could form the basis of a future FEL user
facility for the UK.

BUILDING UPGRADE

CLARA is being installed into an existing building on
the Daresbury site. This building is approximately fifty
years old and is 34 m by 110 m which is more than
sufficient for CLARA (approximately 10 m by 95 m).
However, the temperature variation within the building
due to seasonal variation is very large due to poor
environmental control and insufficient insulation. As a
result the temperature control required within the shielded
enclosure, which is specified to be within 0.1 °C, would
be very difficult to achieve. Furthermore, the ancillary
equipment outside of the shielded enclosure, such as the
RF infrastructure, control racks, power convertors, cables,
fibres, and lasers, also require the temperature to be well
controlled in order to be able to achieve the extreme
levels of synchronisation and stability required by
CLARA. Therefore the building is being upgraded to
stabilise the temperature within the complete building to
within 1.0 °C. The walls and roof are being completely
replaced by modern insulated panels, and all windows
removed, in order to achieve this specification with the
minimum of active control required. This building
upgrade will be completed within approximately 18
months.
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Abstract

Construction and development of a source development
station are in progress at UVSOR-IIL, a 750 MeV electron
storage ring. It is equipped with an optical klystron type
undulator system, a mode lock Ti:Sa Laser system, a
dedicated beam-line for visible-VUV radiation and a
parasitic beam-line for THz radiation. New light port to
extract edge radiation was constructed recently. An
optical cavity for a resonator free electron laser is
currently being reconstructed. Some experiments such as
coherent THz radiation, coherent harmonic radiation,
laser Compton Scattering gamma-rays and optical
vortices are in progress.

INTRODUCTION

UVSOR is a synchrotron light source, which was
constructed in 1980’s. Using a part of the ring, various
light source technologies, such as resonator free electron
laser [1] and its applications [2], coherent harmonic
generation [3] and coherent synchrotron radiation via
laser modulation [4], laser Compton scattering [5] have
been developed. These research works had been carried
out by parasitically using an undulator and a beam-line
for photo-electron spectroscopy [6]. Under Quantum
Beam Technology Program of MEXT in Japan, we started
constructing a new experiment station dedicated for light
source developments. FY2010, we created a new straight
section by moving the injection line. FY2011, a new
optical klystron was constructed and installed. FY2009-
2010, the seed laser system was upgraded and moved to
the new station. FY2011, two beam-lines dedicated for
coherent light source development were constructed. In
FY2012, another upgrade program for the storage ring
was funded, in which all the bending magnets were
replaced [7]. After this major upgrade, we started to call
the machine UVSOR-III. Because we had to pay a lot of
efforts for the machine conditioning, we have to slow-
down the construction of the source development station
for a few years. In FY2014, the mirror chambers of the
optical cavity were installed. The experiments have
started on coherent THz edge radiation, optical vortex
beam, and laser Compton scattering gamma-rays. In this
paper, we will report the most recent status of the source
development station at UVSOR-IIL.

*Some parts of this work were supported by JSPS KAKENHI Grant
Number 26286081, 26390111 and MEXT Quantum Beam Technology
Program.

#nsmirian@ims.ac.jp
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FACILITY STATUS

Accelerators

The recent view of UVSOR-III storage ring is shown in
Fig. 1. The main parameters of the ring are listed in
Table 1. The ring is normally operated at 750 MeV for
synchrotron radiation users in multi-bunch mode. On the
other hand, in many of the source development studies,
the ring is operated at lower energy (600~500MeV) and
in single bunch mode. The studies are carried out in
dedicated beam times for machine studies. Usually every
weekend and Monday can be used for machine studies. In
addition, a few weeks a year are usually reserved for
machine studies.

The electron beam is supplied by an injector which
consists of a 15 MeV linear accelerator and a full energy
booster synchrotron. Top-up operation is possible, even
for the low energy single bunch operation.

Since the major upgrade in 2012, we have observed
that the threshold current of the transverse single bunch
instability was lowered. Currently we can accumulate
around 50 mA in a single bunch, however, it is difficult to
accumulate more. This problem is currently under
investigation.

The source development station was constructed by
utilizing one of 4m straight section in the ring. It is
comprised of an optical klystron, an optical cavity, a seed
laser system and beam-lines. The layout of the accelerator
part is shown in Fig. 2.

Synchrotron Radiation beam-lines.
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Table 1: Main Parameters of UVSOR-III

MOP012

Table 2: Main Parameters of Optical Klystron

Electron Energy 750 MeV (max.) Magnetic Configuration APPLE-II
Circumference 532 m Period Length 88 mm
Beam Current 300 mA (multi-bunch) Number of Periods 10+10
50 mA (single bunch) Max. R56 of Buncher 67um (600MeV)
Emittance 17.5 nm-rad - -
Max. Deflection Parameter 7.36 (horizontal)
Energy Spread 5.3x10™ 4.93 (vertical)
Betatron Tunes (X,y) (3.75, 3.20) 4.06 (circular)
Harmonic Number 16 Laser
RF Frequency 90.1 MHz The original laser system for the seeding experiment at
UVSOR consisted of a Ti:Sa oscillator and a regenerative
RF Voltage 120kV amplifier (COHERENT: legend HE), which was
Momentum Compaction 0.030 synchronized with the RF acceleration of the storage ring
[4]. FY 2010, a multipath amplifier (COHERENT: Hidra-
Natural Bunch Length 128 ps

Figure 2: Layout of Source Development Station
(Accelerator Part) with a picture of Optical Klystron. A
part of the storage ring is shown. The electron beam is
circulating counter clockwise (from left to right in this
figure).

Optical Klystron

The optical klystron consists of two identical variable
polarization undulators of APPLE-II configuration and a
buncher magnet, which is a three pole electromagnetic
wiggler, in between. The magnetic gaps and phases of the
two undulators as well as the field strength of the buncher
can be changed independently. The undulators were
designed so that the fundamental wavelength of the
undulators in the planer mode can be tuned to 800 nm for
the electron energy of 600 MeV and to 400 nm for
750MeV. The former wavelength is that of the Ti:Sa laser
described in the next section and the latter its second
harmonics. So far, the laser seeding is carried out at the
fundamental wavelength. In future, the second harmonics
will be used to carry out the seeding experiments during
normal users beam times. The main parameters of the
optical klystron are listed in Table 2.
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50) and a single-path amplifier (COHERENT: Legend-
cryo) were added toward a higher pulse energy. The main
parameters of the laser system are listed in Table 3.
During the construction of the new experiment station,
the laser system was moved to a new site which is close
to the downstream end of the undulator beam-line. For the
seeding experiment, we have constructed a laser transport
line which quides the laser beam to the upstream end of
the undulator and, then, into the storage ring [8]. In this
new configuration, we have observed laser beam position
instability which is likely caused by mechanical
vibrations of the optical components. It is observed that
this causes significant instabilities of the coherent
radiation intensities. Therefore we are currently testing a
beam stabilization system based on a commercial product.

Table 3: Main Parameters of Laser System

Legend-HE Pulse Energy 2.5ml]
Pulse Width 100fs-2ps
Repetition Rate 1 kHz

Legend-Cryo Pulse Energy 10 mJ
Pulse Width 100fs-2ps
Repetition Rate 1kHz

Hydra-50 Pulse Energy 50 mJ
Pulse Width 100fs-2ps
Repetition Rate 10Hz

Beam Lines

In spring 2015, the front end of the beam line BL1U,
which is dedicated for extracting the FEL or CHG
radiation or LCS gamma-rays and injecting laser beams
for LCS experiments, was improved as shown in Fig. 3.
Just after the light port on the bending magnet chamber,
there are a manual gate valve, a beam shutter and a
pneumatic gate valve as in the other synchrotron radiation
beam lines at UVSOR-III. Just downstream of these, there
is a beam slit, which is to cut the unnecessary part of the
radiation. This slit was prepared for future utilization of
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the coherent radiation. After the slit, a dismountable 90
degree mirror was installed, which is to extract the light
beams and transport those to an optical bench for
diagnostics and to lead the laser beam for the LCS
experiment to the storage ring. After the mirror, a mirror
chamber of the optical resonator for the FEL was
installed. The exit of the mirror chamber was sealed with
a quartz window. Currently the mirror for the optical
cavity is not mounted. Therefore, the undulator radiation
can be extracted directly through the window without
using mirrors. This may be useful to precisely investigate
the phase properties of the undulator radiation.

i
11 BLIB THz

Beam Line

Undulator ' =

7 Beam
Radiation 5 uartz
: Shutter Q

eam Slif 7i
Beam Slit Window

90 degree
Mirror

Optical Cavity
Mirror Chamber

Figure 3: Beam Line Frontend at BL1U.

Another dedicated beam line BL2E was also
constructed in FY2014. This beam line is located at the
second bending magnet from the undulator, as shown in
Fig. 2. This beam-line utilizes a small light port on the
zero degree line of the bending magnet. A water cooled
Cu mirror reflects the edge radiation from the bending
magnet upwards. The radiation was extracted to the air
through a quartz window. In adding to this beam line,
there is another terahertz beam line BLIB, which is
normally used by terahertz synchrotron radiation users,
but can be used for the coherent terahertz experiment. In
this beam line, a magic mirror is installed which collects
infrared and terahertz synchrotron radiation from the
bending magnet with a very wide aperture, 244x80 mrad”.
A Martin-Puplett type interferometer (JASCO FARIS-1)
is also equipped.

SUMMARY AND PROSPECTS

A light source development station was constructed and
is being developed at the UVSOR-III electron storage
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ring. Currently, coherent terahertz radiation experiment
based on laser modulation technique, laser Compton
scattering experiment and optical vortices beam study
using the APPLE-II undulators in tandem are in progress.
Resonator free electron laser experiment will be re-started
in near future toward intra-cavity laser Compton
scattering experiment. The combined use of multi-photon
beams such as terahertz-pump and VUV-CHG probe
experiments is under preparation.
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Abstract

FERMI is the seeded FEL user facility in Trieste, Italy,
producing photons from the VUV to the soft X-rays with
a high degree of coherence and spectral stability. Both
FEL lines, FEL-1 and FEL-2, are available for users,
down to the shortest wavelength of 4 nm. We report on
the completion of the commissioning of the high energy
FEL line, FEL-2, on the most recent progress obtained on
FEL-1 and on the operational experience for users, in
particular those requiring specific FEL configurations,
such as two-colour experiments. We will also give a
perspective on the improvements and upgrades which
have been triggered based on our experience, aiming to
maintain as well as to constantly improve the
performance of the facility for our user community.

INTRODUCTION

The distinguishing features that make the FERMI FEL
facility [1-3] attractive for the scientific community are
the wavelength tunability, the spectral stability, the high
degree of longitudinal and transverse coherence with
pulses close to the Fourier limit. The capability of
providing pulses with different polarizations in various
controllable configurations [4,5] and the availablility of a
synchronized user laser (IR &UV) with very low time
jitter with respect to the FEL pulses [6], are other
important and unique characteristics of FERMI.

FERMI FEL-1, the VUV to EUV line covering photon
energies between 12 eV and 62 eV [2], has been operating
for external users since December 2012. FEL-2, covering
the EUV to soft X-rays photon energy range (62 eV to
310 eV) [3], reached in September 2014 the nominal
energy per pulse of 10 pJ at the short-wavelength end of
the spectral range (4 nm) [7] and is now also available for
user experiments. In optimized conditions the spectral
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quality and operating characteristics of FEL-1 and FEL-2
are similar, with the latter more critical in terms of tuneup
and stability requirements. An upgrade program has been
started to guarantee for FEL-2 the same robustness,
reliability and flexibility of FEL-1.

Three beamlines, each one with its own experimental
station, are open for users: Diffraction and Projection
Imaging (DiProl) [8], Elastic and Inelastic Scattering
TIMEX (EIS-TIMEX) [9], Low Density Matter (LDM)
[10]. Three more will be available for users in 2016.

FEL-2 COMMISSIONING RESULTS

In order to efficiently seed the electron beam at low

wavelengths, FEL-2 is based on a double stage cascaded
HGHG scheme. The external laser seeds the 1% stage that
consists of a modulator and a radiator with two sections;
the photon pulse generated in the 1% stage seeds the 2
one, consisting of a second modulator and a radiator with
six sections. The magnetic chicane after the 1% stage
delays the electron beam with respect to the photon pulse,
so that the latter overlaps with fresh electrons.
First lasing of FEL-2 was successfully demonstrated in
October 2012 at 144 nm and 10.8 nm [3]. The
performance of FEL-2 was extended to progressively
shorter wavelengths and optimized during the following
commissioning periods. In September 2014 specified
operating conditions were attained at the lower end of the
nominal wavelength interval of FEL-2, namely 4.0 nm
[7]. These performances were confirmed in March 2015.
These results were achieved after an accurate machine
optimization, by setting the peak bunch current to 700 A
and the beam energy at 1.5 GeV, by keeping the emittance
around 1.5 mm mrad for a properly matched beam at the
undulator entrance and by an accurate control of the beam
transport along the undulators. The main parameters of
FEL-2 are listed in Table 1.
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The spectral quality of FEL-2 at 5.4 nm and at 4 nm is
shown in Fig. 1. The FEL spectral line shapes show very
high quality and the transverse profile is very close to the
TEMgo Gaussian mode.

Table 1: FEL-2 Main Parameters

Parameter Value

Beam Energy (GeV) 1.0-1.5

Peak Current (A) 700 - 800

Repetition Rate (Hz) 10 - 50

Wavelength range (nm) 20-4

Polarization variable

Expected pulse length (fs) <100

Energy per pulse (11J) up to 100 (~10, 4 nm)

Typical rel. bandwidth,% rms  ~0.03 (~0.07, 4 nm)

Shot to shot stability, % rms ~ ~25%(~30%, 4 nm)

At 5.4 nm the harmonic conversion is 12x4, the 1%
stage being seeded at 261 nm and the 2" stage seeded at
21.7 nm and tuned at its 4" harmonic. At 4.0 nm the
conversion factor is 13x5.

5.44

5.46 5.48
Wavelength (nm)

5.50

4.02 403 4.04 4.05
Wavelength (nm)

Figure 1: FEL-2 spectrum at 5.4 nm and at 4.0 nm.

In March 2015 in the same configuration at 4 nm an
energy stability (rms) of about 30% (see Fig. 2) was
achieved. At 4 nm the FEL tuning is more critical and the
average line-width is larger than at 5.4 nm. In addition it
is not straightforward to achieve simultaneously top
energy figures and minimum shot to shot fluctuations
together with good spectral linewidth performances.
Based on the experience on FEL-2 at short wavelength, a
series of upgrades has been initiated as described later.
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Figure 2: FEL-2 pulse energy.
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FEL-1 RECENT EXPERIENCE AND
SPECIAL USER MODES

The recent developments on FEL-1 were focused on the
characterization and control of the source properties, in
particular in terms of polarization [4,5] and
pulse/coherence, showing the possibility to tailor the
spectro-temporal content of the light pulses [11].
Concerning the latter, we also implemented a SPIDER
[12-14] setup for the reconstruction, both in the temporal
and spectral domains, of the envelope and phase of pulses
generated by the FEL. The method is based on seeding
the FEL with two identical replicas of a seed pulse to
generate two FEL pulses, shifted in frequency relative one
another, by an appropriate electron phase space energy-
time quadratic curvature. SPIDER phase interferometry
was then used to reconstruct the pulse properties (duration
of about 71-73 fs, with deviation of 1.1-1.2 from the
Fourier limit) [15]. Some of these studies were also
carried out on the first stage of FEL-2, which has identical
parameters to those of FEL-1 except for a reduced
number of radiators.

Special user modes have been developed to offer to the
scientific community extended operating conditions of the
FEL with respect to the nominal design parameters, either
in terms of wavelengths below the nominal spectral range
[16], or in terms of pulse tailoring, with two FEL pulses
produced by the same electron beam [17, 18, 19] for
pump and probe experiments. Special optimization of the
electron beam and of the FEL parameters allowed
generation of coherent radiation from FEL-1 at 12 nm,
well below its nominal spectral range, to perform user
experiments with 10 pJ energy per pulse. After the
pioneering two colour FEL-pump/FEL-probe experiment
in 2012 [17], a new FEL configuration allowing two
colour operations with a wide spectral separation between
the two FEL pulses has been proposed and successfully
used in experiments [20]. In this configuration, two seed
laser pulses with slightly different wavelengths and a
controllable delay interact with the same electron bunch.
The final radiator is divided into two sections tuned at
two different harmonics of the two seed lasers (Fig. 3a).
Coherent emission is produced by each of the two
bunched portions of the beam in only one of the two
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Figure 3: Layout used for two colour FEL operation (a)
and measured spectra for the two FEL pulses (b, c).
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radiator segments, generating two temporally and
spectrally separated pulses (Fig. 3b and 3c).

Notwithstanding the high gain harmonic generation
configuration of FERMI, it is also worth mentioning that
lasing in SASE Optical Klystron mode was demonstrated
[21]. This configuration is considered as an interesting
back-up solution when the seed laser is, for any reason,
unavailable.

OPERATION FOR USERS

FERMI operates for about 6500 hours a year; the rest of
the time is dedicated to maintenance and upgrade
activities [22]. In 2014 60% of the operation time was
dedicated to users activities, one quarter of which was
devoted to tuning and setting up the FEL and the
beamlines. In the remaining 45% of total operation time
the facility ran routinely for user experiments, with 86%
average FEL uptime availability (with respect to the ideal
100% of the scheduled beamtime), thus improving from
the 84.3% value in 2013. Besides internal beamtimes, 16
peer reviewed experiments were completed.

Based on the complexity of the specific experiment, its
duration can vary between 3 and 6 days (with an average
of about 5 days).

As we are approaching the conclusion of commi-
ssioning, the time dedicated to user experiments is
increasing. In 2015 it will reach 55% of the total
operation time; the number of allocated experiments will
increase from 16 to 19 in 2015.

In October 2014 the 4 call for proposals was published
and it was opened both on FEL-1 and FEL-2. At the
deadline in January 2015 68 proposals had been
submitted, 30% on FEL-2. The expected number of
allocated proposals is 21, i.e. an oversubscription factor
3.3 (3.1 for the 3™ call). A more efficient operating
schedule, based on a weekly turnover between the
experimental stations is considered. The preparation time
for a standard experiment is between 1 and 2 days. The
“special” user modes described in the previous section
require careful optimization of all systems involved in the
FEL process and close collaboration between scientists
and machine experts, in order to define the best strategy
to achieve the experimental goals. Therefore the
preparation time can be as long as one week; thus only a
limited number of experiments of this category can be
allocated per year.

The total number of proposals submitted on FERMI to
the four calls opened so far from 2012 to 2014 is 193, 76
on DiProl, 55 on EIS-TIMEX and 62 on LDM. About
35% of the proposers are from national institutions, 65%
from international ones. The largest foreign community
comes from Germany and accounts for 25% of the total.

UPGRADE PROGRAM
LINAC

The present maximum beam energy of the linac is 1.55
GeV (1.5 GeV with a compressed beam) [23]. Two
additional accelerating structures by Research Instruments
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GmbH will be installed to increase the maximum beam
energy to 1.65 GeV and to improve the beam quality at
low energy [24]. The accelerating structures are 3-meter
long, constant gradient, with symmetric input and output
couplers and will replace the two single feed structures
present in the 100 MeV injector part. The two existing
sections will be reinstalled in the high energy part of the
LINAC, where space and RF power are already available.
Final installation is foreseen in the winter shutdown and
commissioning with the increased beam energy will start
in February 2016.

FEL-2

In order to reduce the required seed energy and ensure
for FEL-2 similar performances in terms of continuous
tunability and operability as FEL-1, a third undulator
section will be added to the radiator of the 1% stage of
FEL-2. This configuration was already foreseen in the
original design and space to accommodate the additional
undulator is available. The upgrade will allow extraction
of higher energy per pulse from the 1% stage at equivalent
seed power or alternatively to reduce the required seed
power to reach an equivalent seed pulse energy for the 2™
stage. The latter will therefore open the possibility of
using the OPA seed laser amplifier with a wider range of
seed wavelengths. The stringent requirements on the
electron beam quality will be relaxed as well.

The new section is a 2.5 m long Elliptically Polarized
Undulator (EPU), 55.2 mm period length, 10 mm
minimum gap, the same as the other two EPUs of the
FEL-2 1% stage. It is under construction by Kyma srl.
Delivery is scheduled in 2015, the installation in tunnel in
January 2016 and the commissioning with beam in
March.

SEED LASER

The addition of a second regenerative amplifier to the
seed laser system, sharing the same femtosecond
oscillator with the existing amplifier, will improve the
quality of the laser pulse for seeding FEL-2, leading to an
improvement of the FEL quality and flexibility. The new
regenerative amplifier main features are: a shorter pulse
duration in fixed wavelength (800 nm) mode, i.e. less
than 50 fs FWHM, and a central wavelength tunability
within £2%. It will also improve the energy and pulse
duration parameters of the seed laser pulse. This pulse is
delivered with extremely low jitter, less than 7 fms rms
[6], to the experimental stations, for pump-probe
experiments, and the upgraded system will extend the
available range of delays between the FEL pulse and the
optical laser pulse.

THREE NEW BEAMLINES

EIS-TIMER

The EIS-TIMER beamline will offer an experimental
method based on a Four-Wave-Mixing (FWM) process. In
July 2014 a dedicated compact experimental set-up
(’mini-TIMER@DiProl”), shown in Fig. 4a, was installed

ISBN 978-3-95450-134-2
59



MOP013

on DiProl to demonstrate how the coherent FEL pulses
delivered by FERMI can generate transient gratings (TGs)
in the extreme ultraviolet range and how such TGs, when
illuminated by an optical laser pulse, can stimulate an
appreciable FWM response [25]. The latter has the form
of a well-defined beam (Fig.4b) that propagates
downstream of the sample along the phase matched
direction (ko in Fig. 4c). This result is a fundamental
milestone for more advanced EUV/soft X-ray FWM
applications and a first validation of the EIS-TIMER
beamline concept.

Figure 4: miniTIMER set-up () and results (b and c).

The first test experiment on EIS-TIMER beamline was
performed in July 2015. The beamline will open to the
users in 2016.

TeraFERMI

TeraFERMI will collect the THz radiation naturally
emitted by the spent electron beam that exits the FEL
undulators and will guide it into a dedicated THz
laboratory in the FERMI experimental hall. Ultrashort
(100's fs) pulses in the 0.1-15 THz range with 1-10
MV/cm electric fields and 0.3-3 Tesla magnetic field will
then become available. The TeraFERMI source chamber
was installed in January 2015. The optical layout and
beamline design are completed and the installation started
in July 2015. The first photons are expected for autumn
2015.

MagneDyn

MagneDyn is the beamline for time resolved magnetic
dynamics studies and differently from other beamlines, it
will receive photons only from the FEL-2 source, since
the main scientific interest is in the soft X-ray energies,
including the weaker radiation at the third harmonic of
FEL-2 undulators.
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MagneDyn construction is ongoing and it will see its
first photons in the second semester of 2016.

CONCLUSION

The two FEL lines of FERMI, covering the spectral
range from VUV to soft X-rays, are now both open for
users. Thanks to the excellent FEL spectral stability and
quality, high degree of coherence, flexibility of the source
the number of users is steadily increasing.

The available experimental stations will be increased
from three to six in 2016. A short-term upgrade plan is
being implemented to further improve the robustness and
the reliability of the facility.
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STATUS OF THE SOFT X-RAY USER FACILITY FLASH
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Abstract

Since 10 years FLASH at DESY (Hamburg, Germany) has
provided high brilliance FEL radiation at XUV and soft x-
ray wavelengths for user experiments. Recently FLASH has
been upgraded with a second undulator beamline, FLASH2,
whose commissioning takes place parallel to user operation
at FLASHI. This paper summarizes the performance of the
FLASH facility during the last user period from January
2014 to April 2015.

INTRODUCTION

Since summer 2005, FLASH [1-4], the free-electron laser
(FEL) user facility at DESY (Hamburg), has delivered high
brilliance XUV and soft X-ray FEL radiation for photon
experiments. In order to fulfill the continuously increasing
demands on the beam time and on the photon beam prop-
erties, FLASH is now upgraded with a second undulator
beamline (FLASH2), being the first FEL facility worldwide
operating simultaneously two undulator lines. The first las-
ing of FLASH?2 was achieved in August 2014 [5]. A brief
history of FLASH from a superconducting accelerator tech-
nology test facility [6] to a soft x-ray FEL user facility can
be found in [3] and references therein.

Figure 1 shows an aerial view of the north side of the
DESY area in summer 2014. The FLASH facility with its
two experimental halls is in the middle: the FLASHI1 hall
(recently named as "Albert Einstein") is on the right, the new
FLASH2 hall ("Kai Siegbahn") on the left. Next to FLASH
are the experimental hall of the PETRA III synchrotron
light source (left) and the construction site of PETRA III
extension (right).

Figure 1: Aerial view of the FLASH facility. The FLASH1
experimental hall is on the right, the new FLASH2 hall on
the left.
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This paper reports the status of the FLASH facility and
its performance during the 5™ user period in 2014/15. Part
of this material has presented also in previous conferences,
most recently in [4].

FLASH FACILITY

Up to 800 us long trains of high quality electron bunches
are generated by an RF-gun based photoinjector. An ex-
changeable Cs,Te photocathode [7] is installed on the back-
plane of the normal conducting RF-gun. The photocathode
laser system has two independent lasers, a third one is in the
commissioning phase [8]. The bunch train repetition rate is
10 Hz, and different discrete bunch spacings between 1 us
(1 MHz) and 25 ps (40 kHz) are possible.

A linac consisting of seven superconducting TESLA type
1.3 GHz accelerating modules accelerates the electron beam
up to 1.25GeV. The linearization of the energy chirp in
the longitudinal phase space is realized by a module with
four 3.9 GHz (third harmonic of 1.3 GHz) superconducting
cavities downstream the first accelerating module. The RF-
gun and the accelerator modules are regulated by a sophisti-
cated MTCA 4 based low level RF (LLRF) system [9, 10].
The electron beam peak current of the order of a few kAs
is achieved by compressing the electron bunches by two
magnetic chicane bunch compressors at beam energies of
150 MeV and 450 MeV, respectively.

The use of superconducting technology allows operation
with long RF-pulses, i.e. with long electron bunch trains.
The bunch train can be shared between the two undulator
lines, allowing to serve simultaneously two photon experi-
ments, one at FLASH1 and the other at FLASH?2, both at
10 Hz pulse train repetition rate. The separation of the two
bunch trains is realized by using a kicker-septum system
downstream the last accelerating module.

The production of FEL radiation, both at FLASH1 and
FLASH?2, is based on the SASE (Self Amplified Sponta-
neous Emission) process. FLASH1 has six 4.5 m long fixed
gap (12 mm) undulator modules, FLASH2 twelve 2.5 m long
variable gap undulators. Later, FLASH2 can be upgraded
with hardware allowing a seeded operation. A planar elec-
tromagnetic undulator, installed downstream of the FLASH1
SASE undulators, provides, on request, THz radiation for
user experiments. A place for a THz undulator is available
also at FLASH2.

A schematic layout of the FLASH facility is shown in
Fig. 2. More details of the FLASH facility and its subsystems
can be found, for example, in [3,4], and references therein.
Photon beamlines and photon diagnostics are described in
[2,11,12].
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Figure 2: Layout of the FLASH facility (not to scale).

Simultaneous Operation

Each photon experiment has its own demands on the pho-
ton beam parameters concerning, for example, photon wave-
length, pulse pattern, and pulse duration. In order to fully
use the capacity of two undulator lines, the parameters of
FLASHI and FLASH?2 need to be, as far as possible, inde-
pendently tunable.

FLASHI has fixed gap undulators, and therefore the elec-
tron beam energy of the FLASH linac is defined by the
photon wavelength required at FLASH1. Thanks to the
FLASH? variable gap undulators providing wavelength tun-
ability by up to a factor of 4, the FLASH?2 wavelength can be
adapted to the fixed electron beam energy. However, in order
to take full advantage of the two undulator lines and to allow
fast wavelength changes also at FLASHI, it is desirable to
replace the FLASH1 undulators by variable gap ones in the
future.

Unequal pulse pattern and pulse duration at FLASH1 and
FLASH?2 is realized by using two independent photocathode
lasers in parallel. This allows production of two electron
bunch trains with different parameters (number of bunches,
bunch spacing, bunch charge) within the same RF-pulse.
A gap of 30 to 50 us (kicker pulse rise time) is needed be-
tween the bunch trains. The LLRF system permits, in certain
limits, different accelerating amplitudes and phases for the
FLASH1 and FLASH?2 bunch trains. This feature, together
with different bunch charges, allows lasing at FLASH1 and
FLASH?2 with different photon pulse durations.

An example of simultaneous operation with different pa-
rameters is shown in Fig. 3: FLASHI has a train of 112
electron bunches with a bunch charge of 0.2 nC, and simul-
taneously FLASH?2 is operated with one bunch of 0.4 nC.
The electron beam (1.2 GeV) is not only transported through
both beamlines, but both are also simultaneously lasing with
wavelengths of 4.5 nm (FLASH1) and 5.5 nm (FLASH2).

FLASH1 OPERATION

During the 5" user period from January-27, 2014 to May-
3,2015 (462 days), 10180 hours of beam operation have been
realized: 5628 hours (55%) were dedicated to photon user
experiments, and 4552 hours (45%) for FEL and accelerator
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Figure 3: Example of simultaneous operation of FLASH1
and FLASH2. FLASHI1 (blue): 112 electron bunches, bunch
charge 0.2nC. FLASH2 (salmon): single bunch with a
charge of 0.4nC.

studies. The scheduled weekly maintenance took 199 hours,
the yearly approval of the personnel interlock system 81
hours, and the Christmas shutdown 307 hours. Due to a
vacuum leak in the RF-gun window, an additional 321 hours
off time was accumulated in April 2014. As a consequence,
one user experiment was postponed from April 2014 to April
2015.

After a 3 weeks shutdown in May 2015, to complete the
radiation shielding between FLASH1 and FLASH?2 tunnels
with an additional 1000 tons of sand, the FLASH beam
operation continued on May-26, 2015. The second half of
2015 will be dedicated to the 6™ period of user experiments.
From now on, FLASH will have two 6 months user periods
per year.

User Operation

Table 1 shows the FLASHI operating parameters in 2014-
2015. These parameters are not all achieved simultaneously,
but indicate the overall span of the performance.
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Table 1: FLASHI1 Parameters, 5™ User Period 2014/15

Electron beam

Energy MeV 345 - 1250
Bunch charge nC 0.08-1
Bunches / train 1-500
Bunch spacing us 1-25
Repetition rate Hz 10

FEL radiation

Wavelength (fundamental) nm 4.2-52
Pulse energy uJ 10 - 500
Pulse duration (fwhm) fs < 50-200
Peak power GW 1-3
Photons per pulse 101 - 10"
Peak brilliance * 10% - 10%!
Average brilliance * 107 - 10?!

* photons / (s mrad* mm? 0.1 % bw)

Similar to previous user periods, the 5™ period was orga-
nized with an alternating pattern of user blocks (4 weeks)
and study blocks (2-3 weeks). The time between the user
blocks is also required to exchange experimental set-ups. In
the near future, the exchange time for certain types of exper-
iments will be significantly reduced, when two permanent
end-stations will be in regular operation: the CAMP end-
station for imaging and pump-probe experiments at BL1,
and a Raman spectrometer at the PG1 beamline.

During the 5™ user period the uptime of the FLASH fa-
cility was 96%. In total 4256 hours of FEL radiation was
delivered to 32 experiments (25 external, 6 in-house, and
one industry experiment). This corresponds to 75% of the
total time reserved for user operation. 21% of the user time
was used to tune the photon beam parameters to meet the
versatile demands of the experiments.

FEL radiation at more than 50 different photon wave-
lengths between 4.3 nm and 52 nm was delivered to exper-
iments. About 40% of experiments was carried out with
a single photon pulse (10 Hz repetition rate), about 20%
requested as many pulses as possible. Other desired a multi-
pulse operation with a lower intra-train pulse repetition rate
(100 kHz or 200 kHz). In addition many experiments require
photon pulses shorter than 50 fs or with a small bandwidth
(<1%). Arrival time stabilization to the 20 to 40 fs level is
also often requested.

Some examples of realized parameter combinations are
a single pulse operation at 4.3 nm, 400 pulses (1 us pulse
spacing) at 7.8 nm, 40 pulses (10 us spacing) at 15 nm, and
60 pulses (5 ps spacing) at 52 nm. For all the cases, the pulse
train repetition rate was 10 Hz.

Figure 4 shows the average photon pulse energy during
12 hours of FEL radiation delivery for a user experiment.
The fundamental wavelength of the radiation is 9.9 nm. The
experiment was carried out at the 3’ harmonics of it (3.3 nm)
with 400 photon pulses per train. An example of the pulse
energy along the pulse train is shown in Fig. 5.
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12 hours

Figure 4: Average photon pulse energy during 12 hours
of FEL radiation delivery. Photon wavelength 9.9 nm, 400
photon pulses per train, pulse train repetition rate 10 Hz,
photon beamline aperture 3 mm.
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Figure 5: Pulse energy of 400 photon pulses in one train,
pulse spacing 1ps (1 MHz), photon wavelength 9.9 nm.
Blue: Actual value, Green: Average, Yellow: Maximum.

Since FLASHI1 has fixed gap undulators, the change of the
photon wavelength requires the change of electron beam en-
ergy. As a consequence a substantial amount of tuning time
is needed for wavelength changes (roughly one third). This
time will be significantly reduced, when variable gap undu-
lators are available also at FLASHI1. Besides wavelength
changes, tuning is also required to provide high photon pulse
energies (>100 pJ per pulse), to adjust photon beam point-
ing, and to set up and keep operation with long pulse trains
or with very short photon pulses. Additional tuning is also
needed, when special FEL radiation properties (e.g. a nar-
row bandwidth) or parallel delivery of THz radiation are
requested.

Two or three user experiments are simultaneously installed
at different photon beamlines. Typically, three to five beam
time blocks of 24 to 48 hours are reserved for each exper-
iment. Only occasionally an experiment, due to its own
constraints, is able to run continuously over several days.
Since every experiment has its own parameter set, time (4-8
hours) is reserved for parameter change and tuning at the
beginning of each beam time block. This scheduled tuning
corresponds to about 20% of the total user time.

The total tuning time can be significantly reduced, when
the same experiment runs continuously over a longer period.
Two examples to demonstrate this are an experiment of 7
days in December 2014 (11.5 nm, single pulse), and an other
one running 10 days in April 2015 (60 pulses, four different
wavelengths between 44 nm and 52 nm). In the former case,
the FEL radiation delivery was 96%, tuning 2%, and down-
time 2% of the total time reserved for the experiment. In the
latter one, the distribution was 87% delivery, 11% tuning
(including wavelength changes), and 2% downtime.
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FEL and Accelerator Studies

In addition to FEL user operation, FLASH beam time is
allocated to FEL and accelerator studies. Study time is used
to improve the FLASH performance as an FEL user facility,
and to prepare it for the demands of the coming experiments,
including also the photon beamlines. Time is reserved for
general accelerator physics experiments and developments
as well.

Examples of tasks carried out during the study periods
are upgrades of the LLRF and the optical synchronization
systems, preparation of reference settings for the user opera-
tion, and training of the operators. Time is also allocated,
for example, to electron beam optics studies [13, 14], and
to generate ultra short bunches [15, 16]. The latter uses a
special short-pulse (~1 ps) photocathode laser system, and
very low electron bunch charge (down to 20 pC) with the
goal to produce single-spike, longitudinally fully coherent
photon pulses with duration below 10 fs.

An other example of experiments carried out during study
periods is the seeding experiment sSFLASH, which is located
upstream of the FLASH1 SASE undulators since 2010. Dur-
ing the first years SFLASH concentrated on HHG (High
Harmonics Generation) seeding [17]. Later also other seed-
ing schemes like HGHG (High Gain Harmonic Generation)
have been investigated [18, 19]. In addition, sSFLASH hard-
ware has been used to study suppression of FEL radiation
by seeded microbunching instabilities [20].

Many of the accelerator physics developments carried out
at FLASH have been related to the European XFEL [21],
concerning, for example, electron beam diagnostics [22],
and operation of accelerating modules with XFEL operation
parameters. A new project, FLASHForward, focusing on
the plasma-based acceleration, has recently started its hard-
ware installations at the third FLASH electron beamline, and
already performed first tests of the production of "driver"
and "witness" bunches.

COMMISSIONING FLASH2

Beam commissioning of FLASH2 started in spring 2014.
The first lasing was achieved on August 20, 2014 at a wave-
length of 40 nm [5]. During the following months, lasing
with several wavelengths has been established. Figure 6
shows an example of an FEL beam spot on a YAG screen at
a wavelength of 5 nm.

In January 2015, FLASH?2 demonstrated fast tunabil-
ity with the variable gap undulators: the wavelength was
changed from 6 nm to 13.5 nm within 30 minutes with a
wavelength step of 0.5 nm, i.e. 2 minutes per step.

From mid January 2015 to mid April 2015, FLASH2
had a 3 months shutdown to finalize the installation of pho-
ton beam diagnostics in the FLASH?2 tunnel. After the re-
establishment of the electron beam and SASE operation, the
first FEL beam was transported to the experimental hall in
June 2015. In the experimental hall, the installation of pho-
ton beamlines is on-going, and the first pilot experiments are
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Figure 6: FLASH?2 FEL radiation spot on a YAG screen.
Photon wavelength 5 nm. The diffraction pattern is caused
by a MCP mesh inserted upstream of the screen.

foreseen later this year. The FLASH2 beam commissioning
continues in 2015 parallel to FLASH1 user operation.

More details of the FLASH2 commissioning, and of the
simultaneous FLASH1 and FLASH2 operation, can be found
in [23].

SUMMARY AND OUTLOOK

FLASHI has successfully completed its 5™ user period.
After a short shutdown in May 2015, the 6" user period
started in June 2015 continuing to the end of 2015. Two user
periods of 6 months each are scheduled for the year 2016.

The FLASH?2 beam commissioning started in spring 2014
and takes place in parallel to the FLASH]1 user operation.
First lasing was achieved in August 2014. The first FLASH2
pilot photon experiments are expected late 2015, and regular
user operation in 2016.
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STATUS OF THE FABRICATION OF PAL-XFEL MAGNET POWER
SUPPLIES*

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, In Soo Ko
PAL, Pohang, Republic of Korea

Abstract

The PAL-XFEL has been constructing including a 10
GeV linac, hard X-ray and soft X-ray beam lines. The
PAL-XFEL required for about six hundreds of magnet
power supply (MPS). The nine different prototypes of
MPS are developing to confirm the performance,
functions, size, heat load and so on. This paper describes
the test results of the prototype MPS in major
specifications. All MPSs have to be installed until the end
of September in 2015. The installation progress of the
MPS was also described.

INTRODUCTION

The PAL-XFEL accelerator needs many kinds of power
supplies for different magnet types. Table 1 shows the
specifications of the power supplies needed for the PAL-
XFEL.

The MPS for corrector magnets are divided into 4
families based on the current rating and stability, 10 A 10
ppm, 10 A 50 ppm, 12 A 10 ppm and 12A 50 ppm.

The MPSs for the dipole and quadrupole were
categorized into two types, unipolar and bipolar. And it
was grouped to five types according to its current ratings.

Table 1: MPS Specifications

Stability
Magnet MPS type t
g yp Qty (ppm)
Corrector Digital 395 10 & 50
Unipolar 122
Quadrupole Bipolar 36 100
. Unipolar 20
Dipole Bipolar 2 20
Solenoid Bipolar 3 20

BASIC STRUCTURE

The configuration of the designed MPS was similar
with others [1]. The input stage consisted of transformer,
full rectifier and a damped low pass filter. The
commercial switching mode power supply (SMPS) was
often adopted for low power less than 400 W instead.
Transformer connection was one of delta or wye windings
or sometimes both of them where high stability was
required. The low pass filter at the input stage should be
needed. Figure 1 shows the general hardware
configuration of the MPS.

The topology of the power convertor was either buck

*Work supported by Ministry of Science, ICT & Future Planning
#jsh@postech.ac.kr
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for unipolar or H- or half-bridge for bipolar. The output
stage was composed of a low pass filter to reduce the
switching noise. The output filter composed of two stage
LC filters where the pole of the first stage was about
~KHz and second one was between higher than one-half
and full of the switching frequency.

The DSP TMS320F28335 from TI Co was used to
control the duty of the PWM and to interface surrounding
peripherals. It has six enhanced PWM modules with
150 ps micro edge positioning (MEP) technology [2].
Thus effective PWM resolutions can be increased up to
about 18-bit in case of switching frequency of 25 KHz.
Without MEP, the normal PWM resolution is about 12-
bit, which can’t offer the sufficient resolution for the high
stability.

The power supply performs the Ethernet communication
by the single chip WEB server. The WEB server
exchanges all power supply data via RS232 connection
with the FPGA.

DCCT Magnet

vy
ADC
CLCD & Key
PWM
- Ethernet(EPICS)
- CAN, RS232C DSP/FPGA

Figure 1: Block diagram of the buck type magnet power
supply.

CONTROL SCHEME

The control loops for the developed MPS are given in
Fig. 2. A cascaded current and voltage feedback loop was
applied to the MPS compensator [3]. The inner voltage
loop worked to reject the voltage fluctuation of the output
stage. The voltage loop has a small time constant
comparing to outer current loop. Thus it can be shown as

constant by the outer loop.

G-} {50

Vous
H,(s) -
H;(s)

Figure 2: Block diagram of complete current loop system.

The current and voltage compensators were applied a
proportional-integral (PI) type which was very common
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in feedback systems. The coefficients of the current loop
were 60 for proportional gain and 30000 for integral gain,
respectively. Figure 3 showed the frequency and phase
responses of the discrete PI compensator when the time
period of the loop was 40 us. The pole located at 0 and
zero at the about 80 Hz.
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Figure 3: Bode plot of the discrete current PI compensator
of the MPS.

PROTOTYPE POWER SUPPLY

All measurement system is consists of three part —
HP3458A digital voltmeter from Agilent Co. with
external DCCT MACCI150 from HITEC, computer and
load magnet. Two prototype power supplies are fabricated
for verifying performance. The supplies underwent
extensive testing at the factory. Testing included verifying

the digital interlocks and running each unit for eight hours.

The major specifications of MPS were examined about
short term stability, step responses at the rising and falling
times, zero cross response and long term stability.

Corrector MPS

The prototype MPSs for corrctor magnets were
developed . The major specifications are given in Table 2.
The total number of corrctor MPS is 432. The four MPSs
were assembled into shelf of which height is 3 U.
Figure 4 shows the 4 type corrector MPS for prototype.

Table 2: Corrector MPS Specifications

MPS Type | 1[A] | V[V] | Qty[ea] | Stability[ppm]
Cl 5 12 262 50
C2 10 15 74 50
C3 5 10 78 10
C4 12 15 18 10

Figure 4: Prototype corrector MPS.
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The other hardware modules are standalone to each
MPS. The MPS has a character LCD for display the basic
imformation like set-current, interlock status, etc.

The cross effect tests, like step current set, bewteen
MPSs in a same shlef were tested. We found that each
MPSs were fully isolated in the cross coupling issues.
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Figure 5: Long term stability of corrector power supply.

Figure 5 shows the long term current stability of
corrector MPS. The current stability with the load was
less than 20 ppm of £12 A output current.
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Figure 6: Resposses of the line regulation test.

Figure 6 shows the response of AC line regulation test.
The AC line is change the =10%, but current stability is
not changed.

Dipole and Quadrupole MPS

The major specifications of MPSs for dipole and
quadrupole magnets are given in Table 3. The total
number of MPS for those magnets is 276.

Table 3: Dipole & Quadrupole MPS Specifications

MPS Type | 1[A] | V[V] | Qty[ea] | Stability[ppm]
A-1 20 20 180 50 & 100
A-4 +20 20 38 50 & 100
B-1 190 110 31 10 & 50 &100
B-2 310 85 5 10 & 50
B-3 310 200 2 50

DAWON have manufactured the dipole and quadrupole
power supply and prototype power supply has fabricated
as shown in Fig. 7. This prototype A-1 MPS has a
character LCD for display the basic imformation of MPS
set-current, interlock status, etc.
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Figure 7: Prototype A-1 power supply.

The long term current stability of Al-type, power
supply was measured as shown in Fig. 8. The current
stability was less than 50 ppm of 20 A output current for

2.5 °C ambient air temperature change.
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Figure 8: Long term stability of A-1 type power supply.
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Figure 9: Temperature change of major component of A-1
type power supply.
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Figure 10: Zero cross response of the A-1 type MPS.

Figure 9 shows the major components operating
temperature. It was measured to verify the stable
operation for low MTBF (mean time between failures).
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The MOSFET surface temperature is about 56 °C and
filter inductor is about 43 °C. It was normal operating
range for reliable life time of MPS

Figure 10 shows the zero cross response of the Al-type
MPS. When 20 ppm step of the input current was
increased from -0.003 A to 0.003 A, the MPS showed
good output responses. Figure 11 shows the
reproducibility response of A-1 MPS. The output current
is changed from 10% of maximum output current to
maximum output current for 1 minute interval. It shows
the good response.
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Figure 11: Reproducibility response of A-1 MPS.
CONCLUSION

This paper described the overall MPS requirements,
control scheme, MPS assembling, test results, installation
plan for PAL-XFEL. In factory stage, the acceptance test
will focused on the power circuit. After the 8 hour-
operation at 100% normal current, MOSFET and filter
inductor temperature was checked. The temperature

change is less than 20°C for A-1 type power supply. The

experimental results with the assembled PS showed the
high stability. The short term stability is about 10 ppm
and long term stability for eight hours is about 50 &10
ppm each. These MPS included the small web server to
make easy maintenance. The MPS will be installed from
Aug., 2015 and the operation tests will begin in Dec.,
2015.
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BEAM COMMISSIONING PLAN FOR THE
SwissFEL HARD-X-RAY FACILITY

T. Schietinger on behalf of the SwissFEL team,
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Abstract

The SwissFEL facility currently being assembled at the
Paul Scherrer Institute is designed to provide FEL radia-
tion in the photon wavelength range between 0.1 and 7 nm.
The commissioning of the first phase, comprising the elec-
tron injector, the main electron linear accelerator and the
first undulator line, named Aramis and dedicated to the
production of hard X-rays, is planned for the years 2016
and 2017. We present an overview of the beam commis-
sioning plan elaborated in accordance with the installation
schedule to bring into operation the various subsystems and
establish beam parameters compatible with first pilot user
experiments in late 2017.

INTRODUCTION

SwissFEL is an X-ray Free-Electron-Laser facility under
construction at the Paul Scherrer Institute (PSI) in Switzer-
land [1]. Its two undulator lines, named Aramis and Athos,
are designed to deliver hard X-rays in the wavelength range
between 0.1 and 0.7 nm and soft X-rays between 1 and
7 nm, respectively. Figure 1 shows a schematic overview
of the facility, annotated with relevant machine and beam
parameters. In a first phase, only the Aramis beamline will
be realized, with Athos to be completed in a second phase,
currently foreseen for the period 2018-20. After an exten-
sive design and development phase, including beam devel-
opment work [2] and component tests [3] at a dedicated
injector test facility [4], the SwissFEL-Aramis facility is
currently in the installation phase, with first beam com-
missioning scheduled for early 2016. The commissioning
phase is foreseen to extend over two years, with installa-
tion activities continuing in parallel or in between. First
pilot user experiments are expected for late 2017.

We give an overview of the various commissioning steps.
While the sequence of commissioning tasks will remain the
same apart from further refinements or small rearrange-
ments due to possible changes, the dates are subject to
change depending on the overall progress of component
delivery and installation. The SwissFEL commissioning
plan is part of a global project plan (dubbed Planning-
Installation-Commissioning, or PIC, plan), which ensures
the overall consistency of the project schedule taking into
account all dependencies. It is updated on a regular basis
reflecting progress achieved on building construction, com-
ponent delivery and installation. The dates presented here
have been derived from the latest PIC plan update (July
2015).
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COMMISSIONING OVERVIEW

The SwissFEL commissioning, up to the end of the first
project phase, can be split into three phases: the injec-
tor phase (first acceleration stage, up to a beam energy of
320 MeV), the linac phase (transmission through the full
accelerator and undulator line, but no intentional genera-
tion of X-rays yet) and the FEL phase (final phase with X-
rays from the undulators). The SwissFEL commissioning
objectives have been formulated in terms of a set of mile-
stones, specifying electron beam energy and bunch charge,
repetition rate, and photon wavelength and pulse energy to
be achieved for three specific dates, see Table 1.

The start of beam development activities is usually dic-
tated by the installation and start-up schedule of the neces-
sary infrastructure. In particular in the later stages of com-
missioning, progress towards reaching the final beam en-
ergy, and thus the final photon wavelength, will be driven
entirely by the deployment schedule of the RF stations
powering the main linac.

The special location of SwissFEL in a freely accessible
forest outside the PSI site requires particular consideration
to radiation issues. As a consequence, every commission-
ing step involving a significant change in beam parameters
is followed by extensive radiation mappings of the building
and the surrounding areas.

The commissioning work will be performed in eight-
hour shifts, following the existing PSI shift schedule for
simplicity. Due to the limited manpower available, only
two shifts per work day will be staffed, with the third shift
(during the night) being used for long-term stability tests
and the like. On weekends it is foreseen to staff one shift
per day on average. Shift crews will consist of a shift leader
(typically a beam dynamics expert) a shift expert (from a
PSI expert group, such as diagnostics, RF, controls etc., but
also beam dynamics, depending on the specific commis-
sioning task or issue), and, as far as available, a member
of the PSI operation section. For all the critical hardware
systems, on-call services will be maintained by the expert
groups. The absence of scheduled, dedicated night shifts
considerably simplifies both the organizational aspects of
shift work and the associated formal approval procedure.

The numbers of shifts needed during each commission-
ing phase to reach the milestones have been estimated as
155 for injector commissioning, 135 for linac commission-
ing and 204 for FEL commissioning. In addition, some 28
weeks are needed for the commissioning of the photonics
infrastructure in the optical and experimental hutches.
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Figure 1: SwissFEL schematic overview showing the two beamlines Aramis (hard X-rays) and Athos (soft X-rays). The
latter beamline will only be realized in a second phase and is shown here for information only.

Table 1: SwissFEL Aramis principal milestones with target dates according to current planning.

Parameter Milestone I Milestone IT Milestone ITI
30 June 2017 30 Sept. 2017 30 Dec. 2017
Electron beam energy [GeV] 3.0 3.8 5.8
Electron bunch charge [pC] 200 200 200
Repetition rate [Hz] 50 50 100
Photon wavelength [A] 3.7 2.3 1.0
Photon pulse energy [WJ] 400 400 400

RF CONDITIONING

Every beam commissioning phase is preceded by a pe-
riod of RF conditioning, during which the accelerating
structures of newly installed RF stations are slowly brought
up to their nominal accelerating gradients and somewhat
further to ensure smooth operation with beam. The pro-
cedure is needed to remove remaining surface impurities
as well as dust and humidity directly with RF power and
may take from a few hours up to several weeks, depending
on the state of the cavities. While this conditioning is done
without beam, i.e., no electrons are injected during the con-
ditioning RF pulses, it may proceed in parallel to beam op-
eration, which would make use of already conditioned cav-
ities only. In this case the timing of the electron bunches is
set in a way that ensures their undisturbed passage through
cavities under conditioning, i.e., between two RF pulses.
Also, to prevent the acceleration of dark current electrons
(from field emission at the cavity surface) produced in the
cavities of one RF station by any of the following cavities,
the RF conditioning pulses are all shifted, not only with re-
spect to the electron bunch, but with respect to all other RF
stations under conditioning as well.

INJECTOR COMMISSIONING

The commissioning of the SwissFEL injector proceeds
in four main stages, summarized in Table 2. The first two
stages after the RF conditioning are dedicated to the com-
missioning of the gun and booster sections of the injector,
whereas the last two stages deal with the setup of the two
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chicanes (bunch compressor and laser heater). The stages
typically include a few shifts for the beam-based commis-
sioning of the diagnostics components involved in the new
machine part. After every stage, the stability and repro-
ducibility of the beam parameters will be verified before
proceeding to the next stage. Provided that the first C-
band RF station of linac 1, situated between the end of
the booster and the injector spectrometer, is in operation
at the time of completion of the injector commissioning, a
further commissioning stage is foreseen to test and charac-
terize this RF module with beam, taking advantage of the
injector spectrometer for beam measurements.

The repetition rate for injector commissioning will gen-
erally be limited to 10 Hz to minimize beam losses. Excep-
tions are occasional gun tests at 100 Hz and overall booster
tests at 50 or 100 Hz towards the end of injector commis-
sioning, when orbit and optics are well understood. Some
linac installation work is planned in parallel with injector
operation in the linac 3 and undulator areas (z > 245 m).
For the time of the injector commissioning, a temporary
beam stopper, consisting of a 50 cm x 30 cm x 30 cm iron
block, will prevent the direct propagation of the electron
beam beyond the injector area.

The commissioning of the injector will mainly be per-
formed at a nominal bunch charge of 200 pC. For first
passes through machine sections, however, the bunch
charge will be reduced to about 50 pC to minimize radi-
ation losses. The charge will only be raised once a stable
orbit and a reasonable optics have been established for a
given section.
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Table 2: Commissioning stages for the SwissFEL injector. Beam conditions refer to the nominal conditions during a given
stage; FE is the electron beam energy, () the bunch charge and R the repetition rate.

Commissioning Stage Approx. Dates Beam Conditions Main Tasks
RF Conditioning Jan./Feb. Conditioning of gun and S-band booster cavities be-
2016 yond nominal accelerating gradient. Conditioning of
first C-band module as soon as available.
Gun Commissioning Feb./March e~ togundump Initial setup of the electron gun, commissioning of
2016 E =7.1 MeV diagnostics in gun section, detailed characterization of
@ =50-200 pC  the gun.
R =10-100 Hz
Booster April-June e~ to inj. dump Transmission to injector beam dump, beam-based com-
Commissioning 2016 E =320 MeV missioning of diagnostics, RF commissioning of boost-
@ =50-200 pC er cavities, setup of beam orbit and optics, radiation
R=10Hz mapping, beam emittance optimization.
BC1 Commissioning June/July e~ toinj.dump  Setup of bunch compressor (orbit and optics), longitu-
2016 E =320 MeV dinal phase space measurement (compression verifica-
@ =50-200 pC  tion), commissioning of X-band cavity, emittance opti-
R=10Hz mization of compressed beam.
Laser Heater July/Aug. e~ toinj. dump Basic setup of the laser heater chicane (final setup will
Commissioning 2016 E =320 MeV be done based on FEL signal).
@ =50-200 pC
R=10Hz
C-band Module Test Aug. 2016 e~ toinj. dump Beam-based test and characterization of first C-band
E =590 MeV module.
@ =50-200 pC
R=10Hz
LINAC COMMISSIONING be deflected (by a movable permanent dipole magnet) to a

The goal of the linac commissioning phase, summarized
in Table 3, is the safe transport of electrons through all
linac sections as well as the transfer and undulator lines
at a nominal beam energy of 2.1 GeV. The reduced beam
energy reflects the fact that at this stage of the commission-
ing, only linac 1 will be equipped with operational power
RF stations. (Linacs 2 and 3 will have cavities installed,
but no RF power to drive them.) The final beam energy
of 5.8 GeV, requiring all RF power stations, will only be
achieved during the FEL phase of commissioning.

Once stable beam delivery from the injector has been es-
tablished and the linac beamline has been fully assembled
the commissioning of the linac stage can start. It is foreseen
to perform a first pass of the machine up to the beam stop-
per installed in front of the Aramis undulator at the injector
energy of 320 MeV. This approach will expose any obvious
problems with the beamline at low beam power and allow
for first diagnostics checks still in parallel to the condition-
ing of the linac-1 RF stations. In the subsequent commis-
sioning stage, the beam energy will be raised gradually to
the linac-1 energy of 2.1 GeV, followed by the setup of the
second bunch compressor and the energy collimator chi-
cane.

During these first commissioning stages, the beam will
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beam stopper placed in front of the Aramis undulator line.
Another beam stopper is available further upstream after
the second bunch compressor (BC2 beam stopper). It will
be used only rarely in conjunction with a profile monitor at
the same location (whenever the beam profile needs to be
checked before entering linac 2).

As soon as the beam parameters, as measured after the
energy collimator, fulfill a set of predefined requirements,
electrons will be transported through the undulator line
onto the Aramis beam dump. During this first beam setup
in the transfer and undulator lines the undulator gaps will
remain in their open positions, such that no X-rays will be
produced. For the first commissioning of the linac, trans-
fer and undulator sections, the bunch charge will be kept
at the intermediate value of 50 pC or even below, in par-
ticular when going through the undulators, to limit poten-
tial radiation losses. For the same reason the repetition
rate will remain at 10 Hz for the early linac commission-
ing, to be raised to 50 Hz at the later stage in preparation
for the first SASE attempts. The RF stations will run at
100 Hz throughout, irrespective of the bunch frequency.
The nominal bunch frequency of 100 Hz can only be re-
alized in the later stages of commissioning, since the han-
dling of two zero-crossings with respect to the 50 Hz mains
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supply will require some additional work by the low-level
radiofrequency (adaptation of the feed-forward algorithm)
and beam diagnostics groups.

FEL COMMISSIONING

In the last commissioning phase, the electron beam will
finally be used to generate coherent X-ray radiation by hav-
ing it pass through the undulators at closed gaps. After
the alignment of the undulators and the verification of the
nominal beam transport through the undulator section with
closed gaps, the first goal will consist in the observation
SASE radiation, thus establishing the distinctive signal of
free-electron lasing.

The individual FEL commissioning stages, summarized
in Table 4, essentially follow the installation progress of
the linac RF modules. At every commissioning stage, a
few weeks of beam operation are reserved for photonics
commissioning. As the electron energy is increased, the ac-
cessible output photon wavelength decreases, down to the
nominal 1 A for the full linac energy of 5.8 GeV. At this
stage, the very first pilot experiments are planned as a test
of the facility under user operation conditions.

The bunch charge during FEL commissioning will vary
between 50 and 200 pC depending on the specific commis-
sioning task. The milestones defined for each FEL com-
missioning stage call for operation at 200 pC yielding pho-
ton pulse energies of 400 uJ. The repetition rate will re-
main at 50 Hz for the first FEL commissioning stages to
avoid complications arising from the second mains zero-
crossing, and will only be raised to 100 Hz during the very
last commissioning stage.

TRANSITION TO USER OPERATION

Once the first commissioning goals have been reached,
the facility will cycle through distinct periods of user oper-
ation (beginning with so-called friendly users), end station
commissioning, and machine development. Corresponding
operation modes (including some additional ones for ma-
chine tuning, shutdown etc.) have been defined. The exact
details of the transition to regular user operation as well as
the long-term organization of user operation at SwissFEL
are the subject of current discussions and will be defined in
the coming months.

CONCLUSION AND OUTLOOK

The SwissFEL Aramis hard-X-ray facility is approach-
ing its commissioning phase, currently foreseen for the
years 2016 and 2017. We have presented an overview of
the main commissioning steps of the facility leading up to
first pilot user experiments by the end of 2017. The com-
missioning plan is aimed at reaching a set of predefined
milestones in accordance with the SwissFEL installation
and system commissioning schedule, taking into account
the available resources.
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Table 3: Commissioning stages for the SwissFEL linac. Beam conditions refer to the nominal conditions during a given
stage; F is the electron beam energy, () the bunch charge and R the repetition rate. The listed numbers of C-band modules
do not include an additional module used to drive the transverse deflecting cavities.

Commissioning Stage Approx. Dates =~ Beam Conditions Main Tasks
RF Conditioning Feb.—Aug. Conditioning of C-band modules up to z =255 m
2016 beyond nominal accelerating gradient.

0.32-GeV Linac Oct. 2016 e~ to Aramis stopper Transmission through linac to Aramis beam stopper,

(no C-band modules) E =320 MeV beam-based commissioning of diagnostics, test of
Q@ =50pC machine protection system, radiation mapping.
R=10Hz

2.1-GeV Linac Oct.—Dec. e~ to Aramis stopper RF commissioning linac 1, beam-based commission-

(9 C-band modules 2016 E=21GeV ing of diagnostics, setup of beam orbit and optics,

=linac 1) @ =50pC commissioning of transverse deflecting structures
R=10Hz and bunch compressor 2, setup of energy collimator,

global compression setup, radiation mapping.
Transfer- and Dec. 2016 e~ to Aramis dump  Transmission through undulator line, beam-based

Undulator Lines
(9 C-band modules
=linac 1)

E=2.1GeV
Q =50 pC
R =10-50 Hz

commissioning of diagnostics, orbit feedback, sys-
tematic beam-based alignment of quadrupoles and
beam position monitors, final test of machine protec-
tion system, radiation mapping.

Table 4: Commissioning stages for the SwissFEL Free-Electron Laser. Beam conditions refer to the nominal conditions
during a given stage; F is the electron beam energy, () the bunch charge and R the repetition rate. The listed numbers of
C-band modules do not include an additional module used to drive the transverse deflecting cavities.

Commissioning Stage Approx. Dates Beam Conditions = Main Tasks

RF Conditioning Aug. 2016— Conditioning of all remaining C-band modules be-
July 2017 yond nominal accelerating gradient.

2.1-3.0-GeV FEL Oct. 2016 e~ to Aramis dump  Undulator alignment, transport at closed gaps, first

A=3.74)
(9—13 C-band
modules = linac 1&2)

E =2.1-3.0 GeV
Q = 50-200 pC
R=50Hz

SASE, empirical SASE optimization, RF commission-
ing linac 2, linac energy management, FEL characteri-
zation and optimization, wavelength tuning, advanced

diagnostics commissioning, routine operation studies.

Photonics: optical hutch Aramis-2 and front-end.

3.8-GeV FEL July—Oct. e~ to Aramis dump RF commissioning linac 3 (first 4 modules), FEL cha-
A=234) 2017 E =3.8 GeV racterization and optimization, wavelength tuning, ra-
(17 C-band mod. @ =50-200 pC diation mapping, routine operation studies.

= linac 1&2, and R=50Hz Photonics: optical and experimental hutch, end-sta-
part of linac 3) tion for Aramis-1.

5.8-GeV FEL Oct. 2017- e~ to Aramis dump RF commissioning linac 3 (rest), FEL characteriza-
A=1.04) Feb. 2018 E =58 GeV tion and optimization, wavelength tuning, 100 Hz op-
(all 26 C-band @ =200 pC eration, radiation mapping, routine operation studies.
mod. = linac 1-3) R =100 Hz Photonics: exp. hutch and end-station for Aramis-2.
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MEASUREMENTS AT THE KAERI ULTRASHORT PULSE FACILITY

H. W. Kim*!2, K. H. Jang'?, Y. U. Jeong'?, Y. Kim!~, K. Lee'?, S. H. Park!~,
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Abstract

An RF-photogun-based Linear accelerator for ultra-
short electron beam generation is under construction at
Korea Atomic Energy Research Institute (KAERI) [1].
This facility are mainly composed of an 1.5 cell S-band
(2.856 GHz) RF gun, a travelling wave type linac 3m
long and 90-degree achromatic bends.

We have performed computer simulation using ASTRA
code to investigate the electron beam dynamics in the
system with the input data of bead tested gun electric field
distribution and the magnetic fields of the magnets [2].
We will present the simulated and experimental electron
beam parameters.

INTRODUCTION

Ultrafast electron diffraction (UED) [3-7] are powerful
tools for the study of the time-resolved molecular
structure and material science. The UED can reveal inter-
nuclear coordinates with high temporal and spatial
resolution, therefore observing a change of structure on
ultrafast time scale with milliangstrom accuracy.

Figure 1 shows the schematics of experimental setup
for relativistic UED at KAERI. The UED beamline is
designed to provide electron beams with low emittance
and ultrashort pulses. The emitted electron beams are
accelerated in high RF field to ~ 3 MeV. The electron
beams can be deflected by a first bending magnet
installed right after the RF gun. Each beamline has second
bending magnet similar to the first one and three
quadrupole magnets between the bending magnets. Two
bending and three quadrupole magnets compose the 90-
degree achromatic bend. The deflected electron beams
will be used for UED experiments.
RF gun ) Screen

Faraday cup

-« Bending magnet — UV laser

! z* Quadrupole magnet

samplc

E 7{}“\%& (1 elmm:mjzénm

solenoid
Figure 1: Schematic diagram of UED beamline at the
KAERI and experimental setup.
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We measured field distributions of all components and
we simulated beam dynamics using measured field
distributions.
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Figure 2: Photo of experimental setup for bead test and
measured field distribution.
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Figure 3: Magnetic field distribution of the 45-degree
bending magnet.

Figure 2 shows experimental setup for bead test (left)
and measurement data. The RF photogun has a coaxial
coupler, which provide axisymmetric accelerating field.

Figure 3 shows magnetic field distribution of a 45-
degree bending magnet. The shape of bending magnet is
round which has horizontal focusing properties and
simplifies alignment because of input and output
directions cross in the centroid of the magnet. To
achromaticity and isochronism UED beamline contains a
second 45-degree bending magnet and three quadrupole
lenses. The quadrupole lenses have square yoke (see
Fig. 4). The manufacturing and assembly have been
simplified.

We have performed computer simulation using ASTRA
code to investigate the electron beam dynamics in the
system with the measured field data.
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Figure 4: Photo and focusing field distribution of
quadrupole lens.

COMPARISON OF SIMULATIONS WITH
MEASUREMENTS

The electron beam is emitted from the copper cathode
by a third harmonic of a Ti:Sapphire femtosecond laser
(267 nm). The transverse and longitudinal profile of the
laser both are Gaussian. A main solenoid with bucking
coil is installed around the RF gun for suppress beam
blow up due to space charge force.

The first electron beam has been generated on March
and further optimization is in progress. Figure 5 shows a
dark current image at the screenl (see Fig. 1.).

Figure 5: An electron beam image (red dot circle) with a
dark current at the screenl.

The beam energy measured using the first 45-degree
bending magnet. The momentum p is given by

p = 0.2998Bp,

where B is a magnetic field of bending magnet and pis a

bending radius. The charge was measured at the screen3
(see Fig. 1.) by using a Faraday cup. We measured beam
parameters varying a laser injection phase when a
maximum energy gain is 0-degree. The measurement
results as function of the laser injection phase are shown
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in Fig. 6. The blue dot line indicates a measured total
energy and red line indicates a simulated total energy. The
green line indicates the charge with 1 pJ laser and purple
line indicates the charge with 0.4 pJ laser. The dark
current is almost removed after the first bending magnet
because of the energy of dark current is lower
(2~2.5 MeV) than main beam. The ratio of dark current to
main beam is 1.5% and the quantum efficiency of cathode
is 1.2x107.

—E (simul.)
A ; ; ' -E (meas.)
3) —Q (1.0pJ)
B [T —Q (04 p))
% ]
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=
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Figure 6: The measurement results of total energy and
charge as function of a laser injection phase.

The energy spread estimated by using equation as
follows,

AE\2
Os2 = \|Os1 T+ (77?) )

where oy, is a rms beam size at the screenl, g, is a rms
beam size at the screen2 (just after the first 45-degree
bending magnet) 1 is dispersion and AE/E is the energy
spread. The estimated energy spread was 0.3%.

The emittance was measured at the screen5 (see Fig. 1.)
by using the quadrupole scan technique [8]. The
dispersion is compensated by three quadrupole lenses
between two bending magnets. The dispersion compen-
sation was checked to focus beam horizontally, as shown
in Fig. 7.

4

o
y [mm]

y [mm]
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Figure 7: The simulated (left) and experimental (right)
beam image at the screen5.

The experiment conditions were used initial value for
simulation. It is summarized in Table 1.
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Table 1: Experimental Condition and Initial Parameters
for Simulation.

Experimental condition

Laser pulse power ~0.5W
Laser spot size 0.5 mm
Laser pulse length 130 fs
Quantum efficiency 107

E; peak 61 MV/m
Solenoid current 0.205T

The measured horizontal and vertical normalized
emittance were 0.33 mm-mrad and 0.5 mm-mrad,
respectively. The simulated horizontal and vertical
normalized emittance were 0.31 mm-mrad and 0.28 mm-
mrad, respectively. We assume that a difference of vertical
emittance is un-uniformity of cathode surface, as shown
in Fig. 8.

1

2.7E-5
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Figure 8: Quantum efficiency map of cathode at the UED
beamline.
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CONCLUSION

The first beam generation has succeeded in March this
year. Baking and aging of the RF photogun and solenoid
are in the march. We measured a beam energy, energy
spread, charge and emittance. The experimental data and
simulation data has showed a little different results. The
differences between simulation and experiment might be
misalignment of RF photogun, solenoid and the un-
uniformity of cathode surface. We will align all
components precisely and will try to get UED pattern.
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Abstract

LCLS-II CW injector beamline consists of a 186 MHz
normal conducting (NC) RF gun for beam generation and
acceleration to 750 keV, two solenoids for the beam
focusing, two BPMs, 1.3 GHz NC RF buncher for bunch
compression down to 3-4 ps mms, 13 GHz
superconducting standard 8-cavity cryomodule to boost
beam energy to about 98 MeV. The beamline is being
optimized to accommodate all essential components and
maximize beam quality. The beamline layouts and beam
dynamics are presented and compared. The 3D RF field
perturbation due to cavity couplers where the beam
energy is very low (<1 MeV) causes significant emittance
growth especially for a large-size beam. A theory of
rotated fields predicted and simulations verified using a
weak skew quadrupole located even a significant distance
from the perturbation can completely eliminate the
emittance growth. A layout for future upgrade is
developed. The results are presented and analysed.

INTRODUCTION

LCLS-II [1] currently under construction at SLAC
National Accelerator Laboratory is a continuous wave
(CW) x-ray free electron laser (FEL) user facility driven
by a 4 GeV superconducting linac. To meet with the x-ray
FEL requirements, the LCLS-II injector must
simultaneously deliver high repetition rate up to 1 MHz
and high brightness electron beam with normalized
emittance of <0.4 pm at nominal 100 pC/bunch and peak
current 12 A [2-3]. The major beam requirements for
LCLS-II injector are summarized, as presented in Table 1.

Table 1: Major LCLS-II Injector Beam Requirements
Parameters Nominal
RF gun energy (keV) 750
Electron energy (MeV) 98

Bunch repetition rate (MHz) 0.62
(0.93 max)

Nominal/max bunch charge (pC) 100/300
Peak current for 100/300 pC (A) 12/30
Nominal average current (mA) 0.062
Slice emittance for 100/300 pC (um) 0.4/0.6
Bunch length for 100/300 pC (mm) 1/1.4
Slice energy spread 100/300 pC (keV) 1/5
Cathode QE lifetime 0.5%
Dark current (nA) <400

*The work is supported by DOE under grant No. DE-AC02-76SF00515.
# zhoufeng@slac.stanford.edu
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The proposed full LCLS-II CW injector consists of a
CW RF gun operating at 186 MHz (7" sub-harmonic of
1.3 GHz for superconducting linac) for beam generation
and acceleration, two solenoids for the beam focusing and
emittance compensation, two BPMs for measurements of
beam positions and bunch charge, 1.3 GHz 2-cell RF
buncher for the bunch compression down to 3-4 ps rms
from 10-15 ps rms, beam current diagnostic ICT, a
standard 1.3 GHz superconducting 8-cavity cryomodule
(CM) to boost beam energy from <1 MeV to 98 MeV,
laser heater for suppression of micro-bunching instability,
beam collimation systems and a dedicated diagnostic
section. Figure 1 shows the schematic layout of the full
LCLS-II injector. As the electron beam emittance and
bunch length have been frozen at the CM end, the interest
of this paper only focuses on the front part of the injector
from the cathode to the CM end. This paper only
discusses the beam dynamics issues. Technical details of
the CW RF gun and cathode/laser performance are
described elsewhere [4-5].

UV Laser
257.5nm

IR Laser
1030 nm

c
3 Collimation
& 100 Hz and matching
Kicker
e . Injector II Y iy
. I. 8-cav CM
23 s / B / Laser heater and
weeper i A

= 8 antf 8 98 MeV energy collimator S-band Scr_eens,
ﬁ Collimator TCAV wires
o

Diagnostics section
Figure 1: Schematic of the full LCLS-II injector. The
front part of the injector discussed in this paper starts
from the cathode to the CM end; downstream of the CM
includes laser heater system, collimation systems and a
dedicated beam diagnostics beamline.

INJECTOR BEAMLINE EVELOPMENTS

The injector front beamline (called injector for
simplification) is being optimized since the conceptual
design report (CDR) of the LCLS-II project launched in
summer 2013. The LCLS-II injector beamline is required:

e To accommodate essential beam components and
diagnostics, and adapt to the standard 8-cavity CM.

e To maximize electron beam performance in 6-d
phase spaces.

e To make large half physical aperture for beam
pipe, >4 times rms beam size to avoid the CW
electron beam loss.

For the CDR, the distance from the 2™ solenoid (SOL2)

to the 1% cavity (CAV1) of the 8-cavity CM was about 1
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m. Although a good emittance of <0.6 pm for 300 pC was
achieved from the simulations with the CDR layout, no
space was available to accommodate a few essential
components such as a 2" BPM (BPM2) and gate valve. In
2014, a new layout was developed to add about 50 cm
between SOL2 and CAV1 for the missing components
with a customized reduced endcap for the CM. The
emittance was found to increase ~10-15%, to 0.62 um for
300 pC with the extra 0.5 m of drift-length. Later it was
concluded that the CM would need to be modified for
shortening the standard CM endcaps. Extra cost and
potential construction delays prevented the modification
of the CM for shortening the endcap. Thus it was decided
the standard CM including endcaps is adopted for the
LCLS-II injector source. For that purpose, another 21 cm
was added in the distance between SOL2 and CAVI.
Particle simulations using Astra code [6] show the
emittance increases to 0.67 pm from 0.62 um for 300 pC
with this extra 21 cm. In addition, two pairs of
solenoid/BPMs described in the CDR have small physical
aperture, 1.4 cm of half aperture, ~2.6 times the rms beam
size. According to the simulations, the beam starts to be
lost at the 1* solenoid (SOL1) with only a 1 mm
transverse offset of laser beam on the cathode. We
determined to re-design the layout to reduce the
emittance to < 0.6 um with both added drifts and increase
the solenoid/BPM aperture so the ratio of half aperture to
rms beam size > 4.

New Baseline Layout Developments

To shorten the distance between the SOL2 and CAV1
and enlarge physical apertures of the solenoids and
BPMs, we seek to redesign the solenoid and modify the
BPM with large bores and shorter length [7] without
compromising the electron beam performance. Table 2
presents the comparisons of the new solenoid/BPM with
CDR design. With the new solenoid/BPM the physical
apertures increase >50% and the lengths are shortened by
30%-50%. Combination of the new solenoid with the
modified BPM saves about 15 cm in length in comparison
to previous SOL/BPM. Figure 2 shows the comparison of
the longitudinal solenoid field B, vs. z for the new design
and the CDR design. The new solenoid improves
emittance, although its field quality factor is similar to the
previous one. It is believed the new solenoid improves the
emittance compensation process with space charge.
Studies also show that moving SOL1 closer to the cathode
can reduce the beam size thereby reducing chromaticity
induced emittance. The new solenoid structure is
compatible with a z-position shift in the cathode direction.
After extensive simulations, with the new layout shown in
Fig. 3 the emittance significantly improves. The
optimized emittance is 0.25 pm and 0.43 pum for 100pC
and 300 pC respectively, compared to 0.42 and 0.67 pm
respectively for the CDR layout with added drifts
(“CDR+71 cm”). The optimized emittance values are
already close to the cathode thermal emittance
contribution of 0.2 pm and 0.33 pm for 100 pC and 300
pC respectively. In addition, the ratio of the half physical
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aperture g to the rms beam size ox (i.e., g/ox) is >4.5 at all
locations for 300 pC, compared to 2.6 for the “CDR + 71
cm” case. Table 3 presents the comparisons of the major
beam performances for layouts. With the new layout, the
slice emittance and longitudinal bunch distribution and
higher order nonlinear energy spread at the end of CM are
shown in Fig. 4. The slice emittance for 100 pC is <0.25
pum (100% particles) much smaller than 0.4 pm of
required value, and the non-linear energy spread is about
6.3 keV rms comparable to previous layouts. The
following changes are made compared with the “CDR +
71 cm” layout:
e moved the SOL1 5 cm closer to the cathode and
e moved SOL2 and 5 cm upstream
e reduced the distance between SOL2 and cavityl
about 15 cm
e increased physical apertures of SOL1, SOL2,
BPM1, BPM2, and beam pipe for the laser
injection area and ICT.

1; —
— Previous solenoid |/
New solenoid

o o o
= @» ®,

Normalized Bz field (a.r.b)

o
)

82 02 0 02 0.4
z (m)

Figure 2: Magnetic field B, along z for new and CDR
solenoids.

Table 2: Comparisons of New and CDR Solenoid/BPM
Dimensions for 300 pC

Parameters CDR layout New layout
SOL length 28.8 cm 17 cm
SOL: half aperture 1.44 cm 2.35cm
BPM length 20 cm 15 cm
BPM: half aperture 1.44 cm 2.5cm

& etk £ SfE EES H

Figure 3: Schematic of new baseline layout from the
cathode to CM. Major components are 186 MHz RF gun,
two pairs of solenoid/BPM, 1.3 GHz NC RF buncher, ion
pump, laser injection box, current diagnostic ICT, YAG
screen, two valves, and standard 8-cavity CM.
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Table 3: Electron Beam Performance Comparisons (g/ox
is the ratio of the half aperture to rms beam size for 300

pC)

Parameters “CDR + 71 cm” New layout
g/ox at SOL1 2.6 4.6
g/ox at buncher 6.0 6.6
g/ox at SOL2 4.2 6
Proj. emittance 0.67 0.24/0.42
(rms, 100%, pm) (for 300 pC) (100/300pC)
Higher order >3 14 6.3/13.5
OE (rms, keV) (for 300 pC) (100/300pC)
Peak Current (A) 30 13/30
(for 300 pC) (100/300pC)
0.3 - -
with 100% particles
:
2 -1
8 0.25 . e * e e * |
-g 0.2
01% 2 4 6 8 10
Slice number
14 v 0.02 -
nonnlisar energy
12} ,.’”“] 0.01|spread 6.3
ol / 1\ 0
= 4 .“: \ 001
g f‘j I\ E -0.02
56 .
S / -0.03
4 \; _0.04
2/ : ﬁ‘.\ -0.05
96 Yo 008, 6 20

5}
t(ps)
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Figure 4: Slice emittance (top); longitudinal beam
distribution (bottom left) and higher order energy
spectrum (bottom right) at 98 MeV.

The significant emittance improvements with this new
layout are mostly contributed by: 1) moving SOL1 closer
to the cathode; 2) reduced distance between SOL2 and
CAV1; and 3) new solenoid field map. The emittance can
be further improved using a spatially truncated Gaussian
distribution instead of a current spatially uniform
distribution. Note that all beam dynamics simulations
presented in this paper are performed using Astra code
with 1 pm/mm of thermal emittance, transverse spatially
uniform initial distribution and temporal flattop with 2 ps
rise/fall time.

Novel Method for RF Coupler Correction

A standard 8-cavity CM is used to boost the electron
beam energy to ~98 MeV from <1 MeV. The strong
asymmetrical field from RF couplers located at the low
energy of <l MeV significantly increases the emittance
for larger-size beams. Figure 5 shows the RF coupler
induced emittance growth (green) in comparison to the
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perfect RF field (blue) for 300 pC. The results indicate
~40% emittance growth due to the RF couplers is
expected from the simulations. The kicks of quadrupole
terms induced by RF couplers can be expressed by:

(x'j (vxxx + vXVy]

, =

y coupler v}’x X+ v}’}‘y

where vy and vy, are linear terms, and vy, and vy, are
coupled terms. The emittance growth is mostly caused by
the coupled terms. The kicks of linear and coupled term

can be corrected with skew quadrupole [8], which is
modeled as:

cos20, sin20,
X = y
(x‘] ) fq f‘q
! | sin20 cos 26,
y quad q X+ q y
fy fy

where 0y is the quadrupole rotation angle, f; is the
quadrupole focal length. With proper quadrupole
parameters (rotation angle and strength), the RF coupler
induced quadrupole terms can be completely cancelled.
As shown in Fig. 5 (red) the RF coupler induced
emittance growth is completely corrected with a very
weak skew quadrupole (integrated strength 3 Gs and 10°
of rotation angle). This method using quadrupole
correction allows for adjustable corrections compared to
traditional RF coupler correction with absorbers, or cavity
coupler cell deformations and/or penetration to cancel
quad terms.

1

\'u\ i —3d sc. no coupler
0.95 ‘\ [ —3d sc, couplers
\ ‘: 3d sc, couplers w/ guad correction
0.8 1y |
i A
. 085 oy 300pC
Ty 2%
3 il n
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Figure 5: Emittance evolution with perfect RF field
(blue), with RF couplers field (green) and correction
using a weak skew quadrupole (red) for 300 pC.

Alternate Beamline Development

In the baseline layout we used single standard 8-cavity
CM but the 2™ and 3™ cavities are powered off (i.e., ~4.2
m between the first two-powered cavities) for better
emittance. It is believed that the drift distance between the
CAV1 and next powered cavity improves the emittance
compensation process. Further simulations showed that
the emittance improves with longer separation between
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the CAV1 and next powered cavity for 300 pC, as shown
in Fig. 6. The optimum emittance is obtained with about
5.5-6 m of the distance between CAV1 and next powered
cavity center. In an alternate configuration, we can
replace the single standard 8-cavity CM in the baseline
layout with two CMs. The first CM (CM1) has only one
9-cell cavity to gain about 10-MeV energy and the second
CM is a standard 8-cavity (CM2). As shown in Fig. 7,
excluding the space for CM endcaps, about 3.2 m of drift
space is available for essential diagnostics including
emittance station and energy spectrometer for ~10-MeV
6-d beam phase spaces measurements. The components
from the cathode to the CM1 are identical to the new
layout (not shown in Fig. 7). The alternate layout may not
be adopted for the LCLS-II project due to cost. However,
it can be used for future upgrade as it has significant
advantages over the baseline layout:

e Emittance is independent of the cavity gradient on
the cavities on the CM2. So all cavities of the CM2
can be powered on with at least one cavity as
spare.

e The drift between the two injector CMs allows
addition of essential diagnostics such as emittance
station and energy spectrometer for measurement
of 10-MeV beam and cavity alignments.

e Emittance is improved by 5-10% in comparison to
the baseline layout.

0.8,

T ——_ equivalent to CAV2

powered off in the
E 0.75 baseline layout
2
@
2
S o7
=1
E » equivalent to CAV2 and
o CAV3 powered off in the
2 0.65; baseline layout
o
5 | '3
o e —
& o08f — o

P

=
0'52.5 3 35 4 45 5 55 [ 685

Distance between first two powered-cavities

Figure 6: Emittance vs. distance between first two
powered-cavities for 300 pC.

[ 5918 m -
3.200m

Figure 7: Schematic of the alternate layout (components
from cathode to CM1 are identical to Fig. 3). Diagnostics
installed in between CM1 and CM2 include the emittance
station using slits, collimators, and energy spectrometer.
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SUMMARY

LCLS-II injector layout was optimized with significant
improvements of emittance and physical apertures. A
simple model using a weak skew quadrupole is developed
[9] and simulations show the RF couplers effect can be
completely cancelled with the skew quadrupole. An
alternate layout is also developed with improved
emittance and addition of essential diagnostics such as
emittance station and energy spectrometer at ~10 MeV.
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Abstract

The Advanced Photo-injector EXperiment (APEX) at
the Lawrence Berkeley National Laboratory (LBNL) is
dedicated to the demonstration of the capability of an
electron injector based on the VHF-gun, the new concept
RF gun developed at LBNL, of delivering the beam
quality required by MHz-class repetition rate X-Ray free
electron lasers. Project status, plans, and recent results are
presented.

INTRODUCTION

APEX, the Advanced Photo-injector EXperiment at the
Lawrence Berkeley National Laboratory (LBNL) is
dedicated to the development and test of an injector based
on the VHF-Gun [1-3], a new concept high repetition rate
high-brightness electron gun. The successful development
of such an injector will critically impact the performance
of future 4th generation light sources when MHz-class
repetition rates are required. In particular, the baseline of
the SLAC LCLS-II project [4] includes an injector based
on such a gun.

The VHF-Gun is a normal-conducting continuous wave
(CW) RF gun where electrons are generated by laser-
induced photo-emission on high quantum efficiency (QE)
cathodes and accelerated up to the nominal energy of
750 keV. The gun cavity resonates at 186 MHz, the 7"
sub-harmonic of 1.3 GHz or the 8" sub-harmonic of
1.5 GHz, the two dominant superconducting linac tech-
nologies. The low frequency makes the resonator size
large enough to lower the power density on the cavity
walls at a level that conventional cooling techniques can
be used to run in CW mode, while maintaining the high
accelerating fields required for the high brightness
performance. A second advantage of the low frequency is
the long wavelength that allows for large apertures on the
cavity walls with negligible field distortion. Such aper-
tures provide the vacuum conductance necessary to
achieve the low pressures required to operate the sensitive
QE cathodes with acceptable lifetime. A last advantage of
such a scheme is that it is based on mature and reliable
RF and mechanical technology, an important charac-
teristic to achieve the reliability required to operate in a
user facility.

The APEX project was initiated at the end of 2009 and

* Work supported by the Director of the Office of Science of the US
Department of Energy under Contract no. DEAC02-05CH11231
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was organized in 3 stages (Phase 0, I and II), with the first
two (now completed) dedicated to the development and
testing of the gun, cathode testing and electron beam
characterization at the gun energy. In Phase II, presently
in its very final installation phase, a buncher and a linac
are added to the VHF-Gun to compress and accelerate the
beam up to 20-30 MeV reducing space charge forces in
order to perform a reliable characterization of the
gun/injector brightness and compression performance.

The commissioning of the VHF-Gun and the
demonstration of all its major design goals are reported
elsewhere [5], here we concentrate on the status of the
installation of Phase-II of APEX and on the more recent
commissioning results.

PHASE-II DESCRIPTION

Figure 1 shows the CAD layout of APEX Phase-II. The
vacuum loadlock that allows replacing the reactive high
quantum efficiency (QE) without breaking vacuum, and
the VHF-Gun are visible in the left-bottom corner of the
figure.

In Phase-II a 1.3 GHz CW buncher is inserted down-
stream the gun followed by a linac composed by three 1.3
GHz pulsed accelerating section. A suite of beam
diagnostics systems capable of 6D beam phase-space
characterization completes the accelerator layout.

Accelerating
sections

Buncher
cavity

Loadlock
Diagnostics
“suite”

Figure 1: APEX Phase-II Layout.

The buncher, shown in Fig. 2, uses a two-cell design
optimized for high shunt impedance and for being
multipacting free over the whole range of power [6]. The
main parameters for the buncher are shown in Table 1.
The RF power is fed in each cell by two coaxial couplers
terminated with a loop that couples the magnetic field in
the cell. Two additional flanges in each of the cells are
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used to connect a vacuum pump (combined NEG-lon
pumps- NEXTorr type from SAES) and an RF probe.

q .

Figure 2. Left: APEX buncher CAD view. Right: a
picture of the buncher installed in the Phase-II beamline.

The couplers ports and the additional two flanges were
optimized to minimize dipolar and quadrupolar field
components induced by the ports themselves and that
could degrade beam emittance. The buncher resonance
frequency is controlled by the cooling water temperature.

The fabrication of the buncher is completed, the two
cells have been frequency tuned and their field balanced
using the four dimples in each cell, and the unit is now
installed in the beamline. A picture of the buncher is
visible in the right part of Fig. 2, while in the left part a
CAD view that includes also the four RF couplers is
shown.

The buncher coupler, an LBNL design, is a coaxial
structure with a bandpass response centered at 1.3 GHz
and with few MHz bandwidth. The design incorporates a
custom RF window to separate the vacuum in the buncher
from the air side. The RF power from four CW 1.3 GHz
2.5 kW solid state amplifiers (from TOMCO) is fed to the
four couplers by individual semi-rigid 1-5/8” heliax-type
HCAT158-50J cables.

Figure 3: APEX Buncher RF coupler.

Figure 3 shows a picture of one of the buncher
couplers. In the right part of the figure, the copper loop
that magnetically couples the field inside the buncher, is
visible. The rotatable flange on the right, allows clocking
the coupler to obtain the desired coupling factor.

Both the buncher and its couplers were completely
designed and fabricated at LBNL with the only exception
of the brazing operations that were performed by Cali-
fornia Brazing (Newark, CA).

The Phase-II linac is composed by three 1m-long 1.3-
GHz normal-conducting standing-wave accelerating sec-
tions. At the moment only two sections are installed, the
third one, delivered with some delay, will be installed
sometime later this year. The sections are a modified
version of the 7-cell sections designed and used by the
Argonne AWA group [7]. The central cell, where the RF
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power is fed, was modified to include two opposite
located RF power couplers (only one in the original
design) and two dummy couplers (perpendicularly to the
real ones) to effectively minimize dipolar and quadrupolar
field distortions that could affect the beam emittance.

Table 1: Buncher Main Parameters

Parameter Value Units
Frequency 1.3 GHz
Mode of operation Cw

Mode separation 1.2 MHz
Ideal conductor Q, 23500

Nominal Voltage 240 kv
Nominal power 8 kW
Power per cell 4 kW
Power per coupler 2 kW
Resonant mode T

Shunt impedance 7.2 MQ

Figure 4 shows the two accelerating sections installed
in the Phase-II beamline. The two RF couplers and one of
the dummies on top of the section are visible.

PN ) R : s //
Figure 4: The modified AWA accelerating sections
installed in the Phase-II beamline.

A single klystron (THALES TV 2022F) generates 25-
MW peak power over a 10 us pulses at 10 Hz for the
3 accelerating sections and for the 1.3 GHz transverse
deflecting cavity used for beam diagnostics. The power
from the klystron is delivered to the 4 devices by a
complex network of SFs filled L-Band rectangular
waveguides that includes a 4-port RF circulator and high
power phase-shifters/attenuators for each of the branches.

While the VHF-Gun and the buncher run in CW mode,
the linac operates in pulsed mode at 10 Hz repetition rate.
The rationale behind this configuration is based on the
fact that electron beam brightness (the main of the APEX
Phase-II goals) is a single bunch property of the beam that
is not affected by the repetition rate. This permitted using
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a room temperature copper linac with a strong cost
reduction and system simplification.

Downstream of the linac, a beam diagnostics suite with
6D beam phase-space characterization capability is
located. It includes emittance monitors for space charge
dominated or non-dominated beams, a spectrometer and a
transverse deflecting cavity. More details on the
diagnostics can be found elsewhere [8].

Figure 5: Part of the Phase-1I diagnostics beamline. The
1.3-GHz single-cell transverse deflecting copper cavity is
visible in the left of the picture followed downstream by
the large orange spectrometer (vertical) bending magnet.

PHASE-II INSTALLATION STATUS

Phase-II beamline installation is close to completion
and subsystem check-outs already started. High power RF
conditioning of the linac sections and of the buncher will
start as soon as the check-out is completed, and will be
followed by beam commissioning.

Figure 6: Several APEX subsys

B

tems on the BTF roof.

Figure 6 shows the Beam Test Facility (BTF) roof
where all the RF power sources and the cathode driver
laser are located.

Figure 7 shows the Phase-II beamline installed inside
the BTF.
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Figure 7: APEX Phase-II beamline installed in the BTF.

RECENT RESULTS

In April 2015 the beam tests were suspended to allow
the installation of the Phase-II beamline. Before that, a
number of beam measurements at the beam energy using
the Phase-I beamline were performed.

Cs,Te photocatode characterization campaign

Cesium-Telluride (Cs,Te) photocathodes, produced by
INFN/LASA in Milan, Italy, were extensively tested
during a many days campaign.

The results demonstrated the capability of such a
cathode to perform at the challenging unprecedented
regime imposed by high repetition rate x-ray FELs such
as the LCLS-II.

Multiple runs at 1 MHz repetition rate with constant
charges per bunch of 20, 100 and 300 pC were performed
to characterize the QE and the QE lifetime of such a
cathode. Figure 8 shows an example of such runs.
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‘(—.U 30 mae
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0 1 2 3 4 S5
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Figure 8: Example of constant current tests with Cs,Te.
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The measurements showed an extremely high QE with
long lifetimes well beyond LCLS-II requirements. The
reason for the slow QE lifetime was identified as a
progressive oxidation of the photo-emitting material due
to the residual oxygen that shows in the gun when the RF
is ON (~10""" Torr partial pressure). Figure 9 shows a
summary of the QE lifetime measurements with the fit
indicating the clear correlation between the integrated
amount of oxygen and the QE value. More details on such
measurements can be found elsewhere [9, 10].

Exposure to Oxygen (Langmuirs)

0 & 4 6 8
=16 & ) L | 1
é t;,e=402.1£5.85 hours
a‘ =14.47+0.2 Langmuirs(0)
c 14
2
=
QU_J 124 gas :::t?::l:e:sure =1 days QE lifetime
E x exposure time (LCLS-ll requir. ~ 3-4 days)
=
= * Measured QF
g 10 —_ exZ:i::!bal fitof < #* >
(@7
0 50 100 150 200 250
RF ON Time (hours)

Figure 9: Cs,Te QE vs. time and integrated Oxygen
exposure.

Dark characterization and reduction

Dark current in high duty cycle accelerators can
represent a serious issue. If not properly controlled, it can
induce quench of superconducting RF structures and
additional radiation dose that can degrade the
performance of permanent magnet-based devices.

An extensive dark current characterization campaign
was performed at APEX that allowed to quantify the
current intensity as function of the beam energy (Fowler-
Nordheim analysis) as well as to identify the location in
the gun of the field emitters responsible for most of the
dark current generation (around the copper area just
outside of the cathode plug). These findings make it
possible to define an effective multi-point strategy to
reduce photoemission from the gun. Details of the
measurements and the analysis can be found in [11].

On August 2014, a failure of one of the RF waveguides
that bring the power to the VHF-Gun contaminated the
gun and forced us to open the gun cavity for the necessary
cleaning. Such a situation offered the possibility of
actuating some of the points in our dark current reduction
strategy. In particular, we carefully re-polished the area
where the field emitters were located, and performed a
dry-ice cleaning cycle of the whole cavity wall followed
by an additional cleaning cycle of the cathode area.

When we restarted later in January 2015, the dark
current intensity showed an impressive decrease by more
than 3-orders of magnitude going from ~350 nA down to
~0.1 nA. Figure 10 shows the Fowler-Nordheim analysis
before (top) and after (bottom) the cleaning/re-polishing
operation.
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Figure 10: Dark-current Fowler-Nordheim analysis before
(top) and after (bottom) the cleaning/re-polishing oper-
ation.

PLANS AND CONCLUSIONS

Plans for the near future include the beam commis-
sioning of Phase-Il beamline, and in particular the
demonstration of the compression and emittance required
by the different modes of operation of LCLS-II.

In addition, APEX will operate in support of HIRES,
the high repetition rate ultrafast electron diffraction
program at APEX funded by DOE-BES [12].
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ELECTRON BEAM PROPERTIES FROM A COMPACT SEEDED
TERAHERTZ FEL AMPLIFIER AT KYOTO UNIVERSITY
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Abstract

A compact seeded Terahertz FEL amplifier is started
construction at the Institute of Advanced Energy, Kyoto
University, Japan. The system consists of a 1.6 cell BNL
type S-Band photocathode RF-gun, a magnetic bunch
compressor in form of a chicane, triplet quadrupole
magnets and a short planar undulator. Electron beams
from the photocathode

RF-gun were measured and compared with the
RARMELA simulation results. Numerical and experi-
mental studies on the contribution of the space charge
effect were carried out. By using the RF power of 9 MW,
the RF phase of 40 degree, the laser pulse energy of 20 pJ
and the solenoid magnet current of 135 A, the electron
beam with a bunch charge of 50 pC, a beam energy of
around 5 MeV and an RMS emittance of 6-8 mm-mrad
was achieved.

INTRODUCTION

The Institute of Advanced Energy has developed the
compact seeded THz-FEL (IR-FEL) amplifier [1]. The
system was designed to be simple, compact and
economical aimed to use in scientific researches. The
system consists of a 1.6 cell BNL type S-Band photo-
cathode RF-gun, a magnetic bunch compressor in form of
a chicane, triplet quadrupole magnets and a short planar
undulator. The photocathode RF gun succeeded to
generate the first beam in May, 2015. The electron beam
properties, i.e. a bunch charge, a beam energy and a
transverse beam emittance from the photocathode RF gun
were measured. These electron beam properties are
compared with the simulation results using the program
PARMELA [2] to check the system. Since the energy of
the electron beam would be low, around 5 MeV, the space
charge effect should affect the beam properties strongly
and it might be difficult to obtain a short bunch beam to
generate intense THz radiation. Therefore, the study on
the beam properties from the RF gun is crucial both by
experiment and by simulation.

The 1.6 cell BNL type S-Band photocathode RF-gun
has been developed at KEK [3]. The gun has two cavities,
the first cavity is a half-cell type and the second cavity is
a full-cell type. The photocathode of the RF-gun is the
copper one during this study. A high power microwave
transported from a 10 MW klystron, travels through a
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waveguide, which is connected at the upper wall of the
second cavity. The microwave is fed into the first cavity
via the central iris between two cavities. The effective
length of half-cell and full-cell are 3.4135 cm and
9.0405 cm, respectively. The microwave has a pulse
duration of 2 us with a maximum macro-pulse repetition
rate of 10 Hz. The photocathode drive laser consists of a
mode-locked Nd:YVO, laser (GE-100-VAN-89.25 MHz-
CLX-Flexible AOM, Time-Bandwidth), two amplifiers,
beam position stabilizers and SHG-FHG [4]. The laser
wavelength is 266 nm with a pulse duration of 8 ps at
FWHM. The repetition rate of the injected laser is one
thirty second of the RF frequency (89.25 MHz), which is
defined by mode-lock frequency and designed to
synchronize the cavity frequency of the MIR-FEL system.
This is because the laser system is also used for the
photocathode mode operation of the existing S-band linac
[4]. A solenoid magnetic field is used to compensate a
very strong space-charge effect on the electron beam. The
limitation of the power supply used for the solenoid
magnet is 200 A with a solenoid field around 300 mT.
Beside the experiments, numerical simulations using the
program PARMELA were performed to study the
electron motion in the RF gun as well as to investigate
accelerated electron beam properties which are charge,
energy, energy spread, emittance and pulse width.

METHODOLOGY

To investigate a transverse profile, dark current and
bunch charge of the electron beam produced from the
photocathode RF-gun of a compact seeded terahertz FEL
amplifier, we used a fluorescence screen, a CCD camera,
an electron exaction window and a Faraday cup as shown
in Fig. 1(left). The typical Faraday cup signal of the
electron charge measurement is shown in Fig. 1(right).
Unfortunately, we did not have enough time to prepare in
vacuum measurement. Thus, the charge measurement was
performed in air. The photoelectron beams hit the
exaction window inside a vacuum chamber. The window
made of copper with a thickness of 0.2 mm. The energy
loss of electron at the copper window is calculated to be
230 keV at the kinetic energy of the beam of 4.5 MeV [5].
An emitted electron beam from the copper window
traveled in the air, then, it is observed by using the
Faraday cup. The cup itself is made of graphite for
absorbing the electron beam by using the in air measure-
ment technique. The electron bunch charge is obtained by
using an Eq. 1:
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Figure 1: (left) Photogragh of the experimental set up for
measurement of a dark current and electron bunch
charges. (right) Typical Faraday cup signal of the electron
charge measurement.

szl(f)df=%]‘U(t)dt, (1

where U(t) is the measured voltage observed by the
oscilloscope and R is a resistance of the measurement
system. The dark current is a background current, which
comes from an effect of the RF wave even the drive laser
is switched off. The dark current dependence on the
microwave power is shown in Fig. 2.
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RF power (MW)

Figure 2: Relationship between the dark current and the
RF power.
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RF phase (degree)
Figure 3: A relationship between the electron bunch
charge and the RF phase.

We used an RF power of 9 MW and a solenoid current
of 120 A to study the photoelectron bunch charge
dependence on the RF phase. The relationships are shown
ISBN 978-3-95450-134-2
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in Fig. 3. Besides the bunch charge, the beam energy and
beam emittance are other important properties of the
electron beam. To study these properties, we used the
measurement set-up as shown in Fig. 4.

Figure 4: Photograph of the experimental set up for the
measurements of beam energy and beam emittance.

The instrument system consists of a beam exaction
window, which is a mylar window, a dipole magnet, three
quadrupole magnets, a fluorescence screen and two CCD
cameras. The energy measurement has been performed
with the in air measurement as well. An emitted electron
beam from the mylar window whose thickness is 0.3 pm
traveled in the air. The mylar window is made of
Aluminum coated one side with a polyimide [6]. The
energy loss in the Aluminum window is calculated to be
110 keV at kinetic energy of the beam of 4.5 MeV [5]. On
the other hand, the density of air inside the accelerator
room is 1.20E-3 g/cm’, the stopping power in the air is
about 2.3 keV per 1 cm. When the beam travelling pass a
dispersive region of the dipole magnet, which has the
magnetic field perpendicular to a traveling path of the
beam, the magnetic field acts on the electron beam related
to the energy (E) of the beam [7] as

1 0.2998B,[Tesla] 2
p[m] IHEtotul[GeV]

where B, is the peak magnetic field of the dipole magnet
and O is the radius of curvature of the traveling path.

Therefore, electrons with different energies bend in the
dispersive region with different bending radii. A
geometry length of the dipole magnet is 6.5 cm and an
effective length is 11 cm. The beam energies are related
to an RF power and phase.

A comparison between the measurement and
simulation results of the beam energy dependence on the
RF phase is shown in Fig. 5. The blue plots are the
measurement results and other plots are the example of
simulation results. The measurement results of the beam
energies depending on the RF powers and the RF phases
are shown in Fig. 6. An expected ratio of the accelerating
gradient between the half-cell and the full-cell of the RF-
gunis 1:1.
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Figure 5: Measurement and simulation results of the beam
energy dependence on the RF phases.
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vertical or horizontal direction. A focal length of
quadrupole magnet is given by this following equation

SIml=1/(k[m)[m]), “)

where £ is the strength of the magnet and / is the effective
length of the magnet, which is related to [7]

k = (0.2998G[T / m])/ (p[GeV / c]), (5)

where G is the gradient of the magnet and p is the
momentum of the electron. An effective length of the
quadrupole magnets in this experiment is 55 mm. We
used an RF power of 9 MW with an RF phase of 40
degree and a solenoid current of 130 A to study the beam
emittance dependence on the bunch charge and the drive
laser pulse energy. The relationships of these parameters

5.0
S 4s5) eseesecrses, are shown in Fig. 7.
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Figure 6: Measurement results of the beam energy
dependence on the RF powers and the RF phases.

According to the measurement results in Fig. 6, at the
RF phase lower than 40 degree, the beam energy slowly
increases and it is almost constant around 40-50 degree
for each RF power. The beam energy rapidly decreases at
the phase larger than 50 degree. The beam energy for
each phase are proportional to the RF power. The
relationship of the beam energy and the RF phase for each
RF power shows the same tendency.

Beam emittance is an important quantity for evaluation
of the transverse electron beam quality. The emittance
relates to area or volume of the phase space diagram,
which is occupied by electrons. The emittance are defined
as [8]

g, =)D~ &, = JO - p) s ()

where x, y are electron horizontal and vertical positions
in Cartesian coordinate system. The angles x’, y’ are
defined by the transverse momenta divided by the total
momentum.

A measurement system is prepared in form of a
quadrupole scan method with a thin lens approximation.
The quadrupole magnets focus the electron beam in
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Laser pulse energy ( x 1076 )]
Figure 7: The beam emittance dependence on the bunch
charge and the drive laser pulse energy.

As is shown in the Fig.7, the bunch charges are
proportional to the laser pulse energies. It is noted that the
space charge effect, which is larger with a higher bunch
charge, makes the beam getting a large divergence.
Therefore, the beam emittance is getting larger according
to the laser pulse energy.

The solenoid magnetic field changes a focusing
condition of the beam. Therefore, it changes the RMS
beam emittance. We used an RF power of 9 MW, an
electron bunch charge of 50 pC and an RF phase of 40
degree for studying the beam emittance dependence on
the solenoid field. The relationship is shown in Fig. 8.
Blue and red plots refer to a property in x-axis and y-axis,
respectively. The beam emittance is minimum at a
solenoid current of 135 A. The results in both x-axis and
y-axis show similar tendency with small difference in
values.

A magnitude of the electric field inside the RF-gun
changes with the time. Then, the beam energy depends on
an accelerating gradient of the RF as a function of the RF
phase. Therefore, the RMS emittance also related to the
RF phase. We used the RF power of 9 MW, the solenoid
current of 135 A and the bunch charge of 50 pC for this
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investigation. The measurement and simulation results are
shown in Fig. 9.

RMS emittance in X/ y-aixs (mmnrad)
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Figure 8: Relationship between the beam RMS emittance
and the solenoid magnetic current.
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Figure 9: Relationship between the beam emittance and

the RF phase.

It is clearly seen that the beam energies are high and
almost constant at low RF phase region, where the space
charge effect is low. Therefore, the beam emittance
almost constant at this region. On the other hand, the
beam energy rapidly decreases at high RF phase region,
where the space charge effect is high. Therefore, the beam
emittance rapidly increases.

CONCLUSTION AND OUTLOOK

The numerical and experimental studies on the electron
beam properties have been carried out. Results of the
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investigation show that the electron beam with a bunch
charge of 50 pC, a beam energy of around 5 MeV and an
RMS emittance of 6-8 mm-mrad can be obtained by using
the RF power of 9 MW, the RF phase of 40 degree, the
laser pulse energy of 20 pJ and the solenoid magnet
current of 135 A. Further investigation will be performed
in order to improve the quality of the RF-gun, the
measurement systems and the calculation methods for the
better performance of the 1.6 cell BNL type photocathode
RF-gun.
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Abstract Table 1: S-band Klystron Specifications
PAL XFEL is supposed to install 51 units of the pulse ~_Deseription Unit  Value
modulator power supplies for a 10-GeV linear accelerator Frequency MHz 2,856
using S-band (2856 MHz) cavities. The requirements of
the modulator stability really become very tight. The Peak output RF power Mw_ 80
stability on beam voltage is required to be less than RF pulse ps 4
50 ppm. In order to obtain the high precision stability Cathode voltage (Vk) kV 400
from the modulator system, we have newly produced a
capacitor charging power supply (CCPS) and obtained the ~_B¢am current (Ik) A 500
target stability with 10 ppm (STD) accuracy from p-perveance 1.85~2.0
measuring PFN. (Pulse Forming Network). The CCPS Repetition rate (Max) Hz 60
generates a maximum output voltage of 50 kV at average
current of 2.4 A with 4 units of the CCPS. The modulator Table 2: X-band Klystron Specifications
peak output capacity is 400 kV, 500 A and 7.5 us at a — -
pulse repetition rate of 60 pps using CCPS, a modified Description Unit  Value
type-E PFN, and a pulse transformer. In this paper, the Frequency GHz 11,424
test results of the modulator system will be described. Peak output RF power MW 50
INTRODUCTION RF pulse us 2
In order to obtain the energy of 10 GeV from PAL  Cathode voltage (Vk) kv 450
XFEL, We are expectjng to employ 51 units of pu.lse Beam current (Ik) A 360
modulators with matching klystrons. Among the 51 units,
p-perveance 1.2

s-band types are fifty units, and x-band type is one. The
requirements of a beam voltage stability and RF phase Repetition rate (Max) Hz 120
stability are 0.005% (std) and 0.1 degree (std),
respectively. The high precision CCPS has been employed ~ Modulator

to meet the requirement for the modulator stability. We The specifications of the PAL XFEL modulator are
are supposed to use three types of klystrons: an equal output power of 200 MW, beam voltage of 400 kV, beam

E;lmber of moc%ful}riltorsb Wictlhz 54 81\435 Sle s-band (810 M“; current of 500 A, pulse width of 7.5 ps and repetition rate
ystrons, two of the s-ban ystrons, and one of ¢ 60 1z Table 3 summarizes the specifications of the
the x-band klystron.

modulator.
MODULATOR SYSTEM Table 3: Modulator Specifications

51 units of the pulse modulator power supplies will be Description Unit Value

installed for a 10-GeV linear accelerator until the end of
. Peak power MW 200

September this year. There are three types of klystrons: i
the s-band 80 MW, 25 MW Klystrons, and the x-band  Average charging power kW 120
50 MW klystron. Repetition rate (normal) Hz 60
Klystron Tube Pulse peak output voltage kV 400

The performance parameters of the s-band Toshiba  Pulse peak output current A 500
E37320 klystrons and XL4 klystron are shown in the PFN voltage stability (rms) ppm <10
tables below. The XL4, x-band klystron, is used to power Flat-top width us 4.0
x-band structures of PAL XFEL for beam phase space
linearization.

Figure 1 shows the simplified circuit diagram of the
*Work supported by the Korean Ministry of Education PAL _XFEL modulator. In grder to Charge to PFN
#ksangh@postech.ac.kr capacitor, CCPS are used, which are newly produced by
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Dawonsys and Posco ICT. The inverter power supply is a
constant current source so that the PFN voltage is linearly
increasing during active charging time. It takes about
14 msec to charge the PFN up to 45 kV, not including
dwell time as using a maximum output voltage of 50 kV
at an average current of 2.4 A with 4 units of the CCPS in
a200 MW PAL XFEL modulator. The CCPS total power
rating is 120 kJ/s.

0 POOMM Wordulator

R

i (@ hiodulatur Kigstion Controller

ure 1: Circuit diagram of the PALXFEL modulator. '

CAPACITOR CHARGING POWER
SUPPLY

The modulator employees a high efficiency capacitor
charging power supply that utilizes a high frequency,
series resonant inverter topology. The power supply is
specifically designed for constant current capacitor
charging. With the help of the CCPS, the modulator
system is naturally compact in spite of a 200 MW
modulator power.

Configuration of CCPS

The block diagram of the inverter power supply is
shown in Fig. 2. There are four basic modules: the input
power module, the inverter section, the high-voltage tank,
and the control system. Inverter part is a resonance
method that consists of L and C to supply resonance
current and full-bridge circuit using IGBT module. The
resonance frequency is 40 kHz. High voltage rectifier
circuits produce the rectified high voltage output. The
control circuit utilizes a high regulation scheme that DSP
28335 is used to control primary power and inverter part
of the CCPS, sensing output voltage and current in order
to monitor various interlocks.

Control of CCPS

CCPS controls PFN voltage precisely by using a
precision controller and a master controller. Figure 3
shows the configuration for precision control. The
precision controller picks up the charged voltage in PFN
by using a high voltage probe and transfers to a master
controller in the CCPS after determining the gate pulse
width of the IGBT to maintain setting value of the PFN
charging voltage through a P-I control. The master
controller controls the output by transmitting the gate
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Figure 2: Block diagram of the inverter power supply.

signal of IGBT received from a precision controller and
displays received interlock information of CCPS, then
finally transfers the information to a machine controller.
To meet a very tight stability two different types of CCPS
mode are employed. One is a fine control mode which is a
high precision type (< 10 ppm) and the other is a coarse
CCPS (<1,000 ppm).

CCPS #1

,—~ Gate —— I ®— PFN
CCPS #2
osrassss —— Gae
Master Controller I CCPs #3
b
CCPS #4
e —
High Voltage Probe
\-

Precision Controller -'-
Gate Pulse ;
= Pul L,
Width -]

Figure 3: CCPS precision control configuration.

Stability Measurement

The experimental devices were set up to measure the
modulator stability from PFN, beam voltage, and beam
current as shown in Fig. 4. To obtain high precision of the
voltage stability, we used a high voltage probe (VD60
Ross) which is very stable in temperature fluctuation. On
the PFN, beam voltage, and beam current waveform, the
zero offset is defined by a differential amplifier
(DA1855A, Lecroy) setting a band width of 100 kHz. To

AC220V \ AC220V

0SCILLOSCOPE
DPO7104, Tecktronix

DA1855A

T 7 BWW=100kHz
/ Front

o
° 000 ¢ Sonae s
-

T

Internal Source
BW=20MHz

Back
Amplifier @ [F——

output g,

Figure 4: Test device for a stability measurement.
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display the histogram, an oscilloscope (DPO7104,
Tektronix) equipped with a high resolution mode in an
acquisition mode is used [1].

PFEN Charging Voltage Waveform

The capacitance of PFN in the 200 MW PAL XFEL
modulator is 1.4 ps, and the test operation condition is
42kV at 60 Hz. The load is Toshiba s-band klystron
(E37320). Figure 5 shows the charging current waveform
of PFN and bucket voltage during charging. The charging
voltage will be changed when the PFN voltage reaches to
the target value during charging. Figure 6 shows the
expanded precision charging voltage waveform and
control of voltage waveform in the regulation section of
PFN. The size of the precision voltage in the regulation
section is less than 2 V.

Figure 6: Current of PFN charging voltage.

Test Results

In order to reduce switching noise from a thyratron
switch in a modulator system, separated AC power and
optic cables were used to block the switching noise while
measuring the stability of PFN voltage. The measuring
position of PFN stability is 1 ps before switching of a
thyratron. For each measurement it took about 3 minutes
and performed 3 times after every 30 minutes waiting
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time. The stability of the PFN charging voltage was about
9 ppm shown in Fig. 7. In the same method as PFN
measuring, the beam voltage stability was trying to do,
and the measuring position of beam voltage stability was
randomly selected from the flat-top, then set 5 ns for the
time division. For each measurement it took about 3
minutes and performed 8 times for more accurate results
after every 30 minutes waiting time. The stability of the
beam voltage was about 29.6 ppm shown in Fig. 8. The
slight deviation of the stability for each step was mainly
due to temperature dependent time variation.

=— RMS({PFN}
o PPPFN)

120
10

Stabilty{ppm]

Avg : 9.05 [ppm]

' T y y v
= = el o s 20 25 2w
= Time{3minipt]

Figure 7: PFN voltage stability measurement.

Stabilitylppm]

1

Time(3minpt]

Figure 8: Beam voltage stability measurement.

HARMONICS OF CCPS INPUT POWER
MEASUREMENT

We measured and analysed the harmonics that may be
generated from CCPS input power, 480 V AC while the
CCPS is running at 40 kV, 60 Hz. Plots for current
waveforms measured from the 480 V AC are shown in
Fig. 9.
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Figure 9: Current waveforms from AC 480 V.
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The detailed harmonic trends measured from AC 480 V
are summarized below while CCPS is working at 40 kV,
60 Hz. As shown in Fig. 10, those are 41.6 % of the 2™
harmonics, 14.7 % of 3, 30.7 % of 5", and 10 % of 7".
As a result of analysing each phase and its harmonics,
unexpected high harmonic distortions have occurred due
to characteristic of making the CCPS operation that they
are only working during the period of 13.4 ms at 60 Hz.
An inductor of 1 mH was set up in the input source side
of AC 480 V to solve that harmonic problem. After that
there was a reduction effect of about 72 % at harmonic
distortions. However, the voltage drops of AC 480 V get
worse at the inductor test of 1 mH, so we need to consider
an inductor of the appropriate values. In general, the
inductor of installed capacity of 5 % is applied for
harmonic current reduction of nonlinear load. Therefore,
the inductor of about 5 % is expected to apply an inductor
of around 600 uH when used shall be. The harmonics also
bring the reduction by increasing capacitor values that
used in the DC link in the CCPS.

50.0%

45.0% %

40.0%

35.0%
30.7%

30.0%
25.0%

20.0% 14.9%

15.0% | 12.1%

10.0% 74%

3.7%  41% g 47%

5.0% 2.0% 10
’ 1.7%1.6%1 %2 2% %2'5%1.1%0_7%
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12 3 4 5 6 7 8 810111213 14 1516 17 16 19 20

Figure 10: Harmonic current spectrum measured from AC
480 V.
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CONCLUSION

The 200 MW pulse modulator for an 80 MW s-band
klystron was designed and fabricated including a precise
function of CCPS that is a maximum output voltage of
50kV and an average power of 30 kW. The stability
results of measuring at PFN and beam voltage were
satisfying the requirement of < 10 ppm and < 50 ppm,
respectively. Three-phase 480 V AC is used to supply
CCPS input with the AC power. We have found lots of
power factor measured more badly than the requirements
set out while CCPS is working only for 13.3 ms at 60 Hz.
In order to reduce unexpected high harmonic distortions
we have to make a harmonic measurement of AC 480 V
applied to CCPS input lines, then installed a inductor of
600 mH between CCPS input lines and AC 480 V. After
that, we are satisfying the results due to reducing the high
harmonic distortions and the voltage drop rate of AC
480 V.
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STUDY OF SMITH-PURCELL FREE ELECTRON LASER USING
ELECTRON BUNCH PRODUCED BY MICRO-PULSE ELECTRON GUN

Jifei Zhao', Deyu Yang, Ziqin Yang, Weiwei Tan, Yujia Yang, Xiangyang Lut
Institute of Heavy Ion Physics, Peking University, Beijing100871, China

Abstract

A Micro-Pulse electron Gun (MPG) with the frequency
of 2856 MHz has been designed, constructed and tested.
Some primary experimental studies have been carried out
and electron beam with the average current of 18 mA has
been detected which holds promise to use as an electron
source of Smith-Purcell Free Electron Laser (SP-FEL) to
produced Coherent Radiation. It is well known that
Smith-Purcell radiation is one of the achievable ways to
produce FEL. After many years study in theory and
experiment, lots of new mechanisms and appearances
have been discovered. Coherent Smith-Purcell Radiation
was discovered in 1990s as well. Obviously, MPG is one
of ideal electron sources of CSPR for that S-band electron
source can increase energy density and produce
frequency-locked SP radiation at these frequencies. And
this will be displayed in the simulation of this article.

INTRODUCTION

Since the multipacting effect was firstly discovered by
Farnsworth in 1934[1], it has been deeply investigated in
many areas, such as RF structure related accelerator [2-5],
high power microwave generators [6,7]. Some
applications of the multipacting effect require suppressing
the secondary-electron emission electron while the others,
crossed-field devices for instance, need to enhance the
emission [8]. Micro-Pulse electron Gun (MPG) which has
been proposed by Mako for more than two decades [9]
needs to select the materials judiciously. Due to its self-
bunching property and choosing suitable secondary-
electron-emission material, MPG is capable of providing
high Pulse Repetitions Frequency (PRF) which means
high current and short pulse electron beams [10]. The
features of high PRF and short pulse make MPG one of
the most appropriate electron sources to do some research
of frequency locked Coherent Smith-Purcell Radiation
(CSPR) which was discovered in 1990s.

This paper presents studies on the steady state
multipacting in a MPG and the simulation of Smith-
Purcell FEL using electron bunch produced by MPG. In
the first section, the requirements for the steady
multipacting are proposed by analyzing the self-bunching
effects and conditions of secondary electron emission. In
the second section, the primary experimental results are
obtained through the experiments carried out on a 2.856
GHz MPG cavity. Finally, the further experimental
arrangements are given. And Smith-Purcell FEL is
investigated by using Particle In Cell (PIC) simulation
method.

* Email: zjf@pku.edu.cn
1 Corresponding author, email: xylu@pku.edu.cn
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REQUIREMENTS FOR STEADY STATE
MULTIPACTING

The MPG Model

RF Cavity

Output
Electron
Bunch

\
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—
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t Grid-anode
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Electrons -

Figure 1: The schematic diagram of MPG model.

The MPG model is shown in Fig. 1. It consists three
parts: an pill-box RF cavity working TMg;, mode, a
secondary emission surface with Secondary Emission
Yield (SEY) 6;, a grid-anode, SEY 6, and transmission
coefficient 7, which is opaque to the microwave field but
let the electrons partially go out the RF cavity. When
MPG working, the microwave electric field -anode
changes as sine wave with time. And the secondary
electrons move between cathode and grid under the action
of electric field.

The Self-bunching Effects

The self-bunching effects have been reported in many
articles [11, 12]. They can be explained by the following
ways.

Firstly, we divide the cavity length into N parts and
every part is dz. The electric field acting on every electron
in nth can be expressed

n-1

E, =E,xsin(@)_t, + ) (1)

i=1

where #; is the travelling time of electron in ith part. And

the acceleration can be written (non-relativistic electrons)
Ee

W= )

m

a

Then the travelling time is

1
. 1
_ v, +2a,d2)?*- v,_,

t, A3)

a

n

where v, is the velocity of electron in (n-1)th part.

ISBN 978-3-95450-134-2
93



MOP030

The velocity of electron in nth and is
vn = antn + vn— 1 (4)

The time of different initial phase electrons take to
go across one cavity length in a specific MPG is
obtained through carrying out recursive process above.
Figure 2 shows travelling time versus the initial phase
of different electrons for cavity length d=2mm, RF

frequency f=2.856GHz (half a period is 171ps),
N=10000, initial energy &=2eV, in the case of
Ey=0.7MV/m, E=0.8MV/m, E=0.9MV/m,

E/~1.0MV/m, E=1.1MV/m, E/~1.2MV/m.

Taking example for E,=1MV/m, one can clearly see
there are two crossover points between the =171ps
(half a period) and the E,~IMV/m curve. And the
abscissa value of left one corresponds to the initial
phase of synchrotron electron ¢. because it means that
if an electron which was emitted from the emission
surface with this phase it just can reach the grid in half
a period. While the abscissa value of right one
corresponds to the cutoff point of self-bunching effects.

- == 0.7MV/m
@ - v- 0.8MV/m
- - 0.9MV/m

20 [ ' - .- 1.0MV/m
! o 1.1MV/m

<= 1.2MV/m

240
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220
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v,
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Time/ ps

190 |
180 |

170 | 1™
160

150 |

140

Phase /Degree

Figure.2: The travelling distance of electron vs its phase.

The integrated interval of self-bunching can be
confirmed by comparing the time of different electrons
take in a cavity length. In conclusion, the phase range
of self-bunching is (0-®). Another piece of information
Fig. 2 gives us is that there must exist two crossover
points between the half a period time line and the
electric field curve to make the MPG running stably-
that is the electric field must be chosen properly for a
parameters given MPG in order to produce self-
bunching effects.

The Requirements
Emission

of Secondary Electron

Basically, the higher the electric field is, the more
energy the electrons will be gained. According to the
basic empirical SEY formula of common metal materials
Eq. 8 [13], the SEY curve versus the energy of the
incident electron can be got.
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(8

5 — (Ve]—v )k

max

where & is the SEY of the material, 8., iS the maximum
value of 8, V=(E\-E)/(Emax-Eo), in which E, is the
impact energy corresponding to On.x, Eo is the initial
energy of secondary electrons and k=0.62 for v<1; k=0.25
for v>1.

----- é; (Cu-Al-Mg alloy)

30 w55 (Mo)

05 [+ Stable Working Point "

500 1000 1500 2000 2500 3000
& e/eV
Figure 3: The effective SEY curve versus impact energy
for Mo, Cu-Al-Mg ally and total of them.

The effective SEY curve versus impact energy for Mo,
Cu-Al-Mg ally and total of them are shown in Fig. 3.
Where the 0y, for Mo and Cu-Al-Mg ally are
respectively 1.25 and 3 and corresponding &,.x are 375eV
and 1000 eV. The stable working point is the crossover
point in this figure because if there are power
fluctuations, the working point can return to the stable
working point. That is, there are power feedback
mechanisms at this point.

Requirements for Steady State Multipacting

As was mentioned above, the impact energy must
working at the stable working point and the electron
bunch must produce self-bunching effects. In conclusion,
to obtain steady state multipacting in the MPG, there must
be a good match between the accelerating field required
by self-bunching effects and impact energy. The
accelerating field can be adjusted by frequency f and
cavity length d to produced self-bunching effects. While
the stable working point can be adjusted by changing J of
the cathode and the grid-anode as well as the transmission
factor 7.

PRIMARY EXPERIMENTS

Based on the requirements of steady state multipacting,
two MPG cavities (PKUMP-I and PKUMP-II) with
frequency of 2.856GHz have been designed and the RF
parameters have been listed in Table 1. The PKUMP-I
has been constructed and applied to do some primary
experiments.

The schematic diagram of the experimental platform is
shown is Fig. 4. The output electron beams are collected
by a faraday cup which is connected to a 50 Q resistance
in parallel way. So the beam current can be detected by a
oscilloscope.
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Table 1: The Designed RF Parameters of the MPG
Cavities

RF parameters fKUMP_ fIKUMP_
Resonant frequency f (GHz) :  2.856 2.856
Cavity length (mm) 1.8 1.75
Unloaded quality factor Qg 100 ~400
Shunt impedance rg,, (MQ)  0.036 ~0.03
Unloaded coupling 125 34

coefficient By

| ;_Peak Power Meter
| Attenuat |

| | Attenuat
& & * | Oscilloscope I
| RF Source H Amplifier I—)l Directional Coupler |-| [

‘l I Pump
[ ransierter |——] waveguia

Modulato |

Figure 4: The schematic diagram of the experimental
platform.

Three different materials have been tested as grid-
anode by the platform using PKUMP-I. And the materials
of different transmission are shown is Fig. 5. The test
result is shown in Table 2. Form this table we can make
some conclusion: (1) The higher the transmission is, the
more electrons the MPG could produce. (2) Oxy free
copper is a more appropriate choice for getting relatively
large current. Although Grid-anodes of Stainless Steel
and Molybdenum could not produce more electrons, they
are useful for steady state multipacting. Taking the MO3
for example, the measured average current is 0.4 mA, just
as what is shown in Fig. 6, but the stable working time is
more than 70min.

Table 2: The Measured Current for Various Grid-anode

Measured
. Transmission Average
Materials NO. Coefficient Currelglt
(mA)
Stainless SS1 6% 0.2
steel SS2 18.3% 3.8
Oxy free OFCl1 6% 4
copper OFC2 18% 9
OFC3 25% 18
MO1 11% 4
Molybdenum  MO2 14.125% 6
MO3 30.65% 0.4
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Figure 5: Three different grid-anodes (a) is stainless steel
grid, (b) is Oxy Free Copper grid, (c) is Molybdenum
grid.

X: 2us/div

Figure 6: The output beam average current (=~0.4 mA)
when the grid-anode is MO.

SIMULATION OF SMITH-PURCELL FEL

When a charged particle passes over a periodic
grating, the Smith-Purcell Radiation (SPR) which was
first observed in 1953 occurs. For electron bunch, the
wavelength of the radiation is

A :l(L—cosﬁj (9)
n\p

where n is the order of the radiation, / is the granting
period, £ is the ratio of the electron bunch velocity to the
speed of light, and &1is the observation angle.

According to the feature of the electron bunch produced
by MPG, the simulation of SP-FEL is carried out by PIC
simulation method. The main setting parameters of the
simulation are show in Table 3.

Table 3: The Main Parameters of the Simulation

Parameters Value
Electron beam energy 100keV
Average current 18mA
Beam thickness 0.5mm
Frequency 2.856GHz
Beam length 5ps
(longitudinal)

Grating period Imm
Grating groove depth Imm
Grating groove width 0.5mm
Number of periods 200
External magnetic field 2T
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After the MPG, there is an accelerating gap between the
MPG and the grating. And the voltage of the gap is -
100 keV which can accelerate the electron beam to about
100 keV. The beam is supposed a parallel-beam and the
emittance of it is 0 mm-mrad. The number of periods is
assumed 200 with the grating period is 1mm so that there
are three electron bunches passing over the grating at
least. Figure 7 is the X-Y contour map of B, obtained at
1.271 ns. Four electron bunches is passing over the
surface of the grating. We can see the interference fringes
apparently. And there are two cylindrical waves radiated
from both ends of the grating appear. We conclude that
those waves should be attributed to the so called
evanescent wave radiation. The evanescent wave radiate
at the ends of a grating where it undergoes partial
reflection and partial diffraction. Figure 8 shows the Time
signal of Bz and corresponding FFT from a detector
placed at 35°. It can be clear seen from Fig. 8 that there
are seven electrons arrived the terminal of the grating
because there are seven nodes and the interval of the node
is 350 ps corresponding to the period of the beam. The
FFT from a detector strongly shows the frequency-locked
SP radiation occurred and the frequency is 54.25 GHz
corresponding to 19th harmonic of the rf frequency.
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100

[l 1357108
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W o45x10°
[ 0.00x10°
W -0.45+10¢
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Figure 7: the x-y contour map of B, obtained at 1.271ns.
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Figure 8: Time signal of B, and corresponding FFT from
a detector placed at 35.

CONCLUSION

In summary, the self-bunching effects and the
requirements of secondary electron emission were
investigated in theory. And the theoretical analysis shows
that to obtain a steady state multipacting, a good match
between the accelerating field and impact energy is
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required. According the theory, the experimental
exploration was carried out with the PKUMP-I one of the
two MPG designed by Peking university. Three different
metal grid materials were used in the experiments. A
maximum of 18mA with OFC3 was detected by a faraday
cup and a more than 70 min of stable output with MO3
was got. To study the application of the electron bunch
produced by MPG in SP FEL, the simulation was carried
out by PIC method. The results show that the electron
bunch could produce frequency-locked SP radiation.
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NUMERICAL SIMULATIONS OF A SUB-THz COHERENT TRANSITION
RADIATION SOURCE AT PITZ

P. Boonpornprasert™, M. Krasilnikov, F. Stephan, DESY, Zeuthen, Germany
B. Marchetti, DESY, Hamburg, Germany

Abstract

The Photo Injector Test facility at DESY, Zeuthen site
(PITZ), develops high brightness electron sources for mod-
ern linac-based Free Electron Lasers (FELs). The PITZ
accelerator can be considered as a proper machine for the
development of an IR/THz source prototype for pump and
probe experiments at the European XFEL. For this reason,
the radiation generated by high-gain FEL and Coherent Tran-
sition Radiation (CTR) produced by the PITZ electron beam
has been studied. In this paper, numerical simulations on the
generation of CTR based on the PITZ accelerator are pre-
sented. The beam dynamics simulations of electron bunches
compressed by velocity bunching are performed by using the
ASTRA code. The characteristics of CTR are calculated nu-
merically by using the generalized Ginzburg-Frank formula.
The details and results of the simulations are described and
discussed.

INTRODUCTION

The Photo Injector Test facility at DESY, Zeuthen site
(PITZ), has been established to develop, study and optimize
high brightness electron sources for modern linac-based
short-wavelength Free-Electron Lasers (FELs) like FLASH
and the European XFEL. The concept of generating IR/THz
radiation by electron bunches from a "PITZ-like" linear ac-
celerator for pump and probe experiments at the European
XFEL was presented in Ref. [1]. In order to study and demon-
strate the capabilities of IR/THz generation from such an
accelerator, PITZ has continued the case study for such a
prototype IR/THz source. The main goal of the develop-
ment is to generate radiation that covers wavelengths from
IR (um) to THz (cm) with a variety of field patterns (from
single-cycle to narrow-band), and with a high level of peak
and average radiation power from the PITZ accelerator. In
addition, developments and studies on radiation based elec-
tron bunch diagnostics and photon diagnostics can be done
at the same time. The radiation generations using high-gain
FELs and Coherent Transition Radiation (CTR) have been
studied and preliminary results have been obtained.

The layout for the simulations of radiation generation as
shown in Fig. 1 is similar to the current PITZ beamline with
some additional radiators. The layout consists of a 1.6-cell
L-band photocathode RF gun surrounded by main and buck-
ing solenoids, a cut disk structure (CDS) booster, screen
stations, quadrupole magnets and dipole magnets. The CTR
station is placed at 16.30 m downstream from the cathode.
An APPLE-II type undulator is placed at the end of beamline
for the high-gain FEL radiation using Self-Amplification of

* prach.boonpornprasert@desy.de

Spontaneous Emission (SASE) process. Preliminary start-
to-end simulations for the SASE FEL using the PITZ ac-
celerator and covering radiation wavelength from 20 pm to
100 um were studied and presented in Ref. [2].

In principle, the radiation wavelength of the CTR emitted
from a relativistic electron bunch is longer than or compara-
ble to the bunch length. Therefore, in order to cover radiation
frequencies in the THz region, the electron bunch length
must be in the sub-ps scale. The nominal FWHM bunch
length of the electron beam at PITZ is about 2 ps to 20 ps,
it is obvious then that the beam needs to be compressed in
order to fulfill our request.

In this paper, we present methods and results of numerical
simulations of the CTR source based on the PITZ acceler-
ator. The paper is organized as follows: the details and
results of the bunch compression simulations using the ve-
locity bunching are described in the next section. Then, the
characteristics of the CTR obtainable from the compressed
bunches are calculated numerically and discussed. Finally,
our conclusion and outlook are presented.

SIMULATIONS OF VELOCITY
BUNCHING

We would like to maximize the electron bunch charge
in order to increase the CTR intensity and to minimize the
bunch length in order to broaden the spectral bandwidth.
The photocathode laser system at PITZ is able to produce
pulses having gaussian temporal pulse shape with minimum
FWHM length of 2.43 ps. The electron bunch charge can be
varied by adjusting the laser pulse energy. With this laser
temporal length and large laser spot size on the cathode
(rms size of 1 mm), it is possible to reach about 1 nC bunch
charge.

When accelerating on-crest from the gun and the booster
with their possible maximum peak electric fields, the beam
can be accelerated up to about 22 MeV/c mean momentum.
Since the peak electric field at the cathode has to be high
enough for extracting the expected bunch charge from the
cathode, the RF phase in the gun was fixed to its Maximum
Mean Momentum Gain (MMMG) phase and we use only the
booster for the velocity bunching. However, the minimum
beam momentum is limited to about 15 MeV/c in order to
prevent from too strong space-charge domination problems
during the beam transport and a too big emission angle from
the CTR which is directly proportional to 1/y where vy is
the Lorentz factor of the electron beam.

The ASTRA code [3] was used for tracking the elec-
tron beams from the cathode to the CTR station which is
placed 16.30 m downstream from the cathode as shown in
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Figure 1: Schematic layout of the PITZ beamline including radiation stations, CTR and SASE FEL, for simulations studies.
Here QM and DM represent quadrupole magnets and dipole magnets, respectively.

Fig. 1. A gaussian laser temporal shape with pulse dura-
tion of 2.43 ps FWHM and bunch charges of 20 pC, 100 pC,
200 pC, 500 pC and 1 nC were used as input for the simu-
lations. The gun phase was set to its MMMG phase. The
booster phase was set to —60° off-crest with respect to (w.r.t.)
its MMMG phase in order to obtain the final electron beam
momentum of about 15 MeV/c as required. Important input
parameters for the ASTRA simulations are listed in Table 1.

Table 1: Input Parameters for ASTRA Simulations

Paramaters Values
Rms laser spot size at the cathode, [mm] 1

Zstart 10 Zend, [m] 0to 16.30
Bunch charge [nC] 0.02to 1
Peak electric field in the Gun, [MV/m] 60

Peak electric field in the booster, [MV/m] 18
Gun phase w.r.t. MMMG phase, [degree] 0
Booster phase w.r.t. MMMG phase, [degree]

60

The evolution of the simulated rms bunch length from
the cathode (0 m) to the CTR station (16.30 m) is shown in
Fig. 2. The rms momentum spread and peak current as a
function of the bunch charge at the CTR station are shown
in Fig. 3 and the corresponding longitudinal phase spaces
are shown in Fig. 4. The rms bunch length at the CTR
station decreases by about 30 % w.r.t. its value at the booster
exit for a 20 pC beam. On the other side, for a 1 nC beam
there is only a reduction of about 14 %. The decreasing
of the compression efficiency from the velocity bunching
for higher bunch charge is due to the stronger longitudinal
space-charge force. Furthermore, the rms momentum spread
is lower for the higher bunch charge as can be seen from
the plot in Fig. 3 and more obviously from the slopes of the
longitudinal phase spaces in Fig. 4. This also reduces the
compression efficiency.

CALCULATION OF THE CTR

For calculating the CTR produced by an electron bunch, a
longitudinal form factor of the electron bunch is introduced
as follows:

Flong(w) = f plong(f) exp (—iwt)dt

(o)

(1)
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Figure 2: Simulated rms bunch lengths from the cathode
(Om) to the CTR station (16.30m) for bunch charges of
20pC to 1nC.
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Figure 3: Simulated rms momentum spread and peak current
of the compressed bunch as a function of bunch charge at
the CTR station.

where pjong (¢) is the function that describes the longitudinal
charge profile. The generalized Ginzburg-Frank formula [4]
is used for calculating the radiation energy. This formula
assumes that the radiator screen is a finite circular metallic
screen with the radius a. Furthermore, the electron beam
having a transverse radius size r, and a Lorentz factor y =
1/4/1 = B2, where S is the electron speed normalized to the
speed of light, impinges normally on the screen. Then the
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Figure 4: Simulated longitudinal phase spaces of the com-
pressed bunch at the CTR station.

spectral and spatial radiation energy in the far-field regime
for backward CTR are given by [4]

PUpuncn € B%sin® 6
dwdQ  4r3gpc (1 — 2 cos? 6)2

X[ 2c. Jl(u)rbsin9)_
wryp, sin 8 c

2 2
by (ﬂ)w 0.0)|.
wrp cBy

N? |Flong(w)|2

@

where 6 is the angle between an axis normal to the screen
plane in backward direction and the emitted radiation direc-
tion, J,, is the Bessel function, K,, and I,, are the modified
Bessel functions and the term 7'(y, 6, w) is written as

T(7,6,0) =~ Jo (“’" Sme) K| (ﬂ) +
Byc ¢ cBy

wa wasinf wa
B=y*csinf c cBy

The form factors of the simulated electron bunches in the
previous section are calculated by Eq. 1 and shown in Fig. 5.
The form factor of the bunch with 20 pC charge gives the
widest spectrum that covers the frequency up to 0.5 THz
but of course delivers only a very low CTR intensity when
compared to the radiation from 1 nC bunch charge which
will be shown later in this section.

For the calculations of the radiation characteristics, the
screen radius is assumed to be 15 mm. Transverse focusing
of the beam at the screen can be done by using quadrupole
magnets between the booster exit and the CTR station. How-
ever, we will address this issue in further dedicated studies
while for the moment we assume the transverse radius of the
beams to be 0.5 mm for all the bunch charges.

Figure 6 shows contour plots of the radiation energy calcu-
lated by Eq. 2 versus radiation frequency and the angle 6 for
bunch charges of 20 pC and 1 nC. For the case of 20 pC (top

3)
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plot), the plot shows that the radiation has the highest inten-
sity in the frequency range from 0.1 to 0.25 THz within the
measured angle of about 0.15 rad. While for the case of 1 nC
(bottom plot), the highest intensity is in the frequency range
of 0.05 to 0.1 THz within the measured angle of 0.3 rad.

The total pulse energy of CTR radiation is obtained by
integrating Eq. 2 over the frequency band and the backward
hemisphere. Figure 7 shows the calculated total pulse energy
as a function of bunch charge by integrating the frequency
up to 0.5 THz. The total pulse energy for the case of 1 nC
reaches about 2 uJ while it reaches about only 4 nJ for the
case of 20 pC.

Form factor [a.u.]
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:
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Frequency [THz]

Figure 5: Form factors of the compressed bunch at the CTR
station.

CONCLUSION AND OUTLOOK

We have obtained preliminary results for the calculation
of CTR characteristics generated by the electron beam from
the PITZ accelerator. In this case study the bunch is com-
pressed by the velocity bunching using the booster cavity.
These results will be used as a reference for preparing a CTR
experiment at PITZ which is foreseen to take place in the
beginning of 2016.

More realistic conditions are needed to be implemented in
the CTR calculation, such as the radiation from an oblique
target screen and calculation in the near-field regime. The
calculation of the electric field of the CTR pulse has also
been planed.

An other option for bunch compression is to use the
HEDAZ2 section (Fig. 1). Studies on the feasibility of this
option need to be done. The use of a modulated electron
bunch by employing the flexibility of the PITZ photocath-
ode laser is also an option to a produce CTR spectrum with
narrow-band and higher harmonics frequencies as shown in
example studies from Ref [5].
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Figure 7: Calculated total radiation energy as a function of
the bunch charge.
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Abstract

Measuring and controlling the electron beam optics is
an important ingredient to guarantee high performance of
a free-electron laser. In the FERMI linac, the Courant-
Snyder parameters and the transverse emittances are
routinely measured by detecting the beam spot size as a
function of a scanning quadrupole placed upstream (i.e.
quadrupole scan method). The beam spot size is usually
measured with an OTR screen that unfortunately suffers
from coherent optical transition radiation (C-OTR) that
introduces spurious light and corrupts the image.
Moreover, the beam size at the end of the FERMI linac is
focused to a few tens of microns and this makes it
difficult to precisely measure it with the OTR system,
which has an estimated resolution of 20 um. For this
reason, a wire-scanner system has been installed at the
end of the linac just in the waist of the optics channel. The
wire-scanner is a SwissFEL prototype (Paul Scherrer
Institut, Villigen CH) installed in FERMI in order to study
the hardware and beam loss monitor performances at the
GeV energy scale. The beam optics measurements
performed with the wire-scanner is here presented, and
the obtained results are more in agreement with the
theoretical expectations. A more reliable beam optics
estimation at the end of the linac has allowed better
matching it to the nominal lattice and transporting it up to
the undulator chain, providing important benefits to the
FEL performance.

INTRODUCTION

FERMI is a single-pass seeded free-electron laser
(FEL) based upon the High Gain Harmonic Generation
(HGHG) principle [1]. It is composed by two FEL lines
that are now completely commissioned and in operation
for providing intense photons (~100s ul/pulse) for Users
experiments: FEL-1 covers the range from 100nm to
10nm and FEL-2 from 20nm to 4nm [2,3].

The FERMI FEL high performance strongly relies on
the capability of producing very high quality and bright
electron beams.

The electron beam is generated in a RF
photoinjector [4], and accelerated to 1.2-1.5 GeV by an S-
band linac [5]. Two magnetic bunch compressors are
placed respectively at 300MeV and at 650MeV and are
utilized to shorten the electron bunch from few ps to
hundreds of fs, increasing the peak current to 500-800A
according to the desired operation parameters. One of the
main goals in the beam transport and optimization from
the injector to the undulators consists in preserving the
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transverse emittance and limiting the undesirable effects
inducing emittance growth. At this purpose, the electron
beam Courant-Snyder parameters, i.e. 3 and o functions,
and the transverse emittance are routinely measured in
strategic regions along the linac and the undulators lines,
and an optimization procedure is implemented to match
the optics to the lattice design. These diagnostic stations
are placed after the injector (~100 MeV), after the first
bunch compressor, at the end of the linac, and in front of
the modulator. In this paper we focus on the 15-meter
long optics diagnostic station located at the end of the
linac, whose schematic layout is shown in Fig. 1.

QQ, Q:Q, ~

energy spectrometer

WS
O - |

beam stopper

Figure 1: Diagnostic station layout at the end of the
FERMI linac, including quadrupoles (Q), YAG-OTR
multi-screens system (Sc) and the wire-scanner that has
been installed 64 cm downstream the screen Sc,.

THE WIRE-SCANNER PROTOTYPE AT
FERMI

The nominal optics design at the end of the linac is
reported in Fig. 2.

o Aoy -
|

s (m)
Figure 2: The horizontal and vertical B-function along the
straight path at the end of the linac. The origin (s=0m) of
the horizontal axis corresponds to the electron source, i.e.
the photo-cathode plate.

The quadrupoles Q; and Qy, see Fig. 1, are usually used
only when the beam is sent into the spectrometer beam-
line, to increase the measurement resolution of the
longitudinal phase space [6], and are completely switched
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off when the beam is routinely driven to the undulators.
As a consequence the beam evolves from the second
quadrupole (Q,) to the third screen (Sc;) as in a simple
drift, with a very small waist (Bx=fy~2m) in
correspondence to the second screen Sc,.

The beam optics functions and transverse emittance are
measured by using the quadrupole scan technique [7],
consisting in changing the strength of the quadrupole Q,
and measuring the correspondent beam spot size variation
on a downstream screen. The screen Sc, has been
conceived as the most suitable at this purpose since it is
just in the beam waist (for the nominal lattice).

Each FERMI screen station has the option to use an
OTR or a YAG target [8]. Despite of the higher spatial
resolution of the OTR, strong spurious coherent-OTR
signals emitted by the shortened electron bunch affect the
beam spot size measurement [9]. The laser heater system
[10] is used at high intensity to suppress, as much as
possible any microbunching instabilities during the optics
measurements. Unfortunately, it is hard to complete
suppress any spurious signals that are still present,
although not distinguishable. By the other hand, the YAG
is limited by its low resolution (~40um) and could be a
reliable alternative only where the beam is not strongly
focused. Moreover, the FERMI linac commissioning
activities have required to set the screen system with a
large field of view, for the slice parameters measurements
[11], and this decreases the beam spot size measurement
resolution also in the case of the OTR.

For all these reasons, a wire-scanner (WS) device has
been installed as close as possible to the Sc, in order to
evaluate the beam transverse profile and make a
comparison with the OTR screen.

The WS is a SwissFEL prototype composed of an in-
vacuum scanning hardware and scintillator-fibers for out-
vacuum detection of the beam-losses [12]. The wire-fork
can be inserted 45-deg with respect to vertical axis by
means of a UHV linear-feed-through motorized by a
stepper-motor. Two pairs of Tungsten wires are stretched
on the fork frame to scan the beam profile along the
horizontal and vertical directions. The two pairs of wires
have a diameter of 5 and 13 pum, respectively, to ensure a
geometrical resolution in the range 1.3-3.3 um (rms).

When the wire intercepts the electron beam, a shower
of high energy primary scattered electrons and secondary
particles is forward emitted at a small angle in proportion
to the fraction of the beam charge that is intercepted by
the wire. Scanning the wire at constant speed and
detecting the beam losses allow reconstructing the single
projection of the beam profile. The wire losses have been
measured with three Saint Gobain Scintillator fiber BCF-
20 (Imm diameter): two were placed in the linac tunnel,
before the beam stopper, respectively 2.48m and 5.52m
downstream the WS device, while the third one was
installed in the undulator hall (at 8.40m). A forth loss
monitor, a Cerenkov fiber, has been placed in the linac
tunnel, at about 4.5m from the WS. All four monitors
signals are digitized by a vme multichannel adc board
running at 250 Msamples/sec. Real-time software
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acquires, processes and stores shot-by-shot the waveforms
coming out from board whereas a dedicated tango server
manages the communication to higher level programs.

BEAM PROFILE MEASUREMENTS

The WS stepping motor system ensures a reliable
constant wire scanning velocity. Wire mechanical
vibrations are completely negligible for scanning speed
lower than 1 mm/s as reported in [12].

Figure 3a shows a horizontal beam profile acquired by
the four beam loss monitors when scanning the 5-um
vertical wire at 0.1mm/s. Since FERMI operates at 10Hz
and the wires form an absolute angle of 45-deg with
respect to the insertion axis of the wire-fork, the beam
profile is sampled with a step of about 7um.

—+— Ist fiber

I —+—2nd fiber

10000 | T, + 3rd fiber
|

—#— Cerenkov fiber

1t

8000 +

6000

4000

Signal intensity (arb. un

2000+

—e—rms95%
+—rms90%
100 gaussian fit

—s— confi fit

80

60

beam spot size (pm)

40

20

0 0.1 0.2 0.3 0.4 (5 0.6
b) wire speed (mm/s)

Figure 3: a) Horizontal beam profile acquired by the four
monitors for the vertical 5-um wire scanning at 0.1mm/s.
b) Horizontal beam size (oy) versus the wire speed
obtained by processing in four different ways the profile
measured with the second fiber.

The second fiber is placed at the best distance from the
WS to maximize the beam losses signal and it is taken as
the reference for the measurement. By the way, when the
beam stopper is closed, the backscattering shower
saturates the fiber and only the first one could be used.
The acquired profiles can be processed in different ways
to estimate the beam spot size: by a Gaussian fit, or by an
asymmetric Super-Gaussian function (“confi” fit [4]), or
by calculating the raw rms over 90% or 95% of the whole
bunch charge (“rms90%”, “rms95%”). Figure 3b reports
the horizontal beam size c, obtained with these 4 methods
as a function of the 5-pum wire scanning speed (using the
second fiber). The higher the speed the lower the
resolution in sampling the beam profile, so one should
expect the beam size tends to increase with the wire
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speed. This is confirmed by processing the profile with
the “rms90%” and “rms95%” methods. This is less
evident for the Gaussian and “confi” fits, where the edges
of the bunch profiles can lead respectively to
underestimate and overestimate the beam size.

The noise in the beam profile obtained in a wire scan is
mainly due to the beam trajectory jitter, usually about 10-
pm (rms), that leads to an overestimation of the beam
size. We have chosen to process the acquired data with the
“rms95% " method, that results to be the best compromise
between cutting the tails, more affected by trajectory
jitter, without losing too much information about the
actual beam profile. In order to “wash out” the effect of
the trajectory jitter, we integrated several beam profiles
acquired in the same machine condition for different wire
speeds (see Fig. 4a). The four aforementioned fitting
methods were applied to the integrated profiles and
plotted in Fig. 4b. The values of o, are smaller than those
in Fig. 3b and almost constant for wire speed <0.2mm/s.
We therefore chose to set the wire speed at 0.2mm/s and
integrate the beam profiles to have a reliable beam size

measurement.
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Figure 4: a) Horizontal profile integrated over six profiles
acquired with the second fiber at different wire speed; b)
o, obtained with the four methods as a function of the
wire speed. At wire speed = 0.5mm/s, the measurements
are not reliable due to the poor resolution in sampling the
beam profile.

BEAM EMITTANCE MEASUREMENTS

As mentioned above, the optics and transverse
emittance measurements are performed by means of the
quadrupole scan method. During these measurements, the
linac beam stopper was closed to avoid too much
radiation in undulator hall. In fact, changing the quad
strength completely mismatches the beam downstream,
with a consequent intolerable enhancement of the beam
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losses in the undulators. By the other hand, a beam profile
measurement with the WS system at scanning speed of
about 0.2mm/s and without varying the machine optics is
almost transparent for the FEL: this permits to monitor
the beam transverse size on-line and in a non-invasive
way.

As said above, when the beam stopper is closed it is
possible to use only the first fiber. Despite its signal is
almost a factor 10 less intense than the second fiber one,
it is anyway three orders of magnitude larger than the
background noise, and it is perfectly suitable for the
FERMI beam profile measurements.

We have compared the beam size measured by the WS
and by the screen Sc, during a quadrupole scan, and
consequently the Twiss functions and the emittance
obtained (see Fig. 5).
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Figure 5: Horizontal (top) and Vertical (bottom) beam
spot size versus the quadrupole Q, current measured by
the WS device (blue circles data and red line) and by the
Sc, (yellow squares data and purple line). The horizontal
profile was measured with the 5-um wire, while the
vertical one with the 13-um wire.

The beam spot on the OTR screen was filtered to clean-
up the background noise and the beam sizes (o and o)
were provided by calculating the RMS of the 90% of the
total beam charge, with a two dimensional image cutting
process. To be consistent, the beam profiles measured by
the WS were processed with the “rms95%” method (one
dimensional cutting).
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The minimum beam sizes obtained with the two
devices are reported in the plots of Fig.5: the OTR
measured a beam waist that is about two times larger than
the WS. Since the emittance obtained by this kind of
measurement is strongly correlated to the minimum beam
spot size detected, the Sc, provides larger value of
emittance than the WS, and different Twiss functions (see
Table 1). During the FERMI commissioning, the screen
Sc; has been usually utilized for this measurement
because here the [B-function assumes a larger value.
Table 1 lists also the results of a quadrupole scan
measurement performed using Scs: the emittances, § and
o are closer to the values measured with WS than that
obtained with the screen Sc,.

Table 1: Twiss Functions and Emittance Measured at the
Quadrupole Q2 by using the WS, the OTR Sc, and Scs,
before the Matching Procedure

WS Sc, Scs
Bx [m] 18.79+1.98 15.49+0.70 16.75+0.88
Olx 9.47+1.07 7.79£0.40  8.44+0.49
g [mmmrad]  2.42+0.25 5.92£0.27 3.31%0.17
By [m] 18.71£0.85 11.47£0.41 16.16+£1.05
Oy -6.78+0.30 -4.23x0.12 -5.58+0.34
€y [mm mrad] 1.81£0.08 4.28+0.15  2.95%0.19

The values of Table 1 are used to match the beam
optics to the nominal lattice, by acting on the upstream
quadrupoles. The matching procedure converges fast and
reliable with the WS results, while it requires several
iterations with the Sc; ones and it does not converge at all
with the Sc, ones. Applying the quadrupoles setting
foreseen by using the WS values as input, and measuring
again the optics, we obtained the results reported in
Table 2.

Table 2: Twiss Functions and Emittance Measured at the
Quadrupole Q, by using the WS and the OTR Sc,, after
the Matching Procedure

WS Sc,
Bx [m] 17.96+1.46 13.76+0.68
Olx 10.82+0.95  8.27+0.45
g [mmmrad] 1.70x0.14  6.23+0.31
By [m] 14.48+0.35 10.42+0.40
oy -5.53#0.13  -4.06£0.15
€y [mm mrad] 1.62+0.04  4.35+0.17
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As before the matching, the Sc2 is not able to provide
reliable beam spot size, so that the measured optics and
emittances are completely different from the WS results.
The mismatch parameter B=1/2(Boym-200m+PmYo), Where
the sub-fix “0” refers to the nominal lattice and “m” to the
measurements, calculated by using the WS output is
1.042 in the horizontal plane and 1.008 in the vertical one.

CONCLUSION

A SwissFEL wire-scanner prototype has been installed
and successfully tested in the diagnostic area placed at the
end of the FERMI linac. The experimental results
confirmed the feasibility at the GeV energy scale of the
WS set-up for emittance measurements and beam profile
monitoring during FEL operations. It has demonstrated
the capability to measure beam size of few tens of um
(rms), constituting an important improvements with
respect to the current OTR screens. Optics and emittance
measurements performed with the WS device have
provided reliable results, making converging the optics
matching procedure faster and allowing a better optics
transport up to the undulator chain, with relevant benefits
to the FERMI FEL performance.
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OSCILLATOR*

Heewon Yang”, Chan-Gi Jeon, Kwangyun Jung, Jungwon Kim, KAIST, Daejeon, South Korea
Byungheon Han, Young Uk Jeong, KAERI, Daejeon, South Korea
Hayun Chung, Korea University Sejong Campus, Sejong, South Korea

Abstract

We present the femtosecond synchronization between
an 800-nm photocathode laser and an S-band RF
oscillator using an optical-RF phase detection system at
KAERI-WCI Accelerator. A 79.33-MHz commercial
Ti:sapphire photocathode laser oscillator is locked to a
2.856-GHz RF master oscillator (RMO) using a fiber-
loop-based optical-microwave phase detector (FLOM-
PD), which results in 13 fs (rms) out-of-loop residual
timing jitter integrated from 1 Hz to 10 MHz offset
frequency. We also measured the long-term out-of-loop
timing drift between the 800-nm optical pulse train and
the RF signal, which results in 28 fs (rms) integrated over
1 hour.

INTRODUCTION

Investigation on atomic and molecular scale dynamics
has recently become an active field of research. The time-
resolved pump-probe experiment using ultrafast electron
beams or X-rays can observe the atomic scale phenomena
with femtosecond time resolution. In doing so, femto-
second-precision synchronization between lasers and RF
sources is crucial to achieve femtosecond-resolution
measurements. As a result femtosecond-precision laser-
RF synchronization has been actively studied in the last
decade [1-5]. For large-scale FELs, RF-modulated cw
lasers or low-jitter mode-locked lasers at telecommunica-
tion wavelength have been used as the optical master
oscillator (OMO) and the timing signals generated from
the OMO are distributed via stabilized fiber links.
However, for smaller-scale FELs and UED, this approach
may be a complex and high cost method. In this paper, as
an alternative, we studied the possibility of using the
commercial Ti:sapphire photocathode laser as the OMO
as well. We show 13 fs (rms) synchronization between a
Ti:sapphire photocathode laser and an RF oscillator. We
also measured the long-term out-of-loop timing drift of
27.8 fs (rms) integrated over an hour. To achieve this
<30 fs stability long-term synchronization, we used a
fiber-loop optical-microwave phase detector (FLOM-PD)
to measure and lock the phase difference between optical
and RF signals [6].

SYNCHRONIZATION OF
PHOTOCATHODE LASER TO RMO

A 79.33 MHz repetition rate Ti:sapphire laser (Coherent

*Work supported by the KAERI Project, South Korea.
#hwyang@kaist.ac.kr
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Vitara-T) and a 2.856-GHz RF oscillator (Keysight
N5181B) are used in this work. Figure 1 shows the
structure of the FLOM-PD. The FLOM-PD is based on
the fiber Sagnac-loop interferometer, and it detects phase
difference between optical pulse train and RF signal using
phase error-dependent intensity imbalance between two
detector outputs [6]. The FLOM-PD can reduce the
excess phase noise and drift added in the optical-to-
electronic conversion process compared to direct
photodetection method.
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Figure 1: Schematic fiber-loop-based optical-microwave
phase detector [6].
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Figure 2 shows the schematic of the synchronization
between a photocathode laser and an RF oscillator. The
synchronization setup is composed of three parts, a
photocathode laser, an RF oscillator and a FLOM-PD. A
Ti:sapphire laser generates 480 mW average output power
with 79.33 MHz repetition rate. The laser is locked to a
2.856-GHz RF oscillator, which is used as an RF master
oscillator (RMO). One FLOM-PD is used to lock the laser
with the RMO and the other FLOM-PD is used to
measure the residual phase noise and drift in an out-of-
loop way. To operate a FLOM-PD, we used 12 mW
average optical power and +19 dBm average RF power.
The in-loop FLOM-PD measures phase difference
between optical and RF signals and generates an error
signal. Two piezoelectric transducers (PZT) inside the
Ti:sapphire laser are controlled by using the error signal
from FLOM-PD. The high and low offset frequency noise

ISBN 978-3-95450-134-2
105



MOP036

is controlled by short and long PZTs, respectively. The
synchronization feedback loop consists of a low-noise
voltage preamplifier (Stanford Research Systems,
SRS560) and a PI servo controller (Newport, LB1005).
The out-of-loop FLOM-PD monitors the residual phase
noise and drift between the locked optical and RF signals.

Figure 3 shows the collection of phase noise power
spectral density. Curve (a) shows the phase noise of a
free-running Ti:sapphire laser, measured by a signal
source analyzer (SSA) and a balanced optical cross-
correlator (BOC) in the low (<10 kHz) and high
(>10 kHz) offset frequency, respectively. To measure the
high offset frequency precisely, two-color balanced
optical cross-correlator (TC-BOC) [7] is used with a
1550-nm solid-state laser (One-Five Laser, Origami-15)
as an optical reference. Curve (b) shows the phase noise
of an RF oscillator measured by the SSA. Curve (c)
shows the residual phase noise when the OMO and RMO
are locked, measured by an out-of-loop FLOM-PD. Note
that the phase noise for >10 kHz offset frequency is
limited by the FLOM-PD resolution. The RMO-OMO
locking bandwidth is about 9 kHz. Outside this locking
bandwidth, the optical pulse train carries the phase noise
of free-running OMO. Curve (d) shows the residual
timing jitter between a Ti:Sapphire laser and an RF
oscillator projected in the optical domain (i.e., the timing
jitter of optical pulse train follows the RMO phase noise
inside the locking bandwidth and free-running laser jitter
outside the locking bandwidth).

2.856-GHz Carrier [dBc/Hz]

Integrated
Jitter (fs)

Equivalent SSB Phase Noise at

5

0

70 100 1k 10k 100k 1M 10M
Offset frequency (Hz)

Figure 3: Phase noise measurement results. (a) Phase
noise of a free-running Ti:sapphire laser, (b) Phase noise
of an RF oscillator, (c) Residual phase noise measured by
out-of-loop FLOM-PD, (d) Integrated timing jitter of
locked optical pulse train.

For the optical pulse train, the rms timing jitter is 13 fs
when integrated from 1 Hz to 10 MHz offset frequency.
Note that the intrinsic rms timing jitter of the used
Ti:sapphire laser is 2.6 fs [10 kHz — 10 MHz], which sets
the fundamental limit in achievable synchronization. As
can be seen from curve (d), majority of timing jitter is
contributed in 1 — 10 Hz offset frequency. Preliminary
analysis suggests that it is mostly originated from the
amplitude-to-phase conversion in FLOM-PD. Figure 4
shows the long-term out-of-loop timing drift measure-
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ment. The measured long-term timing drift is 27.8 fs
(rms) for an hour.
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Figure 4: Long-term timing drift measurement for 1-hour.

SUMMARY

We show laser-RF synchronization between an 800 nm
Ti:sapphire photocathode laser and a 2.856-GHz RF
oscillator with 13 fs residual rms timing jitter. The
measured long-term timing drift is 27.8 fs (rms) for an
hour. These results suggest that a commercial Ti:sapphire
photocathode laser can serve as an OMO, which is tightly
locked to an RMO, for small-scale FELs and UEDs. With
several technical improvements for reducing amplitude-
to-phase conversion in FLOM-PD, few-femtosecond
synchronization will be possible in the near future.
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Abstract

Under KAERI WCI program we develop a compact
pulsed microtron-driven FEL. Electron bunches are
accelerated in the microtron and transported by the
beamline to the unlulator. The RF cavity in the microtron
is fed by the magnetron. Any accelerator driver for a FEL
should provide an electron beam having very stable
parameters such as electron energy, beam current and
especially repetition rate in a train. All mentioned
parameters depend on magnetron current. It means that
special attention should be paid for the shape of a current
pulse, supplied to the magnetron from the modulator. We
developed the modulator project with a computer control
that will provide an arbitrary shape of the magnetron
current. A simplified prototype was fabricated and tested.
The methods of controlling of the pulse shape are
considered. Simulation and experimental results are
presented.

INTRODUCTION

If one wants to obtain the maximum monochromatic
FEL emission, the repetition rate of microbunches should
be equal within a train and in all the trains. If maximum
power is necessary, while monochromaticity is not so
important, frequency ramp within a train can be used, as
described in [1]. In this case, initially the detuning is
significant, optimal for amplification. It increases the rise
time, thus lengthen the emission pulse. Then the detuning
comes to zero, and a FEL transits to so called spiking
mode, and the spectrum broadens. Thus, in different
cases, one can need absolutely stable or increasing in a
certain way through a train repetition rate.

A magnetron, unlike a klystron, is an oscillator, but not
an amplifier, so one cannot obtain stable frequency using
a high-stable low-power master oscillator. The magnetron
frequency depends on many factors: the mechanical
tuning, the magnetic field, the anode current, the load
impedance, and the temperature.

The magnetron is coupled to RF cavity of the microtron
via a waveguide and an isolator. Isolator usually is tuned
to allow some portion of reflected power to come back to
the magnetron. Quality factor of the RF cavity is
approximately of order higher than of magnetron.

In case of narrow band resonant load, the frequency
pulling effect may take place. The presence or absence of

*Work was supported by the World Class Institute (WCI) program of the
National Research Foundation of Korea (NRF) funded by the Ministry
of Education, Science and Technology of Korea (MEST) (NRF Grant
Number: WCI2011-001).
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the effect depends on waveguide length, reflected power
level and on cavity and magnetron detuning.

Thus, one should provide stable flat top current pulse
through a magnetron or some specific current pulse shape
for a frequency ramp within a train.

Ability to form an arbitrary shape of a current pulse is a
universal solution.

EQUIVALENT CIRQUIT

Volt-Ampere characteristic of a magnetron one can see
in Fig. 1. Typical threshold voltage is 45-50kV depending
on the magnetic field in a magnetron. There is no current
for low voltage across the magnetron due to so-called
magnetic isolation. Differential resistance dU/d/ in the
conducting area is 50-70 Ohm.

First approach for equivalent circuit of the magnetron
may be series connected resistor, an ideal diode and Zener
diode with a threshold voltage Vth. Another possibility is
to use an ideal voltage source instead of Zener diode.

Current (Arb. Units)

Figure 1: Volt —Ampere characteristic of a magnetron.

Simplified equivalent circuit of the modulator and the
magnetron is shown in Fig. 2, where:

L is a leakage inductance of the HV transformer,
referenced to the secondary side of the transformer,

C; - the sum of the stray capacitances of the W2 and of
a high voltage cable,

Ry - differential resistance of the magnetron,

D — ideal diode (magnetron conducts current only one
direction)

Vi, -Zener diode with threshold voltage Vy,.

Capacitor C, is charged from power supply (not shown)
before the pulse is triggered.
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Figure 2: Modulator and magnetron equivalent circuit.

After closing the switch “S”, the magnetron is still non-
conducting; current comes to "C" through "LJ" and
charges it cosine-like in time. When the voltage across "
C; " reaches threshold voltage of the magnetron Vy, the
whole current through "L" is switched to magnetron, and
the magnetron voltage V,, is stabilized at the level
according to formula [1]

Vm:Vth"'[o*Rd’ (D

where [ is an amplitude current through “Ls” and may be
estimated using formula [2]:

I, = VI%JCS/LS : (2)

1

Further current behaviour depends on the initial
secondary voltage, induced to W,, which, in turn, depends
on voltage, stored by C; and also on C; value, because the
capacitor is partially discharged during the pulse. Typical
current shape one can see in Fig. 7, trace “0”.

Fine tuning of initial current I(0) is possible by means
of the short (some tens of nanosecond) “preliminary
pulse” which may be generated about 1 microsecond
before the main pulse with duration about some tens of
nanoseconds. In this case initial conditions for main pulse
will be: zero current through L, but not zero voltage
across C,. As a result, initial magnetron current will be
changed.

SIMPLE CORRECTOR

The main idea was to make the top of the current pulse
as flat as possible.

' Corrector | Magnetron
|
VN AR %
odulator | —
|\
v T =
I R }

Figure 3. Simple corrector circuit.

We tested a simple corrector, which contains one switch
as shown in Fig. 3. Inductor “L” with a saturable core acts
like a switch and the corrector impedance is changed from
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R to almost zero approximately at the middle of the pulse.
The magnetron operates with a dummy load. This
corrector changes magnetron current as shown in Fig. 4.
Black trace is the voltage across the magnetron, red solid
trace is the magnetron current without corrector and red
dashed trace — with corrector.
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Figure 4. Current pulse shape modification.

As it is shown in Fig. 5, fluctuation of the instant
frequency, generated by the magnetron, was reduced from
0.7 MHz p-p (red solid line) down to 0.2 MHz p-p (red
dashed line).

@
T

Amplitu

0 4 8 12
t, pus

Figure 5. Instant frequency deviation modification.

It is clear that even such a simple corrector improved
the situation drastically, so next evident step is to
construct a corrector with a number of cells, in purpose to
get a more fine control of a current pulse shape.

MULTI-CELL CORRECTOR

Corrector may be placed in series with the magnetron
as it is shown in the Fig. 3, or in series with the secondary
winding of the HV transformer at the low voltage
terminal of W2, as shown in Fig. 6.

t3

Figure 6. Modulator with a multi-cell corrector.
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The minimal value of current deviation depends on the
number of cells. Here three cells are shown. Each cell in
the simplest case contains a resistor and a solid state
switch (IGBT), connected in parallel. Also high efficiency
voltage pulse sources may be used. Note that modulator
instant output power is about SMW (50kV, 100A),
required corrector power is about 200kW (2kV peak
voltage, 100A).

Current shapes for different circuits were simulated and
are shown in Fig. 7:

e Trace “0” —modulator without corrector,

* Trace “1” —modulator with 1-cell corrector,

* Trace “3” —modulator with 3-cell corrector,

Current deviations are 4, 1, and 0.3A p-p, respectively.
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Figure 7. Current shape with different correctors.
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For corrector composed from 2-state cells current
deviation during the top of the pulse is decreased app-
roximately as 1/(n+1)?, where 7 is the number of cells in a
corrector.

PULSE SHAPE CONTROL

Now we can summarize methods of current shape
control:
* magnetron voltage — by magnetic field tuning
* initial current value — by adjusting of Cs.
« average value of the first derivation dI/dt — by computer
control of the primary voltage.
 shape details — by control of time diagram for the
corrector, forming desirable shape of corrector voltage.
 initial current fine tuning — by control of the
preliminary pulse duration

CONCLUSION

Methods of current shape control and the project of the
modulator with corrector were developed. Simple
corrector was tested. Multi-cell corrector now is
fabricated.
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Abstract

For successful operation of X-ray Free Electron Lasers,
one crucial parameter is the ultrashort electron bunch length
yielding a high peak current and a short saturation length.
In order to effectively compress the bunches during the ac-
celeration process, a detailed understanding of the full longi-
tudinal phase space distribution already in the injector is re-
quired. Transverse deflecting RF structures (TDS) can shear
the bunch transversely, mapping the longitudinal coordinate
to a transverse axis on an observation screen downstream.
In addition to the bunch length, the slice emittance along
the bunch as well as the full longitudinal phase space can
be obtained. At the Photo Injector Test Facility at DESY,
Zeuthen site (PITZ), an S-band traveling wave TDS is under
commissioning since 2015. This cavity is a prototype for
the TDS in the injector part of the European XFEL and has
been designed and manufactured by the Institute for Nuclear
Research (INR RAS, Moscow, Russia). In this paper, first
commissioning results of the system at PITZ are presented
and discussed.

INTRODUCTION

Multi-GeV electron beams with high peak currents,
required for the operation of X-ray Free Electron Lasers
(XFELs), are generated as initially long bunches to reduce
space charge effects, and are later compressed at moderate
to high energies. Bunch compressors, typically realized as
magnetic chicanes following off-crest acceleration, shape
the longitudinal phase space for subsequent acceleration
and, eventually, for the lasing process in the FEL undulators.
To prevent degradation of the overall beam quality, bunch
compression in the European XFEL is split into three stages
at increasing beam energies. Three transverse deflecting
structures are foreseen as diagnostic tools after the second
and third bunch compressor and in the injector part of
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the European XFEL [1, 2]. A prototype of the latter,
designed [3] and manufactured by the Institute for Nuclear
Research of the Russian Academy of Sciences, is under
commissioning at the Photo Injector Test Facility at DESY,
Zeuthen site (PITZ).

TDS Working Principle

Quickly changing transverse RF fields deflect electrons
depending on their arrival time with respect to the RF phase
(Fig. 1). In the linear region around the zero-crossing phase,
the longitudinal axis is projected linearly onto the vertical
axis of a downstream screen, while the horizontal screen
coordinate shows the horizontal beam size of the slices. By
scanning the focusing strength of a quadrupole magnet, the
slice emittance along the bunch can be obtained. Further-
more, live images of the full longitudinal phase space can
be observed when combining the vertical TDS deflection
with a horizontally dispersive dipole.

RF deflector

Figure 1: TDS principle: Depending on their longitudinal
position, electrons are deflected by transverse RF fields and
observed on a screen several meters downstream [4].

Assuming a pure drift space of length L between TDS and
screen, a slice of momentum p at the relative longitudinal
position z in the bunch hits the screen at vertical position [5]

eVok
y=S8-z7=—"2.L.¢ ¢))
pC

where the S-parameter depends on the deflecting voltage V
and wave number k. In the general case, the longitudinal
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Figure 2: Current layout of the PITZ beamline (PITZ 3.0). Electron bunches which are streaked vertically by the TDS can
be monitored on several YAG and OTR screens in the tomography module. Alternatively, their full longitudinal phasespace
can be analyzed in the high energy dispersive arm HEDA?2, 7.3 m downstream the TDS. During the measurements presented
in this paper, the plasma cell was replaced by an empty beam tube.

resolution can be expressed as [4, 5]
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BrDs
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with the normalized emittance €,, beta function Stpg in the
TDS, relativistic factor y and betatron phase advance Ay
between TDS and screen.

Layout at PITZ

The PITZ TDS is installed in the high energy section
of the beamline, between the first emittance measurement
station EMSY1 and the phase space tomography module
(Fig. 2). It is a traveling wave structure similar to the LOLA
design [6]. The cell dimensions were selected to have the
same cells for all three structures in the European XFEL
TDS and are realized in its prototype for PITZ [7]. Table 1
summarizes the most important parameters.

Table 1: Design Parameters of the PITZ TDS

Deflecting voltage 1.7MV
Input power 2.11 MW
RF Frequency 2997.2 MHz
Pulse length 3us
Structure Length 0.533m
Number of cells 14+2
Phase advance per cell 2n/3
Quality factor at 20 °C 11780
COMMISSIONING STATUS

A ScandiNova [8] modulator was installed and com-
missioned at PITZ in early 2015. The on-site acceptance
tests were very successful, showing a pulse flatness of
0.24 % within 3.3 us and a pulse-to-pulse stability of approx.
66 ppm. Both of these values are well inside the ScandiNova
specifications (0.3 %, 100 ppm). The modulator is capable
of driving a 5-MW Kklystron, allowing for possible future
upgrades of the PITZ RF system.

Following the conditioning of the currently installed 3-
MW Kklystron and the final connection of the waveguide
system and RF load to the TDS cavity, the first low-power
RF pulses were sent to the structure in early July. Within
one shift, the pulses could be synchronized to the electron
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bunches, and the deflected beam was observed on a YAG
screen 1.3 m downstream the TDS.

The structure was conditioned up to intermediate power
levels of about 0.5 MW within several days. Currently, the
reflected power from the whole waveguide system precludes
higher power levels, as reflection must stay below 75 dBm
(32kW) to prevent damage to the klystron. Possible sources
of the unusually high reflection are under investigation using
a diagnostic load.

The resonance temperature of the TDS was determined
by observing the phase difference between signals from the
two RF probes in the TDS cells adjacent to the RF input and
output cells, while slowly changing the temperature of the
cooling water. A value of 50.8 °C was found, which is almost
within the designed temperature range of 30-50 °C for the
frequency control. In agreement with cold tests [9], the re-
flected power from the structure does not change measurably
within 10 K around resonance conditions.
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Figure 3: Forward (full lines) and reflected (dashed lines)
power readings from the directional couplers at the klystron
and deflecting structure. The black dots are estimations of
the power in the structure based on the measured electron
beam deflection.

Present RF power readings for intermediate power levels
from the directional couplers at the klystron exit and at the
structure entrance are shown in Fig. 3. The black dots are
estimations of the power in the structure based on the actual
deflection of the electron beam. For that, the S-parameter
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was determined as described below with a pure drift space
between TDS and screen, and then used to calculate the de-
flection voltage (Eq. 1), from which the power was estimated
using simulation results and small corrections [9] account-
ing for increased attenuation at operating conditions. While
these estimations fit very well to the coupler readings, the
ratio between forward power at the klystron and structure
is unexpectedly large, indicating either losses of more than
30 % in the whole waveguide system, or a wrong calibration
of the klystron coupler, which was based on the nominal
maximal klystron output.

FIRST MEASUREMENTS WITH
ELECTRON BEAM

All measurements were done at machine conditions com-
pliant to the emittance measurements [10] and stability tests
for the commissioning phase of the European XFEL. The
gun was operated with 640-us RF pulses at 5 MW and max-
imum mean momentum gain phase. The booster was set to
3 MW, yielding a mean beam momentum of 21.5 MeV/c in
the TDS. After roughly focusing the beam to the first emit-
tance measurement station (see EMSY 1 in Fig. 2) with just
the main gun solenoid, the beam was further focused onto
the observation screens with additional quadrupole magnets
right before the TDS. Photocathode laser pulses with a Gaus-
sian temporal profile of 11 to 12 ps length (FWHM) were
used [11, 12]. These were generated by introducing a Lyot
filter [13] into the regenerative amplifier, thus limiting the
bandwidth of the usually 2 ps short laser pulses.

Calibration Procedure

Whenever the power in the structure, the energy or focus-
ing of the beam or the observation screen changes, a new
calibration is necessary in order to determine the new S-
parameter (Eq. 1). For that, the screen position of the beam
centroid was recorded under variation of the RF phase in the
TDS. A linear fit of this phase scan yields the zero-crossing
phase and the S-parameter.

Proper background subtraction and averaging can have a
significant impact on the reliability and reproducability of
all TDS measurements, and can be a major challenge for
an automated analysis. Different background subtraction
methods are under investigation. The best results so far have
been achieved with the operator manually defining a region
of interest for the calibration code.

Temporal Profiles

A set of preliminary bunch length measurements for dif-
ferent bunch charges (Fig. 4) have been taken. Because the
actual beam profiles show significant deviations from a Gaus-
sian shape even at low charges of 100 pC, the real full-width-
half-maximum value was determined in both measurement
and simulation results, instead of using the statistical rms
values. Examples of longitudinal profiles, measured at the
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first YAG screen after the TDS, are shown in Fig. 5, accom-
panied by ASTRA simulations assuming a perfect transverse
laser profile. While the overall profile shape looks quite sim-
ilar in experiment and simulation, measured bunch lengths
are clearly shorter throughout all measurements. Further-
more, a slight dip near the bunch center is visible in all
measurements. Simulations show similar features only at
much higher bunch charges around 1 nC.

ASTRA simulations
e TDS measurements

207 g
L J [ ]
[ ]
10¢ R
100 200 300 400 500

bunch charge (pC)

Figure 4: FWHM bunch lengths, measured and simulated,
for bunch charges between 100 and 500 pC. The booster
phase was tuned for maximum mean momentum gain.

A 5 0 2
Z (mm)

Figure 5: Longitudinal profiles of 100 pC (top) and 500 pC
(bottom) bunches after the TDS. The smooth red curves
are ASTRA simulations assuming a 11.5 ps (FWHM) long
Gaussian photocathode laser pulse, the blue curves are TDS
measurements.
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For the lowest investigated charge (100 pC), most dicrep-
ancies could be explained by more realistic simulations using
the measured transverse laser distribution as input (,,core
plus halo* model, see [10] and references therein). Results
of these simulations are shown in Fig. 6, where the bunch
length is plotted versus the RF phase of the booster. The
second set of data (green squares) was obtained one month
after the first one (blue dots), which was used for the simula-
tions. In that month, the quantum efficiency of the cathode
degraded and the actual transverse laser profile presumably
changed as well, resulting in different space charge forces
during emission. Furthermore, the bunch length can be sys-
tematically underestimated in measurements by neglecting
low-intensity parts of the beam or by subtracting too much
noise or background.

18 r r
ASTRA
® measured (1)
15f] = measured (2)| i 0

-
N

FWHM (ps)
©

-60 -40 -20 0 20 40 60
booster phase (deg)
Figure 6: FWHM bunch length versus booster phase for a
bunch charge of 100 pC, measured with the TDS (two data
sets) and simulated (red line) using the measured transverse
laser profile from the first data set (blue dots) as input.

Both the statistical shot-to-shot error of the bunch length
measurements and the linearity error of the calibration
curve were approx. 4 % for the measurements presented
here. The resolution, given by the FWHM spot size of the
unstreaked beam, varied between 0.5 and 1.0 ps. Once the
nominal deflecting voltage is obtained and beam transport
and focusing is optimized, a temporal resolution of = 0.1 ps
is expected for pure profile measurements, and 0.2 to 0.3 ps
for slice emittance as well as for full longitudinal phase
space measurements [4].

Full Longitudinal Phase Space

Sample images of the full longitudinal phase space in
the HEDA?2 section (Fig. 2) are presented in Fig. 7. These
pictures were taken with a very low deflection voltage in
the TDS and without optimized focusing between TDS and
screen, therefore only exhibiting basic features with a low
temporal and momentum resolution. For the center image,
the electron bunch was accelerated on-crest in the booster,
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but on the rising slope of the RF for the left image. Conse-
quently, the head of the bunch shows a higher momentum
than the tail in the left image.

Pz
——

Figure 7: First low-resolution images of the full longitudinal
phase space, viewed on a YAG screen after the first HEDA2
dipole magnet. The left and right pictures were taken at +8
and -8 degree booster phase with respect to the maximum
mean momentum gain phase, respectively.

CONCLUSION

The PITZ TDS, a prototype for the injector TDS of the
European XFEL, is under commissioning since July 2015.
Currently, the deflecting voltage is limited to about 50 % of
the nominal voltage by the reflected power measured at the
klystron, which is under investigation. Power estimations
based on the measured electron beam deflection are in good
agreement with the reading from the directional coupler
at the TDS. First preliminary bunch length measurements
suggested a slight overestimation of the bunch length in
simulations, which could be partly resolved by more detailed
simulations. More detailed measurements and simulations
using more realistic transverse laser profiles are foreseen for
the upcoming weeks. In the near future, the TDS will also
be employed for slice emittance measurements as well as
for analyzing the self-modulation of electron bunches inside
a plasma cell.
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Abstract

With the current state of the synchronization system at

FLASH (Free-electron Laser in Hamburg) the arrival time
between electron bunches and optical laser pulses can be
synchronized to a level of 30 fs rms, e.g. for pump-probe
experiments. In the course of the development of an up-
scaled system for the European XFEL and the migration
of control hardware to the modern MTCA.4 (Micro
Telecommunications Computing Architecture) platform,
all involved components of the system will be replaced
with new developments. The front-end devices are
upgraded. FPGAs (Field Programmable Gate Arrays) are
performing the data processing and feedback calculations.
In order to facilitate the firmware development, a toolset
(Rapid-X) was established which allows application
engineers to develop, simulate, and generate their code
without help from FPGA experts in a simple and efficient
way. A software tool kit (MTCA4U) provides drivers and
tools for direct register access e.g. via Matlab or Python
and a control system adapter, which allows the server
applications to be written control system independent.
In this paper, an overview on the synchronization setups
and their upgrades as well as an introduction to the new
hardware is given. The Rapid-X and MTCA4U tool kits
are presented followed by a status report on the
implementation of the new developments.

INTRODUCTION

Like most other accelerator sub-systems the various
setups of which the optical synchronization systems at
FLASH and the European XFEL are constructed can be
divided in four layers:

1) The front-end device, usually an electro-optic and/or
an opto-mechanic setup connecting another component of
the accelerator with the signals from the synchronization
system.

2) The electronic hardware which is the platform for
readout and processing of signals generated by the front-
end deviceand actuating on it. It also connects to a CPU
providing a physical interface to the external world. For
the computation usually FPGAs are used.

3) The firmware running on an FPGA which can be
divided in two layers. The base is the hardware specific

*This work has partly been funded by the Helmholtz Validation Fund
Project MTCA .4 for Industry (HVF-0016)
#matthias.felber@desy.de
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part which provides access to the peripherals like ADCs
(Analog to Digital Converters), DACs (Digital to Analog
Converters), and memory. The second part is application
specific and can incorporate algorithms for the
computation of physically meaningful numbers from the
front-end signals and - in many cases - a feedback control
loop.

4) The software layer which can also be separated in at
least two parts. One is that it provides a framework for
connecting to the firmware registers via specific drivers,
e.g. to set and read parameters. The other is to process
this data e.g. for displaying or performing supervision in
an application code. The latter can also -calculate
algorithms and perform feedback control but opposed to
the firmware the higher latency only allows for slower
(low bandwidth) control loops. Usually the application
software is integrated in the accelerator control system, in
this case it is called server but it can also be an
independent program or script.

Growing demands for the synchronization of FELs in
number of setups and their performance triggers
continuous upgrades on all four of the mentioned aspects
which will be described in the following chapters.

FRONT-END DEVICES

The optical synchronization system has been operated at
FLASH since 2009 [1]. It is based on the distribution of
200 fs long laser pulses at 1550 nm with a repetition rate
of 216.7 MHz, 1/6 of the main 1.3 GHz RF. This
reference signal can be used at remote locations in the
accelerator for bunch arrival time monitors (BAMs) [2],
RF reference stabilization (REFM-opt) [3] or laser
synchronization (L2L) [4]. In a recent publication, a
synchronization of 30 fs rms between the FEL and the
Pump-Probe was experimentally shown [5]. In order to
achieve this level of performance an active beam-based
feedback (BBFB) stabilization [6] of the electron bunch
arrival time with help of the fs-precise BAM
measurements has to be applied as well as optical lock of
the pump-probe laser to the reference with the scheme of
two-color balanced optical cross-correlation. For attaining
even better stability in future and to cope with the
growing number of clients, all sub-systems of the optical
synchronization are being improved. The European XFEL
is being equipped with the improved designs from the
start while FLASH is being upgraded and extended step
by step.
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Master Laser Oscillator (MLO)

As the source of each synchronization reference signal
for the whole accelerator, the phase stability of the MLO
is especially crucial. Up to now it is locked to the RF
master oscillator using conventional methods [7] but in
future a more sophisticated MZI (Mach Zehnder
Interferometer) setup will be used which is very similar to
the one in the optical-RF reference modules [3], described
later. The performance is expected to be sub-5 fs rms
short-term [1 kHz—10 MHz] and sub-5 fs peak-peak long-
term.

Link Stabilization Units (LSUs)

The fiber link stabilization from the MLO to the client
was and will be based on balanced optical cross-
correlation (OXC) between a reference and a reflected
pulse but the opto-mechanic design of the LSU has
completely changed. The footprint decreased by more
than a factor of two while providing more flexibility e.g.
for the implementation of polarization-maintaining fiber.
This way it is possible to supply additional end-stations at
FLASH, e.g. the plasma acceleration experiment
FLASHForward [8] or the new beamline FLASH2 [9]
which would not have been possible with the old design.
An in-house developed balanced detector for the OXC
provides superior low-noise performance compared to
available commercial products. In a realistic scenario of
environmental accelerator conditions the a 3.6 km fiber
link was stabilized to 3.3 fs rms over 24 hours [10].

Synchronization of External Lasers (L2L)

Besides an RF-based pre-locking [11] the ultimate
performance of sub-5 fs rms between the synchronization
reference and an external laser (usually Yb @ 1030 nm or
TiSa @ 800 nm) a two-color OXC is used. In the past
only individual bread-board assemblies were applied.
Now we designed a versatile applicable engineered
version which is more compact and robust [4].

Bunch Arrival Time Monitor (BAM)

With the current design it is possible to measure the
arrival time with <10 fs rms accuracy [2]. The redesign
[12] of the complete BAM front-end is prepared for low-
charge operation by providing the possibility to exploit
the bandwidth of the new 40 GHz pickups [13].

RF Reference Module (REFM-opt)

The REFM-opt [3] stabilizes the reference signal for the
LLRF (Low-Level Radio Frequency) detection used for
regulating the accelerating field. By synchronizing to the
optical reference residual drifts are avoided and load is
taken from the BBFB which increases performance and
robustness. The stability was shown to be better than 5 fs.

HARDWARE UPGRADES TO MTCA 4

MTCA is a novel electronic framework for analog and
digital signal processing. MTCA.4 [14] was released as
an official standard by the PCI Industrial Manufacturers
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Group (PICMG [15]) in2011 and is supported by the
xTCA for physics group, a network of physics research
institutes and electronics manufacturers. Its main
improvements over the preceding standards like VME
(Versa Module Europa) are enhanced rear I/O
connectivity and provisions for improved precision
timing. MTCA.4 has many advantages including
capabilities for remote monitoring, remote maintenance,
hot-swap of components, and the option to duplicate
critical components, making the standard highly modular
and flexible.

MTCA.4 at DESY

In agreement between the involved groups, it was
decided to use the MTCA.4 standard for the control
electronics of the European XFEL and FLASH. This
involves the LLRF field control [16], timing system,
diagnostics like beam position monitors [17] and camera
readouts, and the optical synchronization system [18].

Various boards were developed at DESY with
collaboration partners in order to fulfil the different
application tasks. In this paper we only provide a short
summary of the boards developed and used for the
synchronization system, because a detailed description of
the modules is given already in [18]. The portfolio
includes two AMCs (Advanced Mezzanine Cards) with
Virtex FPGAs. One is built as a 10 Channel 125 MSPS
digitizer card [19] and is used for laser synchronization
while the other one has two FMC (FPGA Mezzanine
Card) slots and is used for LSU control and BAM data
processing. Another low-cost AMC is used as carrier
board for stepper motor drivers, monitoring ADCs, or
general purpose IO boards. In most cases the AMC is
connected to an RTM (Rear Transition Module) which
usually provides the interface to analog signals and e.g.
analog processing for laser synchronization [20], ADCs
and DACs for the LSU signals or a four channel piezo
driver to drive the piezos that act as fast actuators in the
control loop for lasers and fiber links.

FIRMWARE AND RAPID-X

The implementation of algorithms and procedures on a
FPGA requires a hardware description language such as
VHDL. Therefore application engineers are usually
dependent on the availability of FPGA experts which
implement their schemes. During debugging or when a
change is required this can result in an ineffective and
time-consuming iterative process between VHDL
programming and testing. In order to overcome this
challenge a toolset called Rapid-X [21] was developed.
The idea is that the hardware specific part of the firmware
is separated from the application algorithms. While the
first is developed by the FPGA expert, the latter can be
easily designed by a user who does not need deep
knowledge of the underlying processes. Additionally, this
approach makes it easy to reuse the algorithms developed
for a certain application in projects that use other boards
or to migrate a given project to a different board by
simply substituting the hardware-specific VHDL code.
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The platform for Rapid-X is the software
Matlab/Simulink [22] which is used to describe complex
systems and algorithms with block diagrams. The Xilinx
System Generator tool already offers the possibility to
design, simulate and test standard Simulink models with
data processing in the FPGA. However, the model still
needs to be connected to other parts of the HDL project,
which includes elements such as clock distribution,
external memories, signal sources and sinks (also from
and to other boards), ADCs, DACs, etc. This becomes
increasingly difficult, the more complex the hardware
architecture and the entire system is. With the custom
Simulink library Rapid-X the designer can directly
integrate these peripherals in the design and compile it to
a complete VHDL project without any more help from the
expert.

Rapid-X was already extensively used e.g. to generate
firmware for data acquisition or to develop, implement,
and test advanced feedback control algorithms [23].

SOFTWARE TOOL KIT MTCA4U

At DESY a tool kit was developed in order to ease the
development, debugging, and distribution of application
software. It is the DESY MicroTCA.4 User Tool Kit
(MTCAA4U) which basically consists of three tools [24].

1) A PClI-express driver (Linux kernel module) which is
universal for basic access to all devices developed at
DESY. Modularity and expandability allow generating
device-specific drivers with a minimum of code,
inheriting the functionality of the base driver.

2) A C++ API (Application Programming Interface)
which allows convenient access to all device registers by
name, using mapping information which is automatically
generated when building the firmware. A graphical user
interface (Qt Hardware Monitor) allows direct read and
write access to the device, including plotting functionality
for recorded raw data. The API is also used to provide
Matlab- and Python-bindings and command line tools
which all use the same syntax.

3) The third tool is an adapter for easy integration of
independent application code into a control system, e.g.
DOOCS [25] at FLASH and the European XFEL. When
the application is integrated to the control system with the
adapter it becomes a server for a device or task. The idea
is that the control system adapter makes it easy to reuse
the developed code at facilities using other control
systems e.g. EPICS or TANGO.

STATUS AND CONCLUSION

The implementation of MTCA.4-based controls and the
redesign of all front-end devices for the synchronization
systems at FASH and the European XFEL promise to
improve the performance, increase flexibility and
maintainability and reduce the space requirements.
However, for a small team like ours this effort on all four
presented aspects of the system is a big challenge. As a
matter of fact, the migration is not as advanced as
anticipated in the project plans.
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The design for all of the front-end devices is finished,
some are still in the prototyping phase and some are
already in operation in the facilities.

Most of the MTCA hardware components which were
developed in our group at DESY are available from
industry partners due to licensing agreements thus making
them available for the accelerator community and beyond.
Only a few FMC modules still need to be revised.

The Rapid-X framework supports all AMC modules
used by us and is continuously extended. After a rather
long debugging phase it has proven to be an extremely
valuable tool for our feedback algorithm development.
Yet, the firmware for the three main applications laser
synchronization, fiber link stabilization, and bunch arrival
time monitors is not completed.

The MicroTCA.4 User Tool Kit is meanwhile in a
mature state and its tools are widely used. However, none
of the needed servers, meaning control system
independent software connected to a DOOCS adapter
have been programmed yet. For the development phase
usually Matlab scripts making use of the MTCA4U tools
to access data from the FPGAs are applied. For the laser
synchronization which is the first setup needed in
operation at several locations a Python script is being
prepared to temporarily substitute for the missing server.
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TURBO-ICT PICO-COULOMB CALIBRATION
TO PERCENT-LEVEL ACCURACY

F. Stulle*, J. Bergoz, Bergoz Instrumentation, Saint-Genis-Pouilly, France

Abstract

We report on the calibration methods implemented for
the Turbo-ICT and the BCM-RF. They allow to achieve
percent-level accuracy for charge and current measure-
ments. Starting from the Turbo-ICT and BCM-RF work-
ing principle, we discuss the scientific fundaments of their
calibration and the practical implementation in a test
bench. Limits, both principle and practical, are reviewed.
Achievable accuracy is estimated.

INTRODUCTION

The Turbo-ICT sensor and its corresponding BCM-RF
electronics can accurately measure charges of ultra-short
particle bunches as well as average currents of CW beams
of such bunches [1,2].

When excited by a single bunch, the Turbo-ICT output
signal is a short resonance at a fixed frequency f,es but
charge-proportional amplitude. The BCM-RF works in
sample-and-hold mode and measures the apex of this
resonance. The maximum possible bunch repetition rate is
approximately 2 MHz. For calibration the relation be-
tween Turbo-ICT input charge Q;, and BCM-RF output
voltage Ugcmrr 1S determined.

When excited by a CW beam, the Turbo-ICT output
signal is a sine wave of frequency f..s and current-
proportional amplitude. The BCM-RF works in track-
continuous mode and measures the apex of this sine
wave. The Turbo-ICT resonance frequency fres must
match the bunch repetition rate f.op, or a harmonic. For
calibration the relation between average input current
(Iew,in) and BCM-RF output voltage Ugcmgr is deter-
mined.

In the following, we discuss the Turbo-ICT and BCM-
RF working principle. The calibration methods for both
modes of operation are described and the achievable ac-
curacies are estimated.

TURBO-ICT / BCM-RF PRINCIPLE

To determine charge or current the BCM-RF measures
on a logarithmic scale the apex of the Turbo-ICT output
signal. Hence, the apex should depend only on input
charge or current. Most notably, any current transformer's
output pulse shape is usually dependent on input pulse
shape, which could induce a variation of the apex even for
constant charge or current. Only for “sufficiently short”
input pulses this dependence is negligible.

It is required that an input pulse must be considerably
shorter than the Turbo-ICT resonance wave length, which
is fulfilled, e.g., in laser-plasma accelerators or X-ray
free-electron lasers. Details are given in Appendix A.

*stulle@bergoz.com
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Turbo-ICT Pulse Response

The spectral response Q,:(f) of a Turbo-ICT to an in-
coming current pulse I;, (t) is the product of the incoming
pulse's spectrum Q;,(f) and the Turbo-ICT’s transmis-
sion coefficient S5, (f), e.g. as obtained from S-parameter
measurements using a vector network analyser (VNA):

Qout(f) = Qin(f) S21(f) .
Using the inverse Fourier transform the time-domain

output current pulse I,,.(t) can be determined:
+00

Iout(t) = an(f) 521(f) et2mft df .

For “sufficiently short” input pulses, I,,(t) can be ap-
proximated:

mauzomf S (f) et df = Qi M(D) . (1)

That means, for “sufficiently short” input pulses the Tur-
bo-ICT output pulse has always the same shape M(t)
scaled by the input pulse charge Q.

M(t) = fj;OSZI(f) el?mft df is the Turbo-ICT's re-
sponse to a Dirac pulse, i.e. to an infinitely short current
pulse, normalized by the pulse's charge; its units are Am-
pére per Coulomb. Figure 1 shows a typical S,;(f) of a
Turbo-ICT and the corresponding Dirac response.

0 40
— 20
_—2() 4 %
) < 04
5-40 1 =
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Figure 1: Typical Turbo-ICT response in frequency-
domain (left) and in time-domain (right).

t [ns]

Turbo-ICT Dirac Response Correction

As mentioned above, the Turbo-ICT Dirac response can
be reconstructed from the Turbo-ICT's S,4:

Mm=f S (f) e 2t df

While this equation is in theory correct, it is in practice
not sufficient. Around the Turbo-ICT, the measurement
setup is not perfectly matched to 50 Q wave impedance.
Reflections occur during the VNA measurements, lower-
ing power and current passing the Turbo-ICT. Such ef-
fects will not be present in the accelerator. Consequently,
the measured transmission coefficient S,; yna is not ex-
actly representative of the real S5 acc in the accelerator.
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The required correction can be obtained by exploiting
the fact that the ratio of Turbo-ICT output voltage
Uoutvna and input current I, is constant. I;;, is the current
passing the Turbo-ICT, not the current I, sent by the
source. If I, would enter the Turbo-ICT, as in the acceler-
ator due to absence of reflections, the output voltage
would be Uy, acc. But the ratio must remain the same:

Uout,ACC _ Uout,VNA _ UO SZl,VNA
L, Ly, L
PN U out,ACC 10

= 521,VNAI_ = S21,AcC -
0 in

The input current [;;, can be calculated either using the
reflection coefficient Si;yna, i.€. the signal reflected at
the Turbo-ICT input, or using the transmission coefficient
S31,vNa, 1.€. the signal passing the Turbo-ICT:

Iin = 10(1 - 511,VNA) = Iy S31,yna
and we get:

Sa1vNA  _ S21,VNA

Sa1,acc = = .
' 1—-Sivna  Szivna

In practice it is less error-prone to use S3; yna. Its phase
has an impact only on the phase of Sy; occ, but not on the
absolute value. However, to obtain S3;yna a 3-port S-
parameter measurement is required.

The correct M(t) that must be used for calculations is:

+0o0
Morrect(t) = f SZl,ACC(f) et2n st daf .

Charge Measurements
The results obtained can be directly exploited for sin-
gle-bunch charge measurements. Rearranging Eqn. (1)
gives:
Qin ~ Iout(t)/M(t) .
Since Qj, is time independent it is, e.g., sufficient to di-
vide the apex of I,,:(t) by the apex of M(t) or to divide
their respective peak-to-peak values:
~ max(llou (D))
™ max(IM(0)])
N max(Iou:(t)) — min(Zoy ()
- max(M(t)) — min(M(t)) '

()

Current Measurements

The spectrum of a CW beam of equal bunches consists
only of a DC component, a component at the bunch repe-
tition frequency frep and its harmonics.

Since the Turbo-ICT includes a narrow band-pass filter
around fres = frep, Or @ harmonic of f.op, only a single
frequency is transmitted. That means, for a CW input
beam the Turbo-ICT output signal is a sine wave. This
can also be understood by considering that in time-
domain the output signal must be the sum of the time-
shifted resonances excited by consecutive bunches.

The output amplitude /.5 oyt can be related to the av-
erage input current (/. in) (see Appendix B):

Irms,out (3)
‘/E 52 1,ACC (frep)

<Icw,in) =~
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SINGLE-BUNCH
CHARGE CALIBRATION

For single-bunch charge calibration, the Turbo-ICT
needs to be excited by a short current pulse, whose charge
needs to be determined, to obtain a resonance which can
be measured by the BCM-RF.

Equivalent Input Charge

It is important to understand that one has to determine
the charge as seen by the Turbo-ICT, which will be excit-
ed only by the spectral power falling into its bandwidth.

As mentioned before, for pulse length independent
measurements the input pulses need to be “sufficiently
short”. The pulses generated by our fast pulser, a CPS/1S
by Kentech Instruments Ltd., have a FWHM length of
200ps, which could suffice in some cases. But in practice
they are too long due to having a tail. Additionally, cable
losses stretch the pulses further.

To circumvent this problem, an equivalent input charge
is determined from the Turbo-ICT output resonance. The
Turbo-ICT is excited using the fast pulser and a pro-
grammable step attenuator. The resonance peak-to-peak
value is measured by an oscilloscope. The Turbo-ICT
Dirac response is reconstructed from S-parameters. Eqn.
(2) is applied to obtain the equivalent input charge, which
is the charge of a Dirac pulse that would excite the same
resonance as the fast pulser.

Charge Scan

To obtain the BCM-RF response, a charge scan is per-
formed using the fast pulser and the programmable step
attenuator. For each attenuator setting the BCM-RF out-
put voltage Ugcumrr iS recorded. Based on the attenuator
settings and the previously determined equivalent input
charge, output voltage and input charge are related.

Estimation of Calibration Accuracy

While the calibration principle is rather straight for-
ward, there are a few issues that need to be considered to
achieve good calibration accuracy. Some are also im-
portant for the measurements in the accelerator.

First, the accuracy of the equivalent input charge de-
termination depends on the accuracy of the Turbo-ICT
resonance as measured by the oscilloscope and the accu-
racy of the Turbo-ICT Dirac response reconstruction from
VNA measurements. These two points are further dis-
cussed in the following sub-sections.

Second, the BCM-RF output voltage is a DC voltage
which can be easily measured with sufficient precision.
Hence, it has no impact on aggregate accuracy.

Third, the BCM-RF must properly measure the reso-
nance apex. To achieve this, the sample-and-hold trigger
has to be finely adjusted. Only if the trigger is set up cor-
rectly it does not impact accuracy.

Fourth, cable losses must be measured and signal am-
plitudes need to be corrected accordingly. For calibration,
losses in the cable connecting Turbo-ICT and BCM-RF
can be accurately measured using a VNA. In the accelera-
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tor, on the other hand, it might be more difficult to meas-
ure these losses. When estimating the calibration accuracy
a typical error of 1% is included due to cables.

Fifth, since Turbo-ICT and BCM-RF work at a narrow
frequency band their adaptation to 50 Q is very good.
Standing waves on the cable connecting them are negligi-
ble. When using the same cable for calibration and in the
accelerator, standing waves would in any case be correct-
ly taken into account.

Sixth, during analysis of the charge scan the equivalent
input charge needs to be scaled by the real attenuation of
the programmable step attenuator, which is measured
using a VNA. But also the determination of the equivalent
input charge depends on this attenuator. Hence, any sys-
tematic scaling error of its real attenuation is compen-
sated. Remaining errors can be neglected.

Accuracy of Resonance Measurements

The Turbo-ICT output resonance is characterized by
measuring its peak-to-peak value with an oscilloscope.
Noise is reduced by averaging. However, a scaling error
might be present due to oscilloscope errors and incom-
plete knowledge of cable losses.

An improvement is to compare on the oscilloscope the
Turbo-ICT resonance to a sine wave of same amplitude
and frequency fes. The sine wave is generated by a cali-
brated RF signal generator. Its peak-to-peak value is de-
duced from the RF signal generator power setting. By
doing so, oscilloscope scaling errors are replaced by RF
signal generator errors, which are usually smaller. Fewer
cables need to be taken into account.

For Turbo-ICT calibration an Agilent N5181A RF sig-
nal generator is used. Its calibration report states an un-
certainty of 0.2dB, i.e. about 2%. To remain conservative,
a measurement error of 3% is assumed.

Accuracy of Dirac Response Reconstruction

The accuracy of the Dirac response reconstruction is
given by the accuracy of the S-parameter measurements.
These are performed using a factory calibrated Agilent
E5071C 4-port vector network analyser. To correct for the
influence of cables, an on-site calibration is performed
using a factory calibrated Agilent 85033E calibration kit.

According to data sheets and calibration certificates the
absolute accuracies of S,; and S3; measurements are of
the order of 1% amplitude and 1° phase.

Since the ratio S,; /S5, is used, correlated errors will be
eliminated. Uncorrelated errors will increase. It is as-
sumed that the real error is a mixture of correlated and
uncorrelated errors and that the error on the ratio will be
similar to the error of a single measurement.

In addition, a coaxial structure is required geometrically
adapting the cables to the Turbo-ICT aperture. The previ-
ously described S,; correction only corrects the error due
to an impedance mismatch at this structure's input. If the
wave impedance along the Turbo-ICT differs from this
input impedance, an uncorrected error remains.

When testing the impact of adapting to different wave
impedances, a variation of the S,; amplitude by 1-2% was
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observed. For calibration, the setup has been adapted to
match a theoretical wave impedance of 50 ().

Taking into account these measurement setup uncer-
tainties, an estimated error on the Dirac response ampli-
tude of 2% seems to be justified.

Resulting Accuracy of Charge Calculation

Since above mentioned errors are systematic errors, the
worst case would be if they all go in the same direction.
In such a case, the errors of resonance measurement,
Dirac response reconstruction and cable losses simply
add:

Achargeworst = 3% + 2% + 1% = 6% .
However, the errors are independent and the more realis-
tic statistical error is

Acharge = /(3%)2 + 2%)? + (1%)? ~ 4% .

CW BEAM CURRENT CALIBRATION

Following from the relation between the CW beam’s
average input current (I, i,) and the output sine wave’s
RMS amplitude Iy out (see Appendix B), calibration in
track-continuous mode can be simplified by using a sine
wave as input signal. Taking into account the required
correction of the measured S-parameters, we get:

Irms,out _ Irms,in SZl,VNA(frep)

\/z SZl,ACC(frep) ‘/7 SZl,ACC (frep)

Using a calibrated RF signal generator, the Turbo-ICT
is excited by a sine wave of frequency f,.s and known
RMS amplitude. The BCM-RF measures the apex of the
Turbo-ICT output sine wave. By applying above equation
the average input current of a CW beam is deduced which
would lead to the same BCM-RF output voltage.

(Icw,in> ~

Estimation of Calibration Accuracy

As for the single-bunch charge calibration, several ef-
fects need to be considered to obtain good accuracy.

The following assumptions seem justified. The BCM-
RF output voltage is considered error free. A typical error
of 1% is included due to cables. The Turbo-ICT Dirac
response is known to 2%. And the RF signal generator
amplitude accuracy is 2%.

Resulting Accuracy of Current Calculation

As for single-bunch charge calibration, the worst case
would be if all errors add:
Acurrent,worst ~ 2%+ 2%+ 1% = 5%.
The more realistic statistical error is

Acurrent ~ \/(2%)2 + (2%)2 + (1%)2 ~3%.

CONCLUSION

Turbo-ICT and BCM-RF can accurately measure sin-
gle-bunch charges and CW beam average currents.

Their calibration is derived from a combination of time-
domain and frequency-domain measurements. Standard
techniques and mathematics are exploited. Based on the
accuracy of the instruments used and considering meas-
urement setup uncertainties, absolute calibration errors of
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Acharge =~ 4% (single-bunch charge)

Acurrent ® 3% (CW beam average current)
are estimated.
To achieve correct measurement results during calibration
and in the accelerator, the particle bunch length has to
fulfil tpwpmin S 0.05/fres. The bunch should not have a
tail.
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APPENDIX A
SHORT-PULSE ASSUMPTION

The Fourier transform of a finite current pulse I;, (t) is:

+o0
() = f I (6) e~ 277t 4t

= ftmaxlin(t) (cos(27r ft) +isin(2m ft)) dt.
0

tmax 1S the total pulse length. If f « 1/2mt,,, the sine
approaches zero while the cosine approaches unity for
any time t within the integration boundaries. That means,
irrespective of the shape of [, (t) its spectrum Q;,(f)
must approach towards DC the value f:';o L, (t) dt, ie.
the pulse charge Q;,. The spectral amplitude Q;,(0) al-
ways exactly equals the pulse charge Q.

The smaller ¢, the higher will be the frequencies for
which Q;,(f) can be approximated by Q;,. In case of the
Turbo-ICT, an input pulse can be considered “sufficiently
short” only if Qin(f) = Qi, over the full Turbo-ICT
bandwidth Sy, (f).

Assuming a Gaussian input pulse, the maximum length
Oinmax can be calculated for which Q(fis), i.e. the spec-
tral amplitude at the Turbo-ICT resonance frequency, lies
within a certain fraction € of Q;y:

—212 g 2
(1-8)Qin<Qmne 21° 0fp max fres

1 [log(1—¢)
fres —2m?
If the spectral amplitude Q (f;es) should stay within 1% of
Qin, the input pulse length needs to fulfil
Oin,max < 0-0226/ﬁ"es .

Pulse shapes other than Gaussians will lead to different,
though comparable results. Considering only pulses that
do not have any tail, we can generally assume that the
FWHM of the input pulses should fulfil

trwnM,in < 0.05/ fres
for less than 1% error.

The same limit applies when measuring CW beams. In
this case, fr.s needs to be a harmonic of the pulse repeti-
tion rate frep. The higher the chosen harmonic the tighter
is the limit imposed on the input pulse length.

A Oin,max <
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Typically the Turbo-ICT resonance frequency is of the
order of 200 MHz, while the spectra of sub-picosecond
particle bunches, e.g. generated by laser-plasma accelera-
tors or X-ray free-electron lasers, can reach beyond THz.
Such particle bunches can be considered “sufficiently
short”.

APPENDIX B
TURBO-ICT RESPONSE TO CW BEAM

A CW beam of short and equal particle bunches can be
mathematically approximated by a Dirac Comb:
+00

Icw,in(t) ~ Z Qy6(t—nT).
n=—oo
Qp is the single bunch charge. T = 1/f., is the bunch
repetition period. The Dirac Comb can be expressed as a

Fourier Series:
+0o0

Icw,in(t) ~ Qp frep Z el2mnfrept

n=—oo
+00

= Qp frep + 200 frep Z cos(27r n frept) .
n=1
Qb frep 1s the average beam current (I n). It corre-
sponds to a DC component in the beam spectrum, which
is lost during measurements because current transformers
cannot transmit DC components. All other components
are scaled by the current transformer's S, (f):

+00
Iout(t) ~ 2 Qb frep Z SZl(n frep) COS(ZT[ n frep t) .
n=1

By band-pass filtering at a single frequency n fi.., a co-
sine signal remains:

Iout,filter(t) ~ 2 Qb frep Szl(n frep) COS(ZTC n frep t) .
The RMS amplitude of this signal is:

Iout,RMS ~ \/E Qb frep 521(71 frep)

Iout RMS
< <Icw,in) = Qb frep ~

‘/E SZl (n frep) .
An input sine wave of amplitude
IoutrMs

S21 (n frep)

would excite the same Turbo-ICT output signal as the
Dirac Comb. This is a consequence of the fact that both
input signals deliver the same spectral power at 7 frep,

despite having totally different shapes.
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ALL-FIBER APPROACH TO LONG-TERM STABLE TIMING
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Abstract

A complete fiber-optic, high-precision, long-term stable
timing distribution system is demonstrated over a 3.5-km
polarization-maintaining fiber link for synchronization of
next generation X-ray free-electron lasers. The residual
timing jitter at [1 Hz, 1 MHz] is below 0.7 fs, and the
RMS drift (<1 Hz) is 3.3 fs over 200 hours of continuous
operation. This all-fiber-optic implementation will greatly
reduce the complexity of optical alignment in timing
distribution and improve the overall mechanical and
timing stability of the system.

INTRODUCTION

Next generation FELs, such as the European XFEL [1]
in Hamburg and Linac Coherent Light Source II [2] in
Stanford, are predicted to deliver X-ray pulses shorter
than 10 fs. Unlocking the high temporal-resolution
capabilities of these facilities will require extremely stable
timing distribution systems [3, 4] delivering better than
10-fs precision between optical and radio frequency (RF)
sources located over kilometer distances. Over the past
decade, we have been advancing a pulsed-optical timing
distribution system [5-7] that uses the ultralow-noise
pulse train from a mode-locked (master) laser as its
timing signal. The timing signal is transferred through
timing-stabilized fiber links from a central location to
multiple end stations, where efficient and robust
synchronization is realized using balanced optical cross-
correlators (BOC) [8] for optical sources and balanced
optical-microwave phase detectors [7] for RF sub-systems.
Real facilities such as FLASH and the European XFEL
need fiber networks consisting of 20 or more timing links,
which require tremendous attention to the alignment and
stability of the free-space optics to minimize timing-drifts
induced by beam pointing instabilities. This situation also
necessitates preamplification of the master laser’s output
to overcome excessive free-space to fiber coupling losses
to provide adequate power for all timing links. To
eliminate free-space optics and its disadvantages from the
timing distribution system, we have developed integrated,
fiber-coupled balanced optical cross-correlators (FC-BOC)
using periodically-poled KTiOPO4 (PPKTP) waveguides
[9, 10]. These waveguides exhibit second harmonic (SH)
conversion efficiencies up to 1.02 % / [W-cm?] (20 times
higher than the bulk optical devices), which will decrease
the power demand from the master laser and consequently
support more timing links. Furthermore, the robustness
and ease of implementation of these fiber-coupled devices
will eliminate alignment-related problems observed in
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free-space optics. In this paper, we present an all-fiber
implementation of the pulsed-optical timing distribution
system using FC-BOCs.

EXPERIMENTAL SETUP

A diagram of the experimental setup is shown in
Fig. 1(a). The master laser operates at 1554-nm center
wavelength with +22.4-dBm average output power, 150 fs
pulse width and 216.66-MHz repetition rate. Its repetition
rate is locked to a RF synthesizer (RF-S) to reduce the
timing drift below 10 Hz. The only free-space part built in
this experiment is the initial power separation elements
comprised of one polarization beam splitter (PBS) and 3
half-wave plates. Furthermore, polarization-maintaining
(PM) fiber components are chosen over standard single-
mode (SM) fiber for the construction of the setup, as
previous results obtained with SM fiber has showed
substantial polarization-mode-dispersion effects in the
out-of-loop link stabilization measurements [3]. After the
PBS, the output of the master laser is coupled into two
separate fiber paths: the out-of-loop reference path and
the link stabilization unit. The out-of-loop reference path
is a 1-m long PM fiber serving as the reference arm for
the out-of-loop FC-BOC. The link stabilization unit starts
with a fiber-coupled polarization beam splitter (FC-PBS1)
which divides the optical power further into two segments.
The first segment (traveling to the right through FC-PBS1
in Fig. 1(a)) is directed into the timing link which consists
of a fiber-coupled faraday rotator (FC-FR), a fiber-
coupled motorized delay line (FC-MD) with 560-ps range,
a PM fiber stretcher (PM-FS), and a 3.5-km PM
dispersion-compensated fiber spool (PM-DCF). The
second segment is sent into a 0.5-m fiber having a fiber-
coupled faraday mirror (FC-FM) at the end. The FC-FM
turns the polarization of the pulses by m/2 upon reflection
and guides them into the in-loop FC-BOC to serve as the
reference pulses for the timing stabilization of the 3.5-km
link.

Both of the two FC-BOCs are PPKTP waveguide chips
in fiber-coupled packages with internal temperature
control [10]. A schematic of the module is shown in
Fig. 1(b). The wavelength division multiplexer (WDM)
consists of a fiber-coupled dichroic beam-splitter cube
coupling the input pulses into the waveguide for cross-
correlation and separates the SH return path from the
fundamentals. The forward and backward SH signals are
then fed to the ports of a fiber-coupled BPD (FC-BPD).
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Figure 1: (a) Schematic of the link stabilization experiment. (b) Main elements the FC-BOCs. (c) Feedback system
employed for the link delay compensation. (d) Data acquisition elements for the evaluation of the out-of-loop
measurement results. Abbreviations: RF-S, RF synthesizer; FC, fiber coupler; FC-PBS, FC polarization beam splitter;
FC-FM, FC faraday mirror; FC-FR, FC faraday rotator; FC-MD, FC motorized delay; PM-FS, PM fiber stretcher; PM-
DCF, PM dispersion-compensated fiber; PM-EDFA, PM erbium doped fiber amplifier; FC-PR, fiber-coupled partial
reflector; WDM, wavelength division multiplexer; MMEFE, multi-mode fiber; DC, dichroic coating; FC-BPD, fiber-
coupled BPD; PI, proportional-integral controller; AMP, voltage amplifier; DAQ, data acquisition card with 1-Hz
sampling rate; PC, personal computer; MDC, motorized delay controller; LPF, 2-Hz low-pass filter; SSA: Agilent 5052a

signal source analyzer.

Power management of the fiber links is critical: high
link output power is desirable for high signal-to-noise
ratio, while low link operating power is needed to avoid
fiber nonlinearity-induced timing errors. As a precaution,
the fibers are operated with a maximum power of +13
dBm to avoid significant fiber nonlinearities. The input
power to the timing link is set to +8 dBm such that after
forward propagation, the link transmission loss results in
+0-dBm link power. Custom-built bi-directional PM
erbium doped fiber amplifier (PM-EDFA) is used in the
last section of the timing link to boost the output power to
+13 dBm. +3 dBm of power is reflected back by the fiber-
coupled partial reflector (FC-PR with 10% back
reflection) and reamplified by the PM-EDFA back to
+13 dBm. The back-propagated pulses are then combined
with new laser pulses from the reference arm of FC-PBS1
in the in-loop FC-BOC. The in-loop FC-BOC measures
the propagation delay change in the timing link and
generates an error voltage. The error signal is processed
by a proportional-integral (PI) controller and then applied
to the fiber stretcher with a PZT amplifier (AMP) to
compensate the fast timing jitter (see Fig. 1(c)). The piezo
resonance of the stretcher at 18 kHz permits a closed loop
bandwidth higher than 10 kHz. The output of the PI
controller is also recorded by a data acquisition card
(DAQ) so that when it reaches its output voltage limit, the
motorized-delay is activated through a computer program
serving as the slow compensation to the fluctuating link
delay. Finally, the output of the FC-PR and the out-of-

loop reference fiber are combined in FC-PBS2 and
coupled into the out-of-loop FC-BOC to evaluate the
performance of the link stabilization experiment.

In order to minimize the drifts coming from the length
fluctuations in the FC-BOC reference paths, all setup
elements are placed in a temperature-stabilized enclosure,
except the 3.5-km fiber link spool, which is put outside
and exposed to environmental fluctuations.

RESULTS AND DISCUSSION

Figure 2 shows the measured voltage responses of the
FC-BOCs against the time delay between the incoming
orthogonal pulses. Due to excess coupling loss between
the PM fiber and the waveguide for the reverse-generated
SH, the SH power collected on the forward path is
approximately 10 dB higher than that of the reverse path
in FC-BOCs. Therefore, a 10-dB attenuator is inserted to
symmetrize the cross-correlation curve. This issue has
prevented us from reaching higher timing sensitivities for
FC-BOCs when compared with bulk optics cross-
correlators. Nevertheless, even with the current coupling
losses we have achieved comparable results to the
previous work [5, 6]. For each FC-BOC, five different
measurements are performed and the mean values of the
jitter-to-voltage conversion factors are 4.5 mV/fs
(£0.32 mV/fs) and 82.0 mV/fs (£ 4.9 mV/fs) for the in-
loop and out-of-loop FC-BOC respectively (BPD
transimpedance gain: 2x10% V/A, 3-dB bandwidth:
150 kHz, responsivity: 0.5 A/W ).
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Figure 2: Measurement results of the FC-BOC output

versus the delay between the pulses. Blue curve

corresponds to the in-loop and red curve corresponds to

the out-of-loop FC-BOC response.
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The relative timing stability of the 3.5-km PM fiber
link is continuously monitored for 200 hours without
interruption. The black curve in Fig. 3(a) displays the
residual timing drift measured by low-pass filtering the
output of out-of-loop FC-BOC at 1 Hz (without any
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averaging). A remaining drift of only 3.3 fs (= 0.2 fs)
RMS is measured for 200 hours of continuous link
stabilization; and the motor delay has corrected for over
25-ps timing error. Relative temperature fluctuations of
the 3.5-km fiber spool and the enclosure are plotted in
Fig 3(b). The maximum deviation of the temperature is
about 0.18 K and 0.06 K on the case of the fiber spool
and inside the enclosure respectively. The correlation
between the residual drift and the enclosure temperature
confirms that the drift is mainly limited by the
environmental fluctuations penetrating into the FC-BOCs.
This is reasonable because the optical enclosure is large in
volume, making it difficult to completely isolate the
enclosed fibers from the laboratory environment. Even
though we have spent considerable effort to splice as
short fiber reference arms as possible, the system still
contains in total ~2.5 m of uncompensated fiber
(reference arms of the FC-BOCs and the fiber pigtail
between FC-PR and FC-PBS2). A temperature fluctuation
of ~0.1 K on 2.5-m uncompensated fiber would introduce
~7.5-fs error to the timing detection due to thermal
expansion and contribute directly to the final drift. Hence,
the observed residual drift in our experiment agrees well
with the recorded relative temperature change.
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The complete jitter spectral density of the link
stabilization and its integrated jitter are shown in Fig. 3(c)
(black and red curves respectively). The spectrum from 1
Hz up to 1 MHz is taken with a signal source analyzer
(SSA) from the out-of-loop FC-BOC; whereas, the
spectrum below 1 Hz is obtained by taking the Fourier
transformation of the residual drift data shown in 3(a).
The total jitter above 1 Hz is kept below 0.7 fs RMS,
whereas the daily temperature fluctuations cause
considerable jitter as can be seen from the frequency
range below 1 mHz (red curve, Fig. 3(c)). Nevertheless,
phase noise of only -20 dBc/Hz at an offset frequency of
2 uHz from a 10-GHz carrier is achieved and the total
integrated jitter from 2 pHz up to 1 MHz is only 3 fs
(£0.18 fs) RMS which is more than sufficient for an
efficient FEL synchronization.

CONCLUSION

In summary, we have successfully implemented a
complete fiber-optic timing distribution system, which
can be used for precise and long-term stable FEL
synchronization.

We have demonstrated timing stabilization of a 3.5-km
long fiber link using completely fiber-coupled elements.
The out-of-loop measurement shows only 0.7-fs RMS
link jitter integrated from 1 Hz to 1 MHz and 3.3-fs RMS
residual drift below 1 Hz over 200 hours of continuous
operation. Sub-fs precision over longer time intervals has
been hampered by environmental fluctuations introducing
timing detection errors via the uncompensated reference
fiber arms. Local temperature stabilization of these
reference arms would alleviate this effect and deliver
better precision. Furthermore, the current efficiency of the
FC-BOC:s is limited by excess SH coupling loss, but still
delivers a sensitivity comparable to the bulk-optic BOCs.
The next generation device will include an integrated
WDM to eliminate the coupling problem, thereby
increasing the performance by an order of magnitude.
Nevertheless, the current system based on FC-BOCs and
PM fiber elements provides easy-to-implement,
alignment-free, long-term stable, few-fs precision timing
distribution under normal laboratory conditions. We
believe that the demonstrated all-fiber timing distribution
system can easily be deployed to an operating FEL,
helping to both monitor and control electron bunch
creation and fs X-ray pulse generation, to ultimately push
the limits of spatially and temporally resolved imaging of
molecular dynamics.
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INFLUENCE OF ENVIRONMENT CHANGES ON LIBERA SYNC 3 LONG-
TERM STABILITY

S. Zorzut, M. Cargnelutti, Instrumentation Technologies, Solkan, Slovenia
S.G. Hunziker, Paul Scherrer Institut, Villigen, Switzerland

Abstract

Libera Sync 3 is intended to be used as a reference
clock transfer system in the latest fourth generation light
sources where the required long-term stability is in the
range of a few tens of femtoseconds of drift per day [1].
The system has an outstanding added jitter performance
below 4 fs in the 10 Hz to 10 MHz frequency range. The
system has been developed in collaboration with the Paul
Scherrer Institute (PSI) and first units are already installed
in the SwissFEL machine. In this article we present the
influence of temperature and humidity changes on the
long-term phase stability of the system.

INTRODUCTION

Libera Sync 3 solution is based on a continuous wave
(CW) modulation of an optical carrier in which phase
detection and stabilization are done in the radio frequency
(RF) domain [2]. The system is composed of a transmitter
and a receiver units (Figure 1) connected by two optical
fiber links that are laid in the installation tunnel as it is
depicted in Figure 2. Additional Ethernet connection is
used for data exchange between the units and for remote
monitoring and control of Libera Sync 3.

[

e
qo

il Libera g3 T

Figure 1: Libera Sync 3 transmitter and receiver units.

The two optical fiber links are used in order to
overcome optical limitations, mainly due to the Rayleigh
backscattering effect [3, 4]. One fiber is used to transfer a
low-noise signal while the second is used to transfer a
low-drift reference signal.

CONTROL SYSTEM

TIMING HUTCH INSTALATION TUNNEL TIMING HUTCH

A =f(L,T,nF,..)

Low-drift link LLRF

Libera Sync 3

2=2

et Transmitter Lowles ink Recaiver

e optical signal RF signal RF monitoring signal e~ control signal

Figure 2: Installation of Libera Sync 3 system in the
accelerator environment.

ISBN 978-3-95450-134-2
126

Libera Sync 3 compensates both the phase drifts in the
electronics and in the low-drift optical link. All the
components outside the phase compensation loops are
sensitive  to  environmental changes, especially
temperature and humidity changes. To reduce such
influences different compensation techniques like thermal
stabilization of critical components and wusage of
thermally compensated materials are applied, but
nevertheless some residual sensitivity to environmental
changes still exist.

PERFORMANCE MEASUREMENTS

Jitter and long term stability are two key performance
parameters for Libera Sync 3.

Jitter Performance

Phase noise spectrumvs. offset frequency
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Figure 3: Libera Sync 3 added phase noise and jitter. The
black curve shows the limit of the measuring setup.

Figure 3 shows Libera Sync 3 measured phase noise
and jitter at 2998.8 MHz that was done at PSI. The added
jitter in the frequency range from 10 Hz to10 MHz is 3.8
fs.

Long-term Phase Stability

The long-term phase stability of the Libera Sync 3 was
measured using a standalone phase detector unit which
compared the output RF signal from the Libera Sync 3
system with the reference signal. The drift of setup itself
is estimated to be on the order of a few femtoseconds
peak-to-peak per day. Figure 4 shows block diagram of
the measurement setup.
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Figure 4: Phase drift measurement setup.

Figure 5 shows typical long-term phase drift of one of
the Libera Sync 3 systems compared to the environmental
conditions the system has been exposed to. After the
installation, Libera Sync 3 and all RF cables normally
require a couple of days to relax and stabilize. Typical
long-term phase stability of Libera Sync 3 system is in the
range of 10 to 30 femtoseconds peak to peak over one day
of operation for environmental changes that are within
specification (+1 °C and +5 % RH).

System phase drift
T

i |
0 10 20 Kl 40 50 60 70 80 90 100 10

50

48 ----ee- -/f“--—-ﬂ-e.,_-_ --------------------------------------------------------------- =
Folar i L A AR MO AN S |
T, S

42

0 10 20 30 40 a0 60 70 80 90 100 110

Time [h]

Figure 5: System phase drift and changes in

environmental temperature and humidity.

The sensitivity of the Libera Sync 3 system to
temperature and humidity changes was measured using
environmental test chamber. RF generator, long-term
stable phase detector and temperature stabilized RF
splitter were placed outside the environmental test
chamber as it is depicted in Figure 6. For all the RF
connections temperature compensated RF cables with the
temperature dependence in the range of some 10 fs/m/K
were used. Length of all RF cables inside the chamber
was approximately 1 m.

ENVIRONMENTAL TEST CHAMBER

Reference Libera Sync 3 [€==={ Libera Sync 3
Master Phase Detector
Oscilator Tr >
s Optical signal
RF signal
Figure 6: Temperature and humidity dependence

measurement setup.

FEL Technology and HW: Electron Diagnostics, Timing, Sync., and and Controls

MOP043

Figure 7 shows phase drift of first Libera sync 3 system
in relation to trapezoidal changes in temperature and
humidity. Temperature dependence is arround 25 fs/°C.
System responded to humidity change with some delay.
20 % change in the environmental humidity caused 100 fs
of phase drift.

System phase drift

0 10 20 30 40 50 60
Time [h]

Figure 7: Libera Sync 3 long term phase drift and
temperature and humidity changes.

Figure 8 shows the step response of second Libera Sync
3 system to humidity changes. Step change in
environmental humidity caused some spikes in
environmental temperature and some of them are noticed
in the system phase drift too. The Libera Sync 3 system
adapts to new conditions in 2 to 3 hours after humidity
step change has been applied. Jump from 50 % to 60 % in
environmental humidity caused 70 fs of systems phase
drift while jump in humidity from 70 % to 80 % caused
110 fs of systems phase drift. Humidity dependence
increases with theabsolute value of it.
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System phase drift
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Figure 8: Libera Sync 3 phase drift response to step
changes in environmental humidity.
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Additional long-term performance measurements were
done. In this case Libera Sync 3 system was removed
from the environmental test chamber and only
approximately 1 m of connecting RF cables remained
inside the chamber. Figure 9 shows measured setup phase
drift for the same humidity profile inside the chamber as
it was used in previous case. Beside RF cables that are
susceptible to environmental changes all other
instruments that are outside test chamber are also exposed
to some environmental changes that chamber is
introducing to the room where it is located. A jump from
50 % to 60 % in humidity caused a 20-30 fs phase drift
while a jump in humidity from 70 % to 80 % caused a 40-
50 fs of setup phase drift. The correlation between
humidity profile and phase drift measurement is not as
obvious as in previous measurements.

Setup phase drift
200 T T

100 -+ ; fmnnne e

A0 - sme e mm e

time [h]

Figure 9: Setup phase drift.

CONCLUSION
In the presented paper one Libera Sync 3 system was
exposed to trapezoidal changes in environmental

temperature and humidity and one to the step changes in
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environmental humidity. The system adapts well on
smooth changes in temperature and humidity while step
changes introduce some transient response in sytems
performance that settles down in 2 to 3 hours.

The presented measurements include the contribution
of the RF cables inside the chamber that were exposed to
the same environment changes as the system itself.
Furthermore all the instruments and cables outside the
chamber were also exposed to some environment
disturbances that chamber caused to the room where it is
installed. The estimation how much the testing setup
contributed to the Libera Sync 3 long-term drift
performance can be seen in the last measurement. The
measurement error can be as high as 30 % of the
measured value. This gives an insight about the
complexity of the presented long-term measurements.

Libera Sync 3 system needs moderately stable
environment to reach its nominal performance. The long
term measurements of other Libera Sync 3 systems
confirm these observations. On the other hand additional
and improved measurements of systems dependence to
environmental changes need to be performed in order to
cancel out measurement uncertainty and get better
statistics.
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A LASER HEATER FOR CLARA

S. Spampinati, University of Liverpool and The Cockcroft Institute, Warrington, Cheshire, U.K.
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Abstract

CLARA is a new FEL test facility, being developed at
STFC Daresbury Laboratory in UK, based on a high
brightness electron linac. The electron beam of CLARA
can potentially be affected by the longitudinal
microbunching instability leading to a degradation of the
beam quality. The inclusion of a laser heater in the linac
design can allow control of the microbunching instability,
the study of microbunching and deliberate increase of the
final energy spread to study energy spread requirements
of the FEL schemes tested at CLARA. We present the
initial design and layout of the laser heater system for
CLARA and its expected performance.

INTRODUCTION

CLARA (Compact Linear Accelerator for Research and
Applications) is a proposed 250MeV, 100-400nm FEL
test facility at Daresbury Laboratory [1]. The purpose of
CLARA is to test, explore and ultimately validate new
schemes for FEL light generation in areas such as ultra-
short pulse generation, temporal coherence and pulse-
tailoring. The accelerator itself will consist of 4 S-Band
normal conducting linear accelerators with a medium-
energy variable bunch compression scheme, feeding into
a flexible arrangement of FEL modulators and radiators.
For seeding purposes the accelerator includes a pre-FEL
dogleg where modulated laser light can be introduced.
The accelerator will be driven by a high rep-rate RF
photo-cathode S-Band electron gun, operating in single
bunch mode at up-to 100Hz, and with bunch charges up-
to 250pC. Peak currents at the FEL are expected to be in
the 500A range running the linac with the magnetic bunch
compressor. An increased current in the 1-2 KA range can
be obtained through the use of a velocity-bunching
scheme in the first two linac structures [2]. The CLARA
linac is potentially affected by the longitudinal
microbunching instability (MBI) [3-5], as are other
accelerators that drive high gain free electron laser (FEL)
facilities [6,7], that produce short wavelength (~1-5um)
energy and current modulations. These can both degrade
the FEL spectrum and reduce the power by increasing the
slice energy spread. This instability is presumed to start at
the photoinjector exit growing from a pure density
modulation caused by shot noise and/or unwanted
modulations in the photoinjector laser temporal profile.
As the electron beam travels along the linac to reach the
first bunch compressor (BC1), the density modulation
leads to an energy modulation via longitudinal space
charge. The resultant energy modulations are then
transformed into higher density modulations by the bunch
compressor. The increased current non-uniformity leads
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to further energy modulations along the rest of the linac.
Coherent synchrotron radiation in the bunch compressor
can further enhance these energy and density modulations
[8,9]. The main solution to prevent MBI, used in several
FEL facilities, is the laser heater (LH) [10,11].

A laser heater consists of a short, planar undulator
located in a magnetic chicane where an external infrared
laser pulse is superimposed temporally and spatially over
the electron beam. The electron-laser interaction within
the undulator produces an energy modulation on a
longitudinal scale length corresponding to the laser
wavelength.

The second half of the LH chicane smears the energy
modulation in time, leaving the beam with an almost pure
incoherent energy spread. This controllable incoherent
energy spread suppresses further MBI growth via energy
Landau damping in the bunch compressor. A layout of a
laser heater is shown in Fig. 1.

Screen Screen
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Figure 1: Laser heater layout.

The presence of the laser heater in a test facility like
CLARA could be exploited to study further some less
explored aspects of MBI such as the microbunching
induced by the laser heater chicane and the MB competi-
tion between different sections of the accelerator [12].

The laser heater can also be used to modulate the
electron beam energy spread to control the FEL temporal
and spectral properties [13] or to deliberately increase of
the final energy spread to study energy spread
requirements of the FEL schemes tested at CLARA. The
laser heater chicane could be also used to implement the
diagnostics presented in [14]. These are all possible expe-
riments of relevance to future FEL facilities.
Consequently a space for a laser heater system has been
left in the linac layout. Due to space constraints and to the
necessity to avoid long strait sections at low energy the
more convenient location for the laser heater is just before
the bunch compressor at a beam energy of 125-210 MeV.
In this case the beam present a significant energy chirp
(~2%) and this is a difference respect to other facility
[6,7]. The effect of the chirp on the laser heater will be
analysed.

After the first acceleration stage a set of 4 quadrupoles
allows matching of the optical functions into the laser
heater chicane and 4 additional quadrupoles follow the
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LH chicane to control the matching in the bunch
compressor region. The values of the basic parameters of
the electron beam in the laser heater region are reported in
table 1.

Table 1: Electron Beam Parameters

Parameter Value Unit
Energy 125-210 MeV
Pulse duration 4-6 ps
Chirp <2 %
Slice energy 3 keV
spread
Emittance 0.6 mm-urad
c,.0, 220 pum
0';,0;, 11 prad
SYSTEM DESCRIPTION

The laser pulse used for the laser heater could be a
small portion of the photocathode infrared drive laser
picked up just before the harmonic up-conversion to UV,
similar to systems installed in other facilities [6,7]. The
laser pulse has to be stretched to be 2-3 times longer than
the electron beam. Pulse energy of 150-200 pJ should be
available.

The chicane has to provide enough room for the
insertion of the electron beam on the laser path and an
effective smearing of the time energy correlation induced
by the laser. The Rs¢ and the dispersion of the chicane
have to be kept small possible as the beam acquires a
chirp.

A possible design of the chicane has bending angles of
4.5 degrees, a separation between the first and the second
dipole as between the third and fourth dipole of 30 cm, a
dipole length of 10 cm and a total chicane length of 2,0-
2,7 m. The maximum dispersion (in the center of the
chicane) and the Rsq of this chicane are 4.5 mm and 31
mm, respectively. This design provides a horizontal
trajectory bump of 3.1 cm, sufficient to overlap the laser
and the electron beam, and a good smearing of the energy
modulation at the laser wavelength. This smearing occurs
because the path length, from the chicane center (where
the energy modulation is induced) to the chicane end,
depends on the electron’s horizontal divergence trough
the transport matrix element Rs,. Therefore, the
energy/position correlation, induced in the undulator, is
smeared if the following relation is satisfied

Vs
2

>

R, 0| = s -0, ()

with a dispersion value of 31 mm and an angular spread

of 11 prad, the rms temporal smearing is 340 nm, which

ISBN 978-3-95450-134-2
130

Proceedings of FEL2015, Daejeon, Korea

is large compared to the reduced wavelength of 127 nm.
Thus the 800 nm energy correlation is efficiently
smeared.

The Rs¢ of the laser heater chicane is around ten times
smaller than the Rss of the bunch compressor chicane
photoinjector accelerates approximately on crest), the
laser heater chicane produces a small bunch compression
(<10%) This effect is not critical for the subsequent
compression. The laser heater undulator is a variable gap
planar undulator composed of 7 periods of 5.5 cm each.
This undulator is resonant with the 800 nm laser at beam
energy of 150 MeV for a value of the strength parameter
K equal to 1.2. Figure 2 shows the resonant K value as
function of the beam energy. The minimum undulator gap
required to have the resonance at 210 MeV is 24 mm
(considering a remanent field of 1.25 T).

28

26+

24+

22F

L L L L I L L L
120 130 140 150 160 170 180 190 200 210

Energy (MeV)

Figure 2: Resonant undulator factor K versus beam
energy.

The basic parameters of laser, chicane and undulator
are reported in table 2. It is possible to estimate the
energy spread induced in the beam by the laser heater
using the following formulas [4]

P [P K1
= r i e 2 2
o !Vz-(ofmf(x)bJ;o o0y @

where O, and O, are the rms transverse dimension of the
electron and the laser beam, respectively, l(/ is the
undulator length, ), is the electron beam mean energy,
B is the laser beam peak power, JJ is the undulator

coupling factor [15] and 13 = 8.9 GW. The integration is

on the longitudinal undulator coordinate. Figure 3
reproduces the induced energy spread as function of the
laser energy considering a laser pulse length (FWHM) of
15 ps.
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Table 2: Laser Heater Parameters

Parameter Value Unit
Wavelength 800 nm
.0, 220 um

Laser pulse duration 10-15 ps
Laser max energy 150-200 uJ

Bending angle 4.5 °
Dipole length 10 cm
Drift 1-2(3-4) dipoles 30 cm
Undulator period 55 cm

Number of period 7

Figure 3 reproduces the induced energy spread as
function of the laser energy considering a laser pulse
length (FWHM) of 15 ps.

120+
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— 20 heY
— 10 e
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Laser energy (pJ)

Figure 3: Slice energy spread versus Laser power.

Pulse energy of 0.3-0.5 uJ is required to have an energy
spread of 5-10 keV and then suppress the microbunching.
An Energy spread higher than this suppression threshold
is amplified by bunch compression as the area of the
longitudinal phase space is conserved. The maximum
energy spread delivered at the end of the linac, is for a
compression factor 5-8, 500-800 keV, equivalent to a
relative energy spread of 0.2% -0.35% at 250 MeV.

This level of relative energy spread is comparable with
the Pierce parameter [1,16] of CLARA and so is
sufficient to affect the FEL process.

The level of heating provided by the system described
is enough to study and suppress microbunching and to
study the energy spread requirement of several FEL
schemes tested at CLARA. Modulation of this large
energy spread done with the technique described in [13]

MOP044

can modify the spectral and temporal properties of the
FEL pulse.

Two CROMOX (Al203:Cr) screens, one on each side
of the undulator, allow imaging both the laser beam and
the electron beam in order to superimpose them
transversely.

SIMULATIONS

Simulations including the beam energy modulation in
the laser heater undulator and the transverse dynamic in
the laser heater chicane have been performed with the
code ELEGANT [17] to test the performance of system
described above. A first set of simulations have been
performed using the full beam distribution to study the
effect of the energy chirp on the energy spread induced by
the laser heater. 2M macro-particles have been used in
these simulations. The phase space of the heated beam at
the exit of the chicane is reproduced in fig. 4. The
electron beam has a chirp of 2% and the laser pulse has a
length (FWHM) of 15 ps and energy of 20 pJ.

s (mm)

124 1245 125

Energy (MeV)

Figure 4: Electron beam phase space after the laser heater.

1255 126

The slice energy spread along the beam is reproduced
in fig 5. We see that the variation of the beam heating is
about 20% on the total beam length and correspond to
what is found experimentally in other working laser
heaters where the beam has a more flat energy profile in
the laser heater [7]. This seems to be a good level of
uniformity.

Other simulations have been performed using only a
small central part of the beam to study the smearing of the
energy modulation in the second part of the chicane.
Figure 6a and 6b reproduce the phase space after the laser
heater undulator and after the chicane. In this case the
pulse energy is 0.3 pJ. The energy spread induced in this
case is 6 keV and should be close to the value that
suppresses efficiently the microbunching instability. 2M
macro-particles have been used in these simulations. We
see that the energy correlation is removed be the beam
dynamic in the second part of the chicane. We can see in
fig 6¢ that the correlation is now transferred in the t-xp
plane. This correlation can restore a microbunching on the
laser wavelengths along the beam line in the point in
which the transport element from the center of the chicane
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goes to 0. This transient micobunching can induce a
certain level of energy spread [6]. This effect is strongly
depended by the optics from the laser heater to the bunch
compressor [6,12]. In the bunch compressor any
correlation is removed by the strong Rss of the chicane.
The optics from the laser heater to the bunch compressor
should avoid waist in the x plane between the laser heater
and the bunch compressor.
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Figure 5: Energy spread after the laser heater.
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Figure 6: a) Phase space in the center of the chicane after
the undulator. b) Phase space after the chicane. ¢) t-xp
correlation after the chicane.
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CONCLUSION

We have presented a possible design of the CLARA
laser heater and simulations of its operation. The level of
heating provided by this design is enough to study and
suppress microbunching and to study the energy spread
requirement of the several FEL schemes tested at
CLARA. The homogeneity of the heating along the beam
is good despite the presence of the chirp used to compress
the beam.

REFERENCES

[17 J. A. Clarke et al, JINST 9 T05001 (2014).

[2] M.Ferrario et al. Phys. Rev. Lett. 104, 054801
(2010).

[3] E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov,
Nucl. Instrum. Methods Phys. Res. A 490, 1(2002).

[4] T. Shaftan and Z. Huang, Phys. Rev. ST Accel.
Beams 7, 080702 (2004).

[5] S. Seletskiy et al. Phys. Rev. ST Accel. Beams 14,
110701 (2011).

[6] Z. Huang et al., Phys. Rev. ST Accel. Beams 13,
020703 (2010).

[7] S. Spampinati et al., Phys. Rev. ST Accel. Beams 17,
120705 (2014).

[8] T. Limberg, P. Piot, and E. A. Schneidmiller, Nucl.
Instrum. Methods Phys. Res., Sect. A 475, 353
(2001).

[9] S. Heifets, S. Stupakov, and S. Krinsky, Phys. Rev.
ST Accel. Beams 5, 064401 (2002).

[10]E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov,
Nucl. Instrum. Methods Phys. Res., Sect. A 528, 355
(2004).

[11]Z. Huang, M. Borland, P. Emma, J. Wu, C. Limborg,
G. Stupakov, and J. Welch, Phys. Rev. ST Accel.
Beams 7, 074401 (2004).

[12]D. Ratner at al Phys. Rev. ST Accel. Beams 18,
030704 (2015).

[13]E. Roussel et al. “Influence of a non-uniform
longitudinal heating brightness electron beams for
FEL”, proccedings of IPAC 2015.

[14]R. Fiorito et al., Phys. Rev. ST Accel. Beams 17,
122803 (2014).

[15]W. B. Colson, IEEE J. Quantum Electron. 17, 1417
(1981).

[16]R. Bonifacio, C. Pellegrini, and L. Narducci, Opt.
Commun. 50, 373 (1984).

[17]M. Borland, ANL/APS Report No. LS-287 (2000).

FEL Technology and HW: Electron Diagnostics, Timing, Sync., and and Controls



Proceedings of FEL2015, Daejeon, Korea

MOP047

THE BINP HLS TO MEASUREMENT VERTICAL CHANGES ON
PAL-XFEL BUILDINGS AND GROUND*

Hyojin Choi, Kwang Won Seo, Kyehwan Gil, Seung Hwan Kim, Heung-Sik Kang
Department of Accelerator, PAL-XFEL, Pohang, Korea

Introduction

General matters about the hydrostatic leveling system
(HLS) to be installed in PAL-XFEL were explained in
Reference [1]. This paper will introduce principles of
measuring water pipes that are references of HLS and
Ultrasonic-type HLS of the Budker Institute of Nuclear
Physics (BINP).

WATER VOLUME CHANGING BY TIDAL
EFFECTS

The strength of gravity of planets in the solar system
follows Isaac Newton's law of gravity and the
superposition principle. There are three elements
changing the gravity of the earth: the earth's orbit, the
moon's orbit and leaning of the earth's rotational axis. As
shown by Figure 1, the orbit of the earth circling around
the sun is oval. The sun's tide generating force changes
according to positions of the earth's orbit.

285 - 147 235
N mﬂlim\
¢ 152 million km km q
ez Spni ~ ey
Aphelion - ~ Perihelion
July January

Figure 1: Earth’s orbit.

As shown by Figure 2, the effects of tide generating
force appear due to complex movements, such as the
earth's rotation, the moon's orbit and the leaning of the
moon's orbital plane. It is very difficult to gain theoretical
access to them and they can be various depending on
factors (such as composition of the continental ground,
latitude, longitude and altitude) affecting regions whose
tide generating force is to be measured, so it is difficult to
analyze them. The effects of the tide generating force
changing over time lead to changes in gravity and in
consequence the earth's land and sea affected by gravity
display tidal phenomena over time.

The tide generating force can be measured using an
earth tide meter or a gravity meter. Figure 3 shows
changes in the tide generating force measured in Korea
using an earth tide meter. Changes in the tide generating
force cause changes in the water volume and they appear
as changes in the water height inside a water pipe in the
process of measuring HLS. As explained in Reference
[1], water produces volume changes because of various
outside effects in addition to the tide generating force. In

*Work supported by Ministry of the Science, ICT and Future Planning
Fchoihyo@postech.ac.kr
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the case of water in a glass, the water height changes
about 2um/deg/cm because of temperature and the figure
is about Max. 0.6um/cm because of tides. There should
be no temperature changes in order to observe the water
height changing by tidal effects.

— : Tidal Force
—— : Vertical Tidal Force
— : Horizontal Tidal Force

Moon

Tidal force effects

N,
%
>

e (1) Position of Moon and Sun
Moon Tidal S (2) Latitude & Longitude on Earth

Figure 2: Distribution of the tidal force on the earth.

Tidal Force

(D) New Moon
(@ First Quarter
(3) Full Moon
@) Last Quarter

Figure 3: The tide generating force depending on
positions of the sun and the moon.

Although the water volume inside a water pipe
dynamically changes moment by moment due to
temperature inside a tunnel and tides, the water height of
the entire area of the water pipe will be maintained in the
short term if the flow inside the water pipe is large
enough. The space inside the water pipe is closed and
hydrostatic levelling measurement is made under the
condition where the amount of water is the same even if
the water volume changes. As shown by Figure 4, water
pipes are installed on the floor inside the tunnel. As long
as an accelerator works, entries to the tunnel are
prevented and there is no vibration caused by people.

ISBN 978-3-95450-134-2
133



)15 CC-BY-3.0 and by the respective authors

S
[\
~—
=
=
=
o
=~
S
=
=
=

o

MOP047

D Air Pressure

Hydrostatic: p + p g h = const,

P : Water Density
H : Height
g : Gravity
PAL-XFEL Tunnel Floor
[ Waler Pipe

it B

Girder
Accelerator Tube

Fidcy

Klystron 2856 MIIz Microwave ]

Figure 4: The position of water pipes inside the
accelerator tunnel.

There should be sufficient water flow for all of the
water inside the water pipes to maintain the same water
surface. Figure 5 shows the diameter of a water pipe to
secure proper flow in accordance with the length of the

pipe. [2]
Estimated critical depth of water
and oscillation period (half-fill)

Period b

(sec)

Distance Depth of

(m) water (m)

=]
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E 003 8
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5 0133 2 100 &
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500 0.0334 1752 o ~h_criveal i}
1000 0.0440 3050 o
0

10
10 1000
Pipe Length (m)

Figure 5: The critical (optimum) depth of water and the
period of oscillation for different lengths of pipes in a
half-filled system.

Figure 6 shows the length and diameter of water pipes
to be installed in PAL-XFEL. The material of pipes is
anti-corrosive stainless steel SUS304 whose surface was
treated sanitarily. The right diameter of a pipe for the
length of the pipe was calculated according to Figure 5
and then pipes whose diameter is close to the calculation
result were selected among pipes commercially available.

Beam

Beml}lin: Hard X-ray Transft Accelerator
Experiment Undulaor ”‘“Z:‘ Energy : 4~10GeV, Charge : < 200pC
Hall (8210)  [all (245m) L€ (57m) Bunch Length - 30-60fs, Repetition Rate - 1-60Hz

—

—
Laser Cathode Gun
Undulator Gap . = 0.1~0.06nm(0.6A)
@ o & 9 & & &

—
- > 109m  100m 100m 100m 100m 100m 100m

291m
15m
‘Water Pipe Total Length 291m
—

Accelerator Water Pipe Total Length 709m
—

Pipe Diameter 60.5mm
(Water Depth 30.25;

Pipe Diameier 76.3mm

Water Pipe
Support
[ 1

Figure 6: The length and diameter of a water pipe.

COMPOSITION OF BINP HLS AND
PRINCIPLES OF MEASURING IT
A measurement concept of BINP HLS measuring the
height of water using an ultrasonic transducer is shown in

Figure 7. The transducer is HIOKB3T (7MHz) used for
ultrasonic flaw detectors made by GE Sensing &
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Inspection Technologies. The range that can be measured
by the transducer is the far-field area. A reflector that
adopts the role of an absolute ruler and the height of water
surface can be measured correctly only when they are
placed within the far-field area. [3] The height of the HLS
bracket shown in Figure 6 should be adjusted properly so
that the height of the water surface doesn't veer from the
far field due to vertical changes in the building
foundation. If there are serious vertical changes in the
foundation, the water pipe support of Figure 6 should be
adjusted too.

Material : Invar

Reflector

Absolute Ruler
D, = 7.5mm

Field
Variations

Tt used for Self-
Calibration of
the BINP HLS

Ultrasonic Transducer
(H10KB3T)

Figure 7: The HLS measurement concept using an

ultrasonic transducer.

As shown by Figure 8, ultrasonic waves that take place
in the transducer are reflected in the reflector and water
surface and are conveyed to the transducer. Even when
the performance of the transducer and water temperature
change, the height of the water surface can be measured
correctly because the time gap between Wave-tl and
Wave-t2 reflected by the absolute ruler (D1) is 7.5mm.
Such a self-calibration function improves the accuracy
and credibility in the measurement of BINP HLS.

Transmission Transmission

/\\i/f\

Receiving

Self Calibration
Dy =t t;=7.5mm

Algorithm

-t
D=L x75mm
=t

Ulrasonic Transducer
(Transmission and Receiving)

Figure 8: Measuring the height of water surface using
ultrasonic waves.

Figure 9 shows a block diagram, an electronic circuit of
BINP HLS. Reflected ultrasonic waves are recorded as
time at the TDC (Time to digital converter) through a
comparator. Timing jitters can occur at the system clock

FEL Technology and HW: Undulator, Magnets, Photon Diagnostics, and Beamlines
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8MHz of an electronic circuit or time delays can occur at
a microcontroller, but these effects are equally applied to
all return waves. As shown by Figure 8, timing jitter and
time delay elements of the electronic circuit are removed
with a formula [(t3-t1)/(t2-t1)] for calculating the length
of D2. [4]

Return Wave of Ultrasonic

! ||

Ultrasonic
transducer
»

TDC : Time to Digital Converter
(Time Resolution 125 picosecond)

" T Power
DB 33V controller and
Receiver Ve pc/oe
+12V €—| converters
D=t (1) START :
T0C @ =t ("""} Transmitter & TDC
@=t Power over Ethernet
? Microcontroller H
(2 READ : TDC (4 14 Program Sequence
System clock (3) READ : A A .
oscillator | P ac \ - (1) START : Transmitter & TDC
SMHz (2) READ : (, t, t;) Nanosecond.
* (3) READ : Temperature

(4) Calculation (D)

Figure 9: Block diagram of the ULSE Electronics.

The resolution for measuring the distance of HLS is
determined by the sound velocity in water and TDC of an
electronic circuit. The sound velocity is determined by the
temperature of water and the time resolution of TDC is
determined by a system clock 8MHz. Like Figure 10, the
resolution for measuring the distance of BINP HLS is
about 0.2um.

Sound velocity = 1500m/s @ 25C

55
o ——s0und veiscity | 1m =1x 10°um
- e 1s=1x102ps

Sound velocity in water related to temperature
o

T
£ e ﬂr Sound velocity = 0.0015um/ps
s e .
a0 /‘ TDC : Time to Digital Converter
/’ {Time Resolution 125 picosecond)
1e40
e / BINP HLS Resolution :
a0 - SO | 0,001 Spum/ps X 125ps = 0.1875pum
o 0 P M w s “ _Doum

Figure 10: Resolution for measuring the distance of BINP
HLS.

PAL-XFEL BUILDING FOUNDATION

The purpose of installing HLS is to continuously
survey the vertical changes of a building and its
foundation and record any changes. To analyse and
understand the results of HLS measurement, people
should know about the conditions of the building and its
foundation. Conditions regarding the creation of the
foundation of a PAL-XFEL building are shown in Figure
11. After deciding to construct a building at an altitude of
62 meters, earth at the altitude of 62 meters or higher was
removed completely. In order not to construct the
building on a weak foundation, the earth of the weathered
zone, a weak foundation, was removed completely. After
this, the space of the removed weak foundation was
replaced with concrete to maintain an altitude of 62
meters. It did not pour the foundation piles for the
foundation for enhanced bearing capacity due to
construction of a PAL-XFEL building on the bedrock.
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Transformation of the building floor is connected with
subsidence and upheaval of the foundation. Zones where
the foundation is expected to change vertically can be
found through continuously measuring vertical changes of
the building floor using HLS. Measurement data of HLS
is used for aligning accelerators.

71k

bed rock

Undulator+8TL E{ g

” replaced with concrete

o6 :

AU
4| HE LA

Figure 11: Conditions of creating the PAL-XFEL

foundation.

BINP HLS TEST ON PAL-XFEL

Figure 12 shows the method of using BINP HLS and
the result of testing ULSE 2 sets which was borrowed
from BINP to learn about the operation. The tidal effect
of the sun and moon could not be confirmed because of
the changes in surrounding temperature (2.2 degrees). The
tidal effect can be seen in HLS when the influence of
surrounding temperature is less than the tidal effect.

BINP HLS Test setup
19 SEP 2014

\e
BINP F ULS Electronics
Ultra Sonic (UL) !
Sensor ’

N PAL-XFEL

Figure 12: BINP ULSE Test on PAL-XFEL.
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Abstract

The accelerator facility needs a high stable magnet
power supply (MPS). The stability requirements of the
some MPSs in accelerator facility were in the range of the
~10 ppm. There are many noise sources which affect the
stability of the MPS. Thus the design of the MPS requests
much attention on the noise reduction scheme from the
design stage. The noise on the MPS divided into some
sources such as the ripple voltage coming from rectifier
on the DC link, switching noise from the high voltage
switch, and so on. This paper dealt the ripple components
analysis, oversampling converter and digital voltmeter for
the high precision stability measurement.

INTRODUCTION

The stability of the magnet power supply (MPS) was
related to the noise components generated by MPS itself.
The sources to give the poor output stability of the MPS
were divided into two types as ripple components and
switching noise. The ripple components came from
rectifier which inevitably generated by the harmonic
components of the line frequency such as 60Hz, 120Hz
and so on. And the other noises were developed at inter
PCBs or cables between modules due to parasitic
inductance and capacitance on fast rising and falling time
of the pulse when switching state. The proper signal
processing in digital and analogue to increase signal to
noise ratio was needed to the high stability MPS.

This paper describes some design schemes that was
implemented into the MPS were described such as ripple
voltage analysis, and oversampling converter for high
resolution. And this paper shows the working process of
the dual slop integrator for analogue to digital converter
(ADC). And the aperture time of the DVM3458A affects
the measurement precision in the ~ppm range.

REDUCTION LINK VOLTAGE RIPPLE

The full wave rectifier of three-phase AC input of wye
or delta-connection or both of them was composed for the
DC link voltage of the MPS. The Fourier series expansion
of the link voltage in the case of full wave rectifier of
three phase AC line is given as the following equation

3V3 . 2
Viink = TVm (1 — Zkzlﬁcos@kwt).

The spectrum of the V), contains sixth multipole
components of the line frequency. It is corresponded to
360 Hz in the case of the 60 Hz AC input. The switching

*Work supported by Ministry of Science, ICT & Future Planning
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frequency of 25 KHz of the MPS was much higher than
the multipole components of 360 Hz, thus it was acted as
sampling frequency while it satisfied the Nyquist
sampling theorem as the following equation [1].

Fg > 2F,,

where Fg is the sampling frequency and F, is the highest
frequency in the signal.

The FETs worked as analogue switch devices in the
sampling process. The cut-off frequency of the output
filter of the MPS was located around ~KHz, thus the
rectified ripple components passed without any
attenuation. Figure 1 showed the simulation results of the
PSPICE for a three phase full rectifier. The ripple
components of the link voltage were appeared at the
output stage with 0.5 V,,, which affected to the output
stability about 10 mA,,, fluctuation with same frequency.

2.04 o
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Figure 1: Ripple components on the output stage.

To reduce this effect of the ripple components, a proper
low-pass filter should be configured into the input
rectifier. The parallel damped filter was preferred to
building the MPS as described in Ref. [2]. The cut-off
frequency of the filter should be ranged ~10 Hz, that was
dependent on the required stability.

OVERSAMOLING CONVERSION

Oversampling method represents that the ADC
converts analogue signal into digital with a higher
sampling rate than the required bandwidth of interest.
This method combined with suitable digital signal
processing like average and decimation is able to improve
signal-to-noise ratio (SNR). With the improved SNR the
effective bit resolution of ADC will be increased [3].

The MPS is designed by the switching mode thus it
cannot be avoided switching noise generated during the
switch transition. Furthermore, there are many other noise
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sources in MPS introduced from DSP itself, induced noise
voltage by the high current fluctuation, common mode
noise from AC line, and etc.

All of these noises made the design of the high stable
MPS difficult. Thus it was necessary to design hardware
circuits in depth and to adapt suitable signal processing.
The required current stability of the MPS was less than
10ppm. This means that the resolution of ADC for
feedback control has to have higher than 17-bit.The
switching frequency of the power converter of the MPS
was 25 KHz. The ADC AD977 from the Analog Devices
was adapted for the MPS which was specified 16-bit
resolution, 200 KHz throughput, internal reference, etc.
Two ADCs continuously sampled the output current with
the same start of conversion clock of 200KHz.These
sampled data were averaged and decimated in the field
programmable gate array(FPGA) SPARTAN 3 comes
from Xilinx Co. Whenever DSP requested the ADC data,
FPGA sent them to DSP through SPI, which were
calculated just before process. The DSP and FPGA were
always synchronized by the time sharing access to the
given clock period, thus there were no chance to loss the
ADC data. Figure 2 showed the oversampling scheme
applied into MPS.

DCCT e[n] noise
Out v
X Average
& Xl | pep
Decima-
tion
FPGA

a Sampling Clock 200KHz

Figure 2: Oversampling and averaging to increase
effective resolution.

In this case the oversampling factor & is 16. This will
lead to improve SNR as following in Table 1.

Table 1: Oversampling Effectiveness

Factor k SNR in dB Extra bits
16 12 2.0

HIGH STABILITY MEASUREMENT

The required current stability of the MPS was less than
10 ppm. The digital volt meter (DVM) to measure the
stability of the MPS has to have the high resolution up to
about 8-digit.

S2 R
Vin o—/:]—W
1
Vref o—cs/
Figure 3: Dual-slop integrator circuits.

The DVM3458A from the Agilent was widely accepted
for the stability measurement for the MPS. The
DVM3458A uses basically the dual-slope AD converter

Vout
Lo
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to increase the resolution by the good noise rejection ratio
[4]. Figure 3 showed a typical dual slope integrator which
is the basic configuration of the dual-slope ADC. Its
working process was described in Ref. [5]. Actual data
conversion is accomplished in two phases: input signal
integration and reference voltage de-integration. The first,
the input voltage Vj, is applied to the integrator with a
fixed length of time t, by closing the S2. Then output
voltage was given as

1

Vout(tu) == _Evintu‘

Next, V. with polarity opposite to that of V;, is
connected by closing S1. Time counter was started at this
time until the output of the integrator crosses through zero

voltage. The typical waveform of the dual-slope was
shown in Fig. 4.

A
Vout
0 z, t; Time
Fixed Time tz

Figure 4: Dual-slope waveform.

This means that the counter contents are proportional to
the unknown voltage V;,,. The output voltage V. at the t,
was given as

1
Vout(tz) = Vout(tu) - Evref(td) = 0.

Then the unknown input voltage V;, can be find by

Vin = _Vref(td/tu)-

Figure 5: Test setup for the DVM with a battery input.

The DVM3458A has a function of choice for aperture
time that is equal to the ADC integration time when direct
current volt mode selected and it can be varied from 0.5
ps to 1 s. The default aperture time when power is on is
166.66 ms for 60 Hz AC line voltage. The DVM
integrated the input signal thus input noise components
averaged to be small during its aperture time. Figure 5
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shows the DVM3458A to test the precision depending on
the aperture time with battery input.

The DC battery voltage was measured with various
aperture time of the DVM 3458A in the range from 1 us
to 100 ms. With the same conditions, the measured
voltages to the battery have the different stability with the
different aperture time as following table 2. To measure
the a few ppm stability the aperture time should be larger
than 10 ms. Figure 6 showed the stability measurement
results at the aperture time of 100 ms.

Table 2: Stability Comparison with Various Aperture
Time at the Battery Input

Aperture
Time [ms]
Stability
[ppm]

0.001 | 0.01 | 0.1 1 10 | 100

1000 | 250 | 40 20 | 25 1

1.598410+

1.598409 l
0.667 ppm

1.598408

1.598407
[T

1.598406 WAWW ” R

1.598405

=

1o

Volt [V]

1.598404

1.598403

0 50 100 150 200 250
Time [0.5 second]

Figure 6: Stability test results at the aperture time of 100
ms.

EXPERIMENTAL RESULTS

The short term stability of the MPS was examined. Its
stability was less than 3 ppm peak-to peak for 15 minutes
shown in Figure 7.

19.8360 4

19.8359

=< 19.83581
5
-
S 19.8357 l
O
5 ppm
19.8356 f
19.8355
0 200 400 600 800 1000

Time [Second]
Figure 7: Short-term stability of the 20A bipolar power
supply.

The stability variations as increase the output current
were tested. The stabilities were become worse as output
current increase as shown in Fig. 8.
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Figure 8: Stability variation on the output current.

CONCLUSION

This paper described the MPSs which had high stability
for the output current. The ripple components of the
rectified link voltage were affected the stability according
to the sampling theory. Thus the ripple voltage should be
attenuated by the filter which was cut-off frequency of 30
Hz. The DVM 3458A from the Agilent showed different
measurement results depending on the aperture time
selection with the battery input. This means that aperture
time should be longer than 100 ms for 1 ppm stability
guarantee.

The short term stability showed less than 3 ppm. The
stability variation by the output current increase was
tested. It showed that the output stability was become
worse as increase output current.
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Abstract

PAL-XFEL is now being constructed with the goal of
0.1 nm hard X-ray in Pohang, Korea. As the first phase
we will construct 10 GeV linac, one hard X-ray and one
soft X-ray beamlines which require 6 different families of
46 dipole magnets, 11 families of 209 quadrupole
magnets, and 3 families of 48 corrector magnets. We have
designed these magnets with considering the efficient
production and the proper power supplies. This paper
describes an outline of the design and test results of the
magnets until now.

INTRODUCTION

The PAL(Pohang Accelerator Laboratory)-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
209 quadrupole magnets will be constructed [1].

We have designed all magnets on our own by using
OPERA and ANSYS codes [2, 3]. Every magnet is
designed to maintain the maximum temperature rise of
coils below 20 K for 120% of the nominal currents. In the
process of the design, it was helpful to parameterize the
main variables of the magnets in a spread sheet for easy
estimation by changing some parameter. Now we are
manufacturing and testing the magnets. Two Hall probe
measurement benches were used to measure the magnetic
field for the dipole magnets and the quadrupole magnets
respectively.

DIPOLE MAGNETS

The dipole magnets were classified into six 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.

Most 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.
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Table 1: The Families of Dipole Magnets (D5 was
replaced with D2.)

. Magnetic  Max. field .
Family length [m] (1] Qty Position
Dl 0.20 0.80 6 BCI
BC2,BC3,
D2 0.70 1.00 19 BASI
D3 1.44 1.30 11 BAS2,3,4
D4 0.17 0.312 4 Laser Heater
D6 0.30 0.485 4 Self seeding
Tune-up
D7 0.75 1.164 2 dump

We have tested all prototype dipole magnets. Most
magnets satisfied the field requirements. But D1 and D7
didn’t satisfy the field uniformity slightly. We have
calculated the magnetic field by using B-H table of
Chinese low carbon steel (DT4), and manufactured
magnets by using the same materials. But a little
difference between the calculated and measured field
uniformities has arisen. So we used shims (10x10 mm?
wide, Imm thick, steel plates) to improve the field
uniformity. The shims were placed on the chamfer sides
of front and end sides of lower and upper poles. Figure 1
shows the field distribution of FEM model and the
magnetic field measurement scene of D1.

L Py - = 5

Figure 1: DI dipole magnet (Left: magnetic field
distribution of FEM model, Right: magnetic field
measurement by Hall probe).

The field uniformities of D1 are shown in Figure 2, where
the calculated one is drawn with a green dashed line,
measured without shims with a blue dash-dot line, and
measured with shims with a red line. The requirement of
the 3-dimensional field uniformity is less than 1.0E-4 for
[x| < 17 mm, and less than 5.0E-4 for |x| < 41 mm. And
we confirmed that the field uniformities of field integral
along straight line are very similar to that along the
curved orbit.
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Figure 2: Magnetic field uniformity of D1 dipole magnet
(green dashed line: designed, blue dash-dot line:
measured without shim, red solid line: measured with
shim), A(BL)/(BL), < 5.0E-4 for |x| <41 mm.

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
which quantities are less than 10.

We measured D2 dipole magnet also. Figure 3 shows
the magnetic field distribution of FEM model and the
magnetic field measurement scene. Figure 4 shows the
field uniformity of calculated and measured field integral.
The requirement of the 3-dimensional field uniformity is
less than 1.0E-4 for x| < 16 mm, and less than 5.0E-4 for
[x| <22 mm.

Figure 3: D2 dipole magnet (ft: agnetic field distri-

bution of FEM model, right: magnetic field measurement).
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Figure 4: Field uniformity of D2 dipole magnet (blue
dashed line: calculated, red line: measured), A(BL)/(BL),
< 5.0E-4 for [x| <22 mm.

QUADRUPOLE MAGNETS

The quadrupole magnets were 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.
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Some quadrupole magnets (Q1, Q2, Q3, Q6, and Q9)
have the horizontal and vertical steering fields for the
bunch compressors and the inter-undulator.

Table 2: The Families of Quadrupole Magnets

‘ Aperture Magnetic Max.
Family diameter length [m] gradient Qty
[mm] [T/m]
Ql 30 0.065 15 20
Q2 30 0.13 25 60
Q3 30 0.18 25 18
Q4 44 0.20 25 6
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
Qll 44 0.10 10 16

The multipole components were calculated by using an
equation, the radial component: B, (ro,p) = Z, {A, sin(ne)
+ B, cos(n)}, where 1, 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. Figure 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 a curve after n point. We
could satisfy the multipole requirements by manipulating
the position and the length of the straight section.

25

20

Figure 5: The half pole of quadrupole magnet.

The indirect cooling system (heat sink) for the quad-
rupole magnets (Q1, Q2, Q3, QS5, Q6, Q8, and Q9) was
adopted. Figure 6 shows the cross section of the con-
ductor and the temperature distribution of quadrupole
magnet Q2. We used the effective thermal conductivity:
1/ker = Zvi/k; for the turn insulation and the ground
insulation, where v; is the volume fraction.

We have tested nine families of quadrupole magnets
with a hall probe, and confirmed the field qualities and
the temperature rises satisfied the requirements (see
Table 3) [4].

FEL Technology and HW: Undulator, Magnets, Photon Diagnostics, and Beamlines



Proceedings of FEL2015, Daejeon, Korea

T T 11
I

|| .
-
[ |
=
[—]
=
=
[ |
[ ]
[ |
[ |
[ |
[~ ]
=
=
| ]
=
=
[ |
-

Figure 6: The conductor cross section and the temperature
distribution of quadrupole magnet Q2 with a heat sink.

Table 3: Temperature Rise of Quadrupole Magnets

Calculated Measured
Magnets  temperature rise temperature
[K] rise [K]
Ql 2 3
Q2 11 15
Q3 11 10
Q4 17 12
Q5 10 15
Q7 12 4
Q8 10 12
Q10 12 9
Ql1 2 1

We measured the magnetic field of quadrupole magnets
by only Hall probe. Figure 7 shows the field distribution
of FEM model and the field measurement scene of QS
quadrupole magnet. There is a little discrepancy of the
field gradient integral of quadrupole magnets by about
2%. Figure 8 shows the field gradient profile of Q8,
where the blue dash line is a calculated one and the red
line is a measured one. We can see a stacking status of the
laminated core by measuring field along the center line of
a quadrupole magnet. The field integral would be zero in
the ideal quadrupole magnet.

Figure 7: FEM model and field measurement scene of a
quadrupole magnet QS.
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Figure 8: The field gradient profile of Q8 quadrupole

magnet.

We have tested all quadrupole magnets of Q1, Q2, Q3,
Q5, and Q8. Figures 9 and 10 show the relative field
gradient deviations. All quadrupole magnets are excited
by the individual power supplies.
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Figure 9: The relative field gradient deviations of Q1, Q2,
and Q3 quadrupole magnets.
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Figure 10: The relative field gradient deviations of QS,
and Q8 quadrupole magnets.

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 prepared the independent corrector magnets of
three families of 50 magnets.

Figure 11 shows the corrector magnets, where the right
drawing is for the corrector magnets for the undulator,
that have an air core in order to maintain no remanent
field. Table 4 shows the main parameter of corrector
magnets.
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Figure 11: Corrector magnets (left: C1 and C2, right:
corrector for undulator).

Table 4: The Main Parameters of Corrector Magnets

Corrector type C1 C2 C3
Core iron iron iron
Cooling type air heat sink air
Field integral 5000 5000 500
[Gem]
Whole magnet
length [mm] 295 144 54
Current density
[A/mm’] 1.1 2.6 0.7
Temperature rise
7 12 9
[K]
Quantity(+spare) 36 6 8
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CONCLUSION

When we classified the magnets and determined the
coil and core sizes, we should consider the connection
condition of magnets in series or stand alone, the elec-
trical 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.

We have designed all magnets, and are testing magnets
now. Also we confirmed the flow rates of the cooling
water that were almost same with estimated ones, and the
temperature rises of coils that were below 15 K. Magnetic
capabilities of all the magnets have satisfied the require-
ments till now.
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Abstract

In an infrared free-electron laser (FEL) facility using an
S-band linac, a short-bunched electron beam is required to
obtain a high FEL gain. Generally, the bunch length of the
electron beam is compressed to 1 ps or less before
interaction with the photons accumulated in the FEL
resonator. This suggests that the electron beam dedicated
to the FEL lasing is suitable for generation of high-peak-
power coherent radiation in terahertz (THz) wave region.
With the compressed electron beams the coherent THz-
wave sources have been developed at Laboratory for
Electron Beam Research and Application in Nihon
University and mid-infrared FEL facility in Kyoto
University. The observed energy has been higher than 100
wJ per macropulse in both infrared facilities.

INTORODUCTION

To increase a gain of a free-electron laser (FEL), high
electron charge and short pulse width are required for the
electron beam used in an infrared FEL facility. Although
it is necessary to consider slippage of the electron beam in
an insersion device, the root-mean-square (RMS) bunch
length of the electron beam is often compressed to 1 ps or
less before the insersion device.

Then, the electron beam in the infrared FEL facility is
suitable for generating intense coherent radiation in a
terahertz (TH) wave region, which lies between the
microwaves and the infrared region. A lot of materials
have unique absorptive and dispersive properties in the
THz wave region [1]. Because the coherent radiation is
broad band, it is useful for THz spectroscopy [2]. By
combining the probe light of the coherent radiation with
the pump light of the infrared FEL, it is expected to
clarify dynamics of the molecular vibrations. Because the
maximum electric field of the coherent radiation becomes
more than 100 kV/cm, it can cause nonlinear optical
effects in the THz region [3]. Multiphoton absorption
will be also observed by using high-repetition coherent
radiation.

Therefore, National Institute of Advanced Industrial
Science and Technology (AIST) has developed intense
THz-wave sources at infrared FEL facilities in

*Work supported by sei.n@aist.go.jp

cooperation with Nippon University and Kyoto
University. We have already observed coherent
synchrotron radiation (CSR) in both infrared FEL
facilities. In this article, we will report the status and the
new plan of the developments of the coherent radiation
THz-wave sources.

THZ-WAVE SOURCES AT LEBRA

At the Laboratory for Electron Beam Research and
Application (LEBRA) at Nihon University, an S-band
linac is used to generate unique light sources. The
electron-beam energy can be adjusted from 30 to 125
MeV, and the charge in a micropulse is approximately 30
pC in full-bunch mode, where the electron beam is
bunched in 350-ps intervals. The LEBRA has two
monochromatic light sources, which are the infrared FEL
in a wavelength region of 1-6 um and the parametric X-
ray radiation (PXR) in an energy region of 5-34 keV [4,
5]. The electron beam is transported from the S-band
linac to the FEL straight section or the PXR straight
section with the separate 90° arc sections, which can

Accelerator
room

¥

———
Electron beam

Infrared FEL beamline

Experimental

PXR beamline

rn

£

o room

To neighboring building
Figure 1: Layout of the experimental setup of coherent
radiations at the LEBRA.
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compress the RMS bunch length to 1 ps or less. The
macropulse duration determined by the flat-top pulse
width of the 20 MW Kklystron output power is
approximately 20 us. However, the width of the flat-top
pulse is adjusted to be 5 ps or less to avoid heating
damage of a silicon crystal for PXR generation. Layout of
the experimental setup at the LEBRA is shown in Fig. 1.

Although the bunch length is minimized at the FEL
straight section, there is no view port to extract the CSR
at the downstream bending magnet. In the PXR straight
section, the electron beam is not operated in the long
macropulse mode. Then, we developed the CSR beam at
the upstream bending magnet in the FEL straight section
at first. Because the RMS bunch length was calculated to
be approximately 2 ps at the upstream bending magnet,
we expected that the intense CSR was emitted in a
frequency range of 0.1-0.3 THz. We observed intense
THz wave beam extracted from a fused-quartz vacuum
window with using a D-band diode detector (Millitech
Inc., DXP-06), and we confirmed that it was the CSR
beam by measuring dependency of the intensity on the
electron charge of the micropulse and the two-dimension
distributions of the horizontally and vertically polarized
radiations [6]. The energy of the CSR beam extracted
from the vacuum window was approximately 0.4 pJ per
macropulse.

Because ionizing radiation generated due to the
relativistic electron beam of the linac in the accelerator
room, we transport the CSR beam to an experimental
room by using the infrared FEL beamline. To match the
profile of the CSR beam to that of the infrared FEL beam,
we used a thin LiTaO; crystal substrate in the infrared
FEL beamline. It has an average reflectance of 67% in the
frequency range of 0.1-0.3 THz and an average
transmission of 75% in the wavelength range of 0.5-5
pm. The energy of the transported CSR was 50 nJ per
macropulse, and it was available at frequency range of
0.1-0.3 THz [7]. The qualities of the THz-wave beam
were sufficient to be used in evaluation of the bunch
length, imaging experiments, and spectroscopy [8]. Figure
2 shows a transmission imaging of a banded agate with a
thickness of 6 mm by using the CSR beam. It is noted that
a druse and bands in the banded agate cause interference
of the CSR. The CSR beam can be applied with the
infrared FEL beam, and a preliminary experiment of two
color spectroscopy have been already conducted with the
CSR and infrared FEL beams at the LEBRA.

To obtain more powerful THz waves, we have
undertook developments of new coherent radiation
sources. In the PXR straight section, there is a device of
transition radiation to observe the profile of the electron
beam. Because it is located behind the silicon crystal, it
does not avoid to generate the PXR beam. Moreover, the
RMS bunch length can be compressed to 1 ps or less. As
shown in Fig. 3, intensity of coherent transition radiation
(CTR) is more than 100 times as high as that of the CSR.
The CTR energy is expected to be more than 1 mJ per
macropulse. Because the CTR can be handled as a point
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Figure 2: (a) Transmission imaging of a banded agate
with using the CSR beam and D-band diode detector and
(b) photograph of the banded agate.

light source, it is easy to transport the CTR beam to the
experimental room. Then, an alumina fluorescent screen
was replaced with a 50-pm titanium film, and
characteristics of the CTR were investigated. We have
already observed intense THz waves which has a
maximum at a frequency of 0.3 THz. The energy of the
intense THz waves was much higher than 0.1 mJ per
macropulse. The THz waves can be simultaneously used
with the PXR beam, so that we plan to transport the
intense THz waves with using the PXR beamline. The
identity of the intense THz waves will be reported in the
near future.

——CTR
—— CSR (50 mrad)

Power [J/micropulse/1% B.W.]

10* 10° 10? 10"
Wavelength [m]

Figure 3: Calculated spectra of the CTR (red line) and
CSR (black line) with the RMS bunch length of 0.5 ps at
LEBRA. The radiation angle which CSR can be
integrated is assumed to be 50 mrad.

THZ-WAVE SOURCES AT KU-FEL

At a mid-infrared FEL facility named as KU-FEL,
which is located in Institute of Advanced Energy, Kyoto
University, an S-band linac is also used to generate high
peak-power light sources [9]. The KU-FEL consists of a
4.5-cell thermionic RF gun, a dog-leg section for an
energy filtering, a 3-m accelerator tube, a 180° arc section
for a bunch compression, an undulator, and an optical
cavity. Recently, a photocathode gun has been developed
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as an exchangeable electron source. A schematic layout of
the KU-FEL is shown in Fig. 4. A pulse width of the
klystron is approximately 8 pus. However, when the pulse
width becomes longer than 3us, the -electron-beam
qualities are influenced during the macropulse duration by
back-bombardment effect. Although the electron energy is
maintained fixedly by changing the high voltage of the
klystron modulator, the electron charge of the micropulse
changes from 20 to 40 pC. The FELs oscillate in a
wavelength region of 5-22 pum, and the maximum energy
of the FEL is 33 mJ per macropulse [10].

energy filter

thermionic

f gun bunch compression

S

9 MeV
accelerator tube

—

20-40 Mev; &

¥ 45" Bending Magnet beam dump
R 60° Bending Magnet O
# Quadrupole Magnet o
K ‘Mo mir r  undulator

CSR

Figure 4: Layout of the experimental setup of coherent
radiations at the KU-FEL.

CSR+CER|

The RMS bunch length of the electron beam in the KU-
FEL can be compressed to 1 ps or less in the undulator
section. However, a vacuum window to extract radiation
is far from the downstream bending magnet, and an inner
diameter of a vacuum pipe between the vacuum window
and the bending magnet is narrow. The radiation angle
which synchrotron radiation emitted from the downstream
bending magnet can be extracted from the vacuum
window is only 30 mrad. Then, we started to develop
CSR at upstream bending magnet, which has a vacuum
window at a bending angle of 30°. The radiation angle
which synchrotron radiation emitted from the upstream
bending magnet can be extracted from the vacuum
window is 100 mrad. A fused silica with a diameter of 38
mm and a thickness of 3.5 mm is inserted in the vacuum
window.

The RMS bunch length was calculated to be 1-2 ps at
the radiation point in the upstream bending magnet.
Therefore, the maximum of the CSR spectrum was
expected to be in a wavelength region of 0.1-0.2 THz, so
that we used a G-band diode detector (Millitech Inc.,
DXP-05) to investigate evolution of THz waves extracted
from the vacuum window. As shown in Fig. 5, we
observed intense THz waves, of which macropulse
structure was different from that of core monitor signal.
The intensity of the THz waves was almost proportional
to the second power of the charge up to 6 pC when the
macropulse width was 2.8 ps. We measured two-
dimensional distributions of the coherent THz waves, and
it was found that it almost accorded with the two-
dimensional distributions of synchrotron radiation at a
frequency of 0.14 THz. Then, the intense THz waves
were confirmed to be the CSR. Figure 5 suggests that the
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bunch length of the micropulse changed during the
macropulse duration. We measured energy of the CSR
extracted from the vacuum window by a pyrodetector
(Gentec-EO Inc., QE8SP-I-MT-BNC) which was set on a
two-dimensional moving stage, and it was approximately
55 wJ per macropulse. The CSR spectrum was measured
by a simple Michelson interferometer, and it was clarified
that the maximum was in a frequency region of 0.1-0.2
THz. The detailed characteristics of the CSR beam will be
report in another paper [11].

1.0 1 1 1 1

—— Core monitor
—— G-band detector

0.8 1

0.6 1

0.4 1

02

0.0 : :

0 2 4 6 8 10
Time [us]

Intensity [ a.u. ]

Figure 5: Evolutions of core monitor signal (black line)
and CSR intensity measured be G-band diode detector
(red line) during the macropulse duration.

Although the radiation angle in the downstream
bending magnet is small, the CSR power at the entrance
of the downstream bending magnet is higher than that at
the observation point in the upstream bending magnet. We
also expected to observe coherent edge radiation (CER) at
the vacuum window near the downstream bending magnet
[12]. Then, we measured profiles of a THz-wave beam
with a Teflon lens and a pyroelectricity camera (Ophir
Optronics Solutions Ltd., Pyrocam IV), which was
located 0.7 m from the entrance of the downstream
bending magnet. As shown in Fig. 6, the measured profile
had nonuniform hollow structure. This experimental
result suggests that the CSR and CER were emitted from

Figure 6: Measured profile of the intense THz waves
emitted from the entrance of the downstream bending
magnet in the undulator section.

ISBN 978-3-95450-134-2
145



MOP050

the entrance of the downstream bending magnet. The
THz-wave energy extracted from the vacuum window
was measured by the pyrodetector, and it was 100 pJ or
more. As the infrared FEL system with the storage ring
NIJI-IV at the AIST has developed quasi-monochromatic
X-ray beams via FEL-Compton backscattering [13, 14],
FEL facilities have potential to develop complex light
sources. We plan to clarify the characteristics of the
intense THz waves.

CONCLUSION

We have developed intense THz-wave sources by using
short-pulse electron beams in the infrared FEL facilities.
At the LEBRA, the CSR emitted from the upstream
bending magnet in the FEL straight section was
transported to the experimental room by using the FEL
beamline. It was applied to the imaging experiments and
spectroscopy with the infrared FELs. The new CTR, of
which energy is 1 mJ per macropulse or more, is under
development in the PXR straight section. At the KU-FEL,
the CSR with energy of 55 pJ per macropulse has been
developed in the upstream bending magnet of the
undulator section. The more powerful THz-wave source
is under development in the downstream bending magnet.
We will advance pioneering studies in which the intense
THz waves are used with the infrared FEL or the PXR.
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LINEAR VLASOV SOLVER FOR MICROBUNCHING GAIN ESTIMATION
WITH INCLUSION OF CSR, LSC AND LINAC GEOMETRIC IMPEDANCES

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

As is known, microbunching instability (MBI) has been
one of the most challenging issues in designs of magnetic
chicanes for short-wavelength free-clectron lasers or
linear colliders, as well as those of transport lines for
recirculating or energy recovery linac machines. To more
accurately quantify MBI in a single-pass system and for
more complete analyses, we further extend and continue
to increase the capabilities of our previously developed
linear Vlasov solver [1] to incorporate more relevant
impedance models into the code, including transient and
steady-state free-space and/or shielding coherent synchro-
tron radiation (CSR) impedances, the longitudinal space
charge (LSC) impedances, and the linac geometric im-
pedances with extension of the existing formulation to
include beam acceleration [2]. Then, we directly solve the
linearized Vlasov equation numerically for microbunch-
ing gain amplification factor. In this study we apply this
code to a beamline lattice of transport arc [3] following an
upstream linac section. The resultant gain functions and
spectra are presented here, and some results are compared
with particle tracking simulation by ELEGANT [4]. We
also discuss some underlying physics with inclusion of
these collective effects and the limitation of the existing
formulation. It is anticipated that this more thorough
analysis can further improve the understanding of MBI
mechanisms and shed light on how to suppress or com-
pensate MBI effects in lattice designs.

INTRODUCTION

The beam quality preservation is of a general concern
in delivering a high-brightness beam through a transport
line or recirculation arc in the design of modern accelera-
tors. Microbunching instability (MBI) has been one of the
most challenging issues associated with such beamline
designs. Any source of beam performance limitations in
such recirculation or transport arcs must be carefully
examined in order to preserve the beam quality, such as
the coherent synchrotron radiation (CSR), longitudinal
space-charge (LSC) and/or other high-frequency imped-
ances that can drive microbunching instabilities.

To accurately quantify the direct consequence of mi-
crobunching effect, i.e. the gain amplification factor, we
further extend our previously developed semi-analytical
simulation code [1] to include more relevant impedance
models, including CSR, LSC and linac geometric imped-
ances. The LSC effect stems from (upstream) ripple on
top of an electron beam and can accumulate an amount of
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energy modulation when the beam traverses a long sec-
tion of a beamline. Such energy modulation can then
convert to density modulation via momentum compaction
Rs¢ downstream the beamline [5, 6]. In addition, along the
beamline, CSR due to electron radiation emission inside
bending dipoles can have a significant effect on further
amplifying such density to energy modulation [5, 6]. The
accumulation and conversion between density and energy
modulations can possibly cause serious microbunching
gain amplification (or, MBI).

In this paper, we first introduce the methods of mi-
crobunching gain calculation: a kinetic model based on
linearized Vlasov equation [7, 8], and particle tracking by
ELEGANT as a benchmarking against our code. Then we
briefly summarize the impedance models used in our
simulations. After that, we illustrate simulation results:
the gain functions and spectra for our example lattice,
including a transport arc following a section of upstream
linac. Finally, we discuss the underlying physics and
summarize our observation from the simulation results.

METHODS

To quantify the MBI in a transport or recirculation
beamline, we estimate the microbunching amplification
factor G (or, bunching factor g;) by two distinct methods.
The first one, based on a kinetic model, is to solve a (line-
arized) Vlasov equation [7,8]. This method is of our pri-
mary focus in this paper. The second one, served as a
benchmarking of the first method, is based on particle
tracking method (here we use ELEGANT [4]). For the
former, after mathematical simplification of the linearized
Vlasov equation, we actually solve a general form of
Volterra integral equation for the bunching factor. In our
code, to facilitate us in simulating ERL-based lattices
which sometimes contain vertical spreaders and/or re-
combiners, we extend the existing formulation to include
both transverse horizontal and vertical bends. Also, we
consider the presence of linac sections in a general beam-
line; the formulation of Volterra integral equation would
be slightly modified [2] to accommodate RF acceleration
or deceleration. In sum, the governing equation for
bunching factor g; is summarized below,

. N @)
2(5)=2"(s)+ [ K(s,5g,(s")ds
where the kernel function can be particularly ex-
pressed as
K(s,s")= M@IA{%(A" - s)Z(kC(s'),s') x [Landau damping]
| @

for the [Landau damping] term
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with

Rigl5' = ) = Rig(5 )Ry (5) = Res () Ry (5)+ Rey(5 Doy () = Rey (9)Res () “4)

+R,(5)Roy(5)= Ry ()R, (5")
Ry, (5,5") = C(5)Ry;(5)~ C(s" )R, (s") (5)

and the bunch compression factor
) (6)
Ry5(s) = hyRss(s)

Here the kernel function K(s,s’) describes relevant collec-
tive effects, gx(s) the resultant bunching factor as a func-
tion of the longitudinal position given a wavenumber £,
and g,”(s) is the bunching factor in the absence of collec-
tive effect (i.e. from pure optics effect). We note that the
above formulation can be applicable to the case with
focusing in combined-function dipoles.

In the above formulation, we have made the coasting
beam approximation, i.e. the modulation wavelength is
assumed much shorter than the bunch duration. The
transport functions f?sl,(s)(i =1, 2, 3, 4, 6) can be ob-
tained directly from ELEGANT by tracking a (sufficient)
number of macroparticles and deriving the 6 by 6
transport matrix at separate locations by proper transfor-
mation of the dynamic variables [2]:

LACN S N M NLAORG))

Sl G

Here E| is the initial beam energy and E,(s) is the refer-
ence energy at a specific location s. §= ( E-E, ) / E,- Note

here that the transformation assumes the energy gain due
to acceleration (or deceleration) varies slowly, i.e.
1/E dE, /ds = 1.

To quantify MBI in a single-pass system, we define the
microbunching gain as functions of the global longitudi-
nal coordinate s as well as the initial modulation wave-
length A (or, k= 2n/1):

&(s)
2"(0)
Hereafter, we simply call G(s) the gain function, which is
a function of s for a given modulation wavenumber, and
denote Gy(4) as the gain spectrum, which is a function of
modulation wavelength at a specific location (e.g. denoted
with a subscript “/” at the exit of a beamline). It is worth
mentioning the general physical meaning of Egs. (1-3): a
density perturbation at s’ induces an energy modulation
through a collective impedance [Z(k(s”))] and is subse-
quently converted into a further density modulation at s
via non-vanishing momentum compaction Ry (s'—s)-

(®)

G(s,k=2r/1)=
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IMPEDANCE MODELS

For an electron beam traversing an individual dipole,
CSR can have both steady-state and transient effects. In
addition, when a beam goes through a long transport line,
LSC can have a significant effect on accumulating energy
modulations. Moreover, when a beam is accelerated the
RF cavity is characteristic of the (high-frequency) geo-
metric impedance which can also accumulate an amount
of energy modulation. Here we quote the relevant imped-
ance expressions without further derivation:

CSR in Free Space

For a relativistic electron beam (ff = 1, y < o) traversing
a bending dipole, the free-space steady-state CSR imped-
ance per unit length can be expressed as [9]:

173 N AV2/3
Re[ 221" (k(s):)] = 27K) Ai{(k(s)lp(s)l) J

|p(s)|2/3 ,J/Z

k(s)m (k(s)p(s))*1r* . 1
+ Ai(g)dg——
" [ ! i(g)dg 3

27rk(s)‘” Ui+ jA1 (x)Bi(r)
|p(s) T Ai(t)BV’ (x)

where x=(k(s)| p(s)|)2’3 /}/2, k = 2m/4 is the modulation

©)

Im[Zg5" " (k(s);8)] =

wavenumber, p(s) is the bending radius, and Ai and Bi are
Airy functions. Under ultrarelativistic approximation
(y > ), Eq. (9) is reduced to the well-known expression

[10,11]

2 (k(s)is) = )4

PR —55—, A=-2x[Bi'(0)/3+iAi'(0)]

Prior to reaching steady state, the beam entering a bend
from a straight section would experience the so-called
entrance transient state, where the impedance per unit
length can be obtained by Laplace transformation of the
corresponding wakefield [12-14]:

:?eww (i (s))'”( l/l(s)]

where u(s) = k(s)z, (s), s is the longitudinal coordinate
”)3/24p2, and T is

(10)

zen (k(s)s) n

measured from dipole entrance, ;. =(s

the upper incomplete Gamma function.

There are also exit CSR transient effects as a beam ex-
its from a dipole. For the case with fields generated from
an upstream electron (at retarded time) propagating across
the dipole to downstream straight section, i.e. Case C of
Ref. [14], the corresponding impedance per unit length
can be similarly obtained by Laplace transformation:

4 6\/)0')1'( w)

28 (ks):s) = (12

*

L, +2s
where s is the longitudinal coordinate measured from
dipole exit and L, is the dipole length.

For the impedance expression of the case where fields
generated from an electron (at retarded time) within a
dipole propagating downstream the straight section, we
use the following expression for the exit transient imped-
ance [15]:

Electron Beam Dynamics
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Z, if pPAR <5< Ay om

13
287 (k(s)is) = 252 if %> 2y 21 (13)

0, ifs* < p*° 2"
where s* is again the longitudinal coordinate measured
from dipole exit. This expression assumes the exit imped-
ance comes primarily from coherent edge radiation in the
near-field region (i.e. z < Ay%), and in our simulation we
only include transient effects right after a nearby upstream
bend.

Here we note that these CSR models are valid only
when the wall shielding effect is negligible. The wall
shielding effect becomes important when the distance
from the beam orbit to the walls / satisfies j, < ( p;})” .In

this situation, one should consider to use the shielded
CSR impedance in evaluating the CSR-induced mi-
crobunching gain. Currently we adopt the steady-state
impedance based on parallel-plate model [16, 17] as

by 82 : p@]'
Zew ()= [k(s)p(s)] 256 5, =(p 1)y £2k ()
where

BB =ai(p ) Av(p)-Bi(8") [+ pai( ) i) - Bi(°) |

For a more realistic beam pipe geometry, such as rec-
tangular cross section, we consider to load impedance
data externally calculated by another dedicated program.
We are also working in progress on a numerical approach
to obtain the impedance model which takes into account
the straight-bend-straight section with rectangular beam
pipe [18]. The results shall be wvalid for non-
ultrarelativistic and finite wall resistivity, including both
CSR and LSC.

W=

(14)

LSCin Free Space
Below we present two slightly different LSC imped-
ance expressions [19] implemented in our code. The first
one is on-axis model, which assumes a transversely uni-
form density with circular cross section of radius 7y,
on—axis 4i §K (5)
Z ki = —= e
isc - (k(s);s)= (S) z
where 5:% and ",,(S)z%(O'X(SHO}(S)) [20]. The

(15)

second one is the average model, which integrates the
radial dependence [19, 21],

4i 1-21(9K,()
71(s) S
where ¢ is defined above the same way. In the following
we use the first model, in accordance with ELEGANT.

(16)

Zi(k(s);8) =

Linac Geometric Effect

If a beam experiences acceleration, deceleration or
chirping along a section of a linac with RF cavities, the
periodic structure in general features a geometric imped-
ance. We consider this collective effect by adopting the
following expression [22-24],

4i 1
7% (k)= —

A (17
ka® 1+ (1+i)2 [
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where o ~1-0.4648,/g/L —0.07g/L » @ is the average iris

radius, g is the gap distance between irises, and L is the
cell/period length.

SIMULATION RESULTS

In this section we take a high-energy transport arc [3]
following an upstream linac section as an example for our
analysis. Table 1 summarizes some beam parameters
used in our simulations. In this beamline lattice, the elec-
tron beam is accelerated from 50 MeV to 1.11 GeV
through a section of linac including 200 cavities with
assumed voltage gradient ~10MV/m, frequency
1497 MHz and on-crest acceleration phase. We note that,
at the exit of the linac, beam phase-space distribution is
not particularly optimized to match that of the down-
stream transport arc. However, the purpose here is to
demonstrate the microbunching gain evolution along a
general beamline with inclusion of beam acceleration.
Thus, this imperfect match should not be a concern. The
transport arc is a second-order achromat and being global-
ly isochronous with a large dispersion modulation across
the entire arc. Figure 1 shows the dispersion R¢(s) and
momentum compaction functions Rse(s) along the linac-
arc beamline. It can be seen in Fig. 1 that the transport
function Rse(s) has taken non-ultrarelativistic effect into
consideration.

Table 1: Initial Beam Parameters for the Example Lattice

Name Value Unit
Beam energy (at linac entrance) 50 MeV
Beam energy (at linac exit) 1.11 GeV
Peak bunch current 88 A
Normalized emittance 0.3 um
Initial beta function 18 m
Initial alpha function -3.6

Energy spread (uncorrelated) ~3x10™*

) 700 200 300 %00

Figure 1: Dispersion (blue) and momentum compaction
(green) functions of the example linac-arc lattice.

Figures 2 and 3 show the evolution of gain functions
G(s) along the beamline. ELEGANT tracking simulation
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was performed for a Gaussian beam of 70M macroparti-
cles with flattop z-distribution. LSC effect is only consid-
ered within drift elements and RF cavities. In other ele-
ments such as dipoles, focusing or defocusing quads this
effect is neglected. In Fig. 3, the CSR effects include both
transient and steady states inside individual dipoles, as
well as exit transient effect in the downstream drift sec-
tions. We found in Fig. 2 the gain is slightly decreased in
the linac section, because of LSC-induced plasma oscilla-
tion along with beam acceleration (see also Rs¢ in Fig. 1).
Our Vlasov solutions match well with ELEGANT track-
ing results throughout the lattice except some “special”
locations (see, e.g. at s = 410-440 m, in Figs. 2 and 3).
After carefully examining numerical parameters to ensure
the convergence of ELEGANT tracking results, we found
the gain deviation (between our Vlasov solutions and
ELEGANT) does not stem from numerical issues but is
due to physical non-uniformity of the bunch profile as a
result of RF curvature. Here we assume this RF curvature
from the linac is not compensated by a harmonic cavity,
as is done in several linac-based FELs.

oE

4
—linear Vlasov solver, A = 56 um
20r . ELEGANT tracking, Arn =0.1%
15p
O
o 10r
5.
S
T R—— Ll by L L LD L L L
wwwwwwwwwwwww IR R RN IR R RN R NI RN R
0 100 200 300 400

s (m)

Figure 2: LSC-induced microbunching gain function G(s)
for the linac-arc lattice.

Here we would show that this bulk non-uniformity can
cause the microbunching gain to be a bit reduced, com-
pared with that of our Vlasov solution which does exclude
this effect from gain estimation. Due to the presence of an
RF cavity, the accelerated beam is characteristic of an RF
curvature (see top figure of Fig. 4). In our case with on-
crest acceleration, we can simply assume the particle
energy deviation related to its longitudinal coordinate to
be

—linear Vlasov solver, . = 60 um
__ELEGANT tracking, Am =0.6%, full bunch

—ELEGANT tracking, A = 0.6%, right-side
__ELEGANT tracking, Am =0.6%, left-side

Figure 3: CSR-induced microbunching gain function G(s)
for the linac-arc lattice. Here the CSR effects include both
entrance and exit transients as well as steady-state effect.
