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FIRST LASING OF THE IR FEL AT THE FRITZ-HABER- 
INSTITUT, BERLIN 

W. Schöllkopf, S. Gewinner, W. Erlebach, G. Heyne, H. Junkes, A. Liedke, V. Platschkowski, G. von 
Helden, W. Zhang, G. Meijer, Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin, Germany 

H. Bluem, M. Davidsaver*, D. Dowell*, K. Jordan*, R. Lange*, H. Loos*, J. Park, J. Rathke, 
A.M.M. Todd, L.M. Young*, Advanced Energy Systems, Medford, NY, USA 
U. Lehnert, P. Michel, W. Seidel, R. Wünsch, HZDR, Rossendorf, Germany 

 S.C. Gottschalk, STI Optronics, Bellevue, WA, USA

Abstract 
A new mid-infrared FEL has been commissioned at the 

Fritz-Haber-Institut in Berlin. The oscillator FEL operates 
with 15 – 50 MeV electrons from a normal-conducting S-
band linac. Calculations of the FEL gain and IR-cavity 
losses predict that lasing will be possible in the 
wavelength range from less than 4 to more than 50 µm. 
First lasing was achieved at a wavelength of 16 µm with 
an electron energy of 28 MeV. At these conditions, lasing 
was observed over a cavity length scan range of 100 µm.  

 
INTRODUCTION 

At the Fritz-Haber-Institut in Berlin, Germany, a new 
IR and THz FEL has been commissioned for applications 
in gas-phase spectroscopy of (bio-)molecules, clusters, 
and nano-particles, as well as in surface science [1-3]. To 
cover the wavelength range of interest from about 4 to 

500 µm, the system design, shown in Fig. 1, includes two 
FELs; a mid-infrared (MIR) FEL for wavelengths up to 
about 50 µm and a far-infrared (FIR) FEL for wavelengths 
larger than about 40 µm. A normal conducting S-band 
linac provides electrons of up to 50 MeV energy to either 
FEL. 

As of August 2012, installation of the accelerator and 
electron-beam transport system (designed and installed by 
Advanced Energy Systems, Inc.) [4,5], the MIR undulator 
(STI Optronics) [6], and the MIR oscillator mirror optical 
equipment (Bestec GmbH) is complete and 
commissioning is ongoing, whereas the FIR FEL has not 
yet been installed. In this paper, after a brief summery of 
the electron accelerator, we describe the design of the 
MIR FEL and report on results from first lasing achieved 
on February 14th, 2012. 

 
Figure 1: Schematic overview of the infrared free-electron laser at the Fritz-Haber-Institut.

 ____________________________________________  

*  Consultants to AES 

Proceedings of FEL2012, Nara, Japan MOOB01

New Lasing and Status Report 1 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



ELECTRON ACCELERATOR 
In Table 1 we summarize the projected top-level 

electron beam performance. The design of the accelerator 
and beam transport system has been described elsewhere 
[2-5]. In brief, it consists of a 50 MeV accelerator driven 
by a gridded thermionic gun with a beam transport system 
that feeds two undulators and a diagnostic beamline. The 
first of two 3 GHz S-band, normal-conducting electron 
linacs accelerates the electron bunches to a nominal 
energy of 20 MeV, while the second one accelerates or 
decelerates the electrons to deliver any final energy 
between 15 and 50 MeV. A chicane between the structures 
allows for adjustment of the bunch length as required.  

Table 1: Summary of Electron Beam Parameters 
Parameter Unit Specification Target 
Electron energy MeV 20 - 50 15 - 50 
Energy spread keV 50 < 50 
Energy drift per hour % 0.1 < 0.1 
Bunch charge pC 200 > 200 
Micro-bunch length ps 1 - 5 1 - 10 
Micro-bunch rep. rate GHz 1 1 
Micro-bunch jitter ps 0.5 0.1 
Macro-bunch length s 1 - 8 1 - 15 
Macro-bunch rep. rate Hz 10 20 
Normalized rms 
transverse emittance 

 mm mrad 20 20 

The final design has optimized the specifications of the 
linac that are most relevant for the IR and THz FEL 
performance. For instance, the maximum bunch charge of 
the micro-pulses, which are repeated at rate of up to 1 
GHz, has been increased to 300 pC. In addition, the length 
of the macro-bunches has been increased to 15 μs.   

 
MID-INFRARED OSCILLATOR FEL 

Each of the two FELs consists of an undulator placed 
within an IR cavity as summarized in Table 2. The MIR 
FEL includes a 2-m-long planar wedged-pole hybrid 
undulator manufactured by STI Optronics with a period 
length of 40 mm. A detailed description of the MIR 
undulator is provided in Ref. [6]. At a minimum gap of 
nominally 16.5 mm, a maximum root-mean-square 
undulator parameter Krms of more than 1.6 is reached. 
This, in combination with the minimum electron energy of 
15 MeV corresponds to a maximum wavelength of more 
than 60 µm (see Fig. 5). 

Table 2: Mid-IR and Far-IR FEL Optical Parameters 
Undulator MIR FIR 

Type Planar hybrid Planar hybrid or PPM 
Material NdFeB NdFeB or SmCo 
Period (mm) 40 110 
No. of periods 50 40 
Length (m) 2.0 4.4 
Krms 0.5 – 1.6 1.0 – 3.0  

IR-cavity MIR FIR 

Length (m) 5.4 7.2  
Waveguide none 1-D 10 mm high 

The undulator is placed asymmetrically within a 5.4 m 
long IR cavity with the undulator position being offset by 

50 cm from the cavity center in the direction away from 
the out-coupling mirror, as depicted schematically in Fig. 
2. The reason for the offset is the effect of hole-
outcoupling on the optical mode in the cavity. Simulations 
reveal that, close to the outcoupling hole, a hollow mode 
can be formed, resulting in a significant reduction of the 
outcoupled photon flux as compared to a Gaussian mode. 
Shifting the undulator and, hence, the cavity mode waist 
50 cm away from the outcoupling mirror reduces this 
effect to a negligible level. 

Another consequence of hole-outcoupling is that 
different hole diameters are needed to optimize 
performance at different wavelengths. Therefore a 
motorized in-vacuum mirror changer has been installed 
(see Fig. 3). It permits the precise positioning of either 
one out of five cavity mirrors with outcoupling-hole 

Figure 2: Optical modes and cavity losses in the MIR 
FEL. In (A) the calculated optical mode widths (defined 
as the 3.5  width of the Gaussians) within the cavity are 
plotted for wavelengths from 3 to 40 µm. The black box 
labelled ‘undulator’, which is offset by 50 cm from the 
cavity center, indicates the vertical and horizontal inner 
clearance of the undulator chamber of 13 and 40 mm, 
respectively. The dotted line indicates the path of the 
HeNe beam which is horizontally tilted to the axis. In (B) 
the cavity losses are plotted as a function of wavelength. 
The losses are mainly caused by the vacuum chamber in 
the undulator and self-consistently calculated using the 
commercial code GLAD. 1% reflectivity loss per mirror is 
included. Losses due to hole outcoupling are not taken 
into account. 
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diameters of 0.75, 1.0, 1.5, 2.5, and 3.5 mm. The mirror at 
the other cavity end has no hole and is mounted on a 
precision translation stage to enable cavity length 
adjustment and, if needed, compensation of thermal drifts. 
The signal from a HeNe-laser interferometer delivers a 
feedback signal for cavity length stabilization. 

The cavity-end mirror and the outcoupling mirrors are 
gold-plated copper mirrors of spherical concave shape 
with a radius of curvature of 2.65 m and 3.51 m, 
respectively. As a result, the waist of the cavity mode is 
shifted by 50 cm away from the cavity center and, hence, 
it matches the undulator center. This can be seen in Fig. 
2A where the diameter of the Gaussian mode (given by 
3.5  = 7 , where  and  denote one and two standard 
deviations of the Gaussian, respectively) is plotted as a 
function of the position within the cavity for various 
wavelengths. The Rayleigh length of the waist equals 1.0 
m corresponding to half the undulator length. The cavity 
mirror diameter of 50 mm is larger than the mode 
diameters at the mirror positions for all wavelengths. 
However, as can be seen in Fig. 2A, the vertical clearance 
of the undulator vacuum chamber of 13 mm is smaller 
than the mode diameter at both chamber ends for 
wavelengths longer than 20 m. The corresponding cavity 
losses, plotted in Fig. 2B, increase rapidly with 
wavelength. Therefore, we expect the cavity losses, rather 
than the maximum undulator parameter, to be the limiting 
factor for the maximum wavelength for which lasing can 
be achieved. 

 

Figure 3: IR cavity mirrors for hole-outcoupling. Gold-
plated copper mirrors, with different diameters of the 
outcoupling hole are mounted on a precision translations 
stage (design by Bestec GmbH, Berlin). The 50-mm-
diameter mirrors have a concave spherical surface of 3.51 
m radius of curvature. 

The cavity losses plotted in Fig. 2B need to be 
compared with the single-pass small-signal gain. In Fig. 5 
we plot the calculated gain as a function of electron 
energy and undulator parameter for three different 
electron bunch lengths of 5, 3, and 1 ps (rms). The gain 
increases significantly with decreasing bunch length and 
reaches a maximum of more than 200% for a 1 ps short 

bunch in the wavelength range between 7 and 30 µm. For 
a wavelength as long as 60 µm the calculated gain, 

 
Figure 4: Oscilloscope screenshots from ‘first lasing’. The 
traces represent the IR detector signal (blue), the electron 
current (brown), and the phase and amplitude of the RF 
field in the sub-harmonic buncher cavity (green and 
yellow, respectively). The abscissa scale spans 20 µs (2 µs 
per division). The ordinate scale of the blue IR signal is 
identical from (B) to (L), but zoomed in in (A) to 
visualize the noise of the IR detector signal in the absence 
of lasing. Plots (B) to (L) indicate the onset and fading of 
lasing while the cavity length is increased in steps of 10 
µm, hence, in total by 100 µm from (B) to (L).   

Proceedings of FEL2012, Nara, Japan MOOB01

New Lasing and Status Report 3 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



even for a 3 ps electron bunch, is still more than 75% and, 
hence, larger than the expected cavity losses. Therefore, 
we expect a good chance of observing lasing at a 
maximum wavelength approaching 60 µm. 

FIRST LASING RESULTS 
To achieve first lasing the undulator was set to a gap of 

20 mm corresponding to a peak on-axis magnetic flux-
density of 0.46 T and Krms = 1.22 [6]. The electron energy 
was adjusted to 28 MeV at a current of 200 mA. The latter 
corresponds to a bunch charge of 200 pC at a repetition 

rate of 1 GHz. As can be seen in Fig. 5, at these 
conditions we expect lasing at 16 µm with a 
comparatively high gain even for relatively long electron 
bunches. The electron beam was aligned to the cavity axis 
by monitoring the electrons with 4 Beryllium OTR view 
screens that can be moved into the electron beam path 
within the undulator vacuum chamber.  

To detect the IR radiation, a liquid-nitrogen cooled 
MCT (HgCdTe) detector was placed about 80 cm 
downstream from the outcoupling mirror outside the 
vacuum container. A diamond window mounted under 
Brewster angle is used to separate the ultra-high vacuum 
of the cavity chamber from atmosphere, allowing for 
broadband IR transmission. An outcoupling mirror with a 
1.5 mm diameter hole was chosen. The pitch and yaw 
angles of both cavity mirrors were aligned with a 
precision of about 0.1 mrad using a HeNe laser.  

Fig. 4 shows a series of oscilloscope screenshots for 
various cavity lengths. In Fig. 4A the cavity length is 
greatly detuned and the IR signal (blue) just displays 
noise. From the electron current signal (brown) the macro-
bunch length is determined to be about 5.5 µs. The plots B 
to L were measured by changing the cavity length in steps 
of 10 µm. The IR signal first rises (B to D) until the MCT 
detector reaches saturation (D). Further changing the 
cavity length leads to a broadening of the saturated pulse 
(D - H) until its width reaches a maximum (H). 
Subsequently, the pulse gets narrower again (H - J) and, 
eventually, the signal fades out again (J - L). The total 

cavity length change over which lasing is observed (B - L) 
amounts to 100 µm.  

When the IR detector saturates, the end of the pulse 
appears up to 4 µs after the end of the electron macro-
bunch. We attribute this to an artefact of the MCT 
detector, which needs a longer time to recover, the more 
the input signal exceeds the saturation threshold. 
However, the early slope of the saturated IR signal shifts 
to earlier times (B - H) by almost 1µs. We interpret this 
shift as evidence for increasing (B - H) and decreasing (H 
- L) FEL gain.    

SUMMARY AND OUTLOOK 
A new mid-infrared FEL has been commissioned at the 

Fritz-Haber-Institut in Berlin. It will be used for 
spectroscopic investigations of molecules, clusters, nano-
particles and surfaces. The oscillator FEL is operated with 
15 – 50 MeV electrons from a normal-conducting S-band 
linac equipped with a gridded thermionic gun and a 
chicane for controlled bunch compression. Calculations of 
the FEL gain and IR-cavity losses predict that lasing will 
be possible in the wavelength range from less than 4 to 
more than 50 µm. First lasing was observed at a 
wavelength of 16 µm with an electron energy of 28 MeV. 
At these conditions, lasing was observed over a cavity 
length scan range of 100 µm. In addition, a second FEL 
branch covering the FIR/THz regime from 40 to 500 µm 
has been designed, allowing for a future system upgrade. 
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Figure 5: Single-pass small-signal gain calculated for three electron bunch lengths (rms) of (A) 5 ps, (B) 3 ps, and (C) 1
ps. In the calculation a bunch charge of 200 pC, an energy spread of 50 keV, and a normalized transverse emittance of
20  mm mrad have been assumed. 
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PROGRESS IN SACLA OPERATION 

Toru Hara#, Kazuaki Togawa, Hitoshi Tanaka  
RIKEN SPring-8 Center/XFEL Research and Development Division, Hyogo 679-5148, Japan

Abstract 
In March 2012, SACLA was open to public users. 

Currently, 100-400 J laser pulses in a photon range 
between 5 and 15 keV are provided to the user 
experiments. Since SACLA employs variable-gap in-
vacuum undulators, users can freely change the undulator 
gap to finely adjust the photon energy. 

While the first lasing was achieved at 10 keV after 
several months of machine commissioning, the pulse 
energy was about 30 J, which was lower than a design 
value. In the autumn of 2011, we intensively worked on 
the reduction of a projected emittance, then 120 J was 
routinely obtained at 10 keV. After cathode replacement 
in the winter shutdown, we re-tuned the accelerator using 
higher energy beams with increased undulator K-values. 
Currently the pulse energy at 10 keV reaches 250 J. The 
stability of the accelerator, particularly the injector 
section, has been improved. Intensity fluctuations of 10-
20 % () are achieved during day-to-day operation. Since 
the floor of the undulator hall still moves by 50 m in 2 
months, the beam orbit at the undulator section is 
realigned every two weeks to maintain the FEL 
performance. 

 In this paper, we will report the recent progress of the 
SACLA laser performance and operation. 

INTRODUCTION 
Since March 2012, SACLA has provided intense X-

rays to public user experiments. Fig. 1 is a schematic of 
the SACLA facility. 18 undulators are installed in the 
center beamline (BL3) as an XFEL light source in the 
present phase [1]. 

The accelerator has been operated using a basic 
parameter set determined from a 1-D model and 3-D 
simulations. However, final optimization of the 
parameters with observing FEL outputs is indispensable, 
since there are errors on RF parameters, component 
alignments and the limitations of simulation accuracy, 
like space charge and CSR effects. 

In this paper, the improvement of the SACLA electron 
beam performance since the beginning of the beam 
commissioning is described. 

OPTIMIZATION OF A PROJECTED 
EMITTANCE 

The pulse energy obtained at the time of the first lasing 
in June 2011 was around 30 J at 10 keV with 7 GeV 
beams and K=1.8, which was lower than the expected 
value [2]. The main reason for this low pulse energy was 
supposed that only a small number of electrons contribute 

to the FEL amplification in the entire electron bunch. 
Different from a photo-cathode based RF gun system, 

the injector of SACLA uses a traditional buncher-booster 
system with a thermionic high-voltage pulsed gun. The 
thermionic cathode electron gun of SACLA has 
advantages over an RF photo-cathode gun, such as 
uniform emission, a long cathode lifetime and 
maintenance-free operation [3]. On the other hand, the 
emission current is small as 1 A. In order to increase a 
peak current, the electron bunch is compressed in the 
injector by velocity bunching. For that, it is required to 
transport a low-energy electron bunch having a large 
energy chirp more than 5 m in the SACLA injector. Since 
the divergence of this low-energy beam due to the space 
charge is compensated by magnetic lenses, chromatic 
aberration varies a betatron phase inside the bunch 
resulting in the increase of a projected emittance. 
Although a slice emittance, which is directly connected to 
the FEL gain, maintains its small initial value, the 
increased projected emittance degrades the transverse 
envelope matching inside the undulator section and 
consequently limits the number of electrons contributing 
to the FEL amplification. The normalized projected 
emittance measured at the time of the first lasing was 
about 2~3 mm-mrad, which is about 5 times larger than 
the initial emittance of the gun.  

In September 2011, the bunch charge was first 
augmented from 130 pC to 280 pC to increase the total 
number of electrons. Then the injector parameters are 
tuned to decrease the projected emittance. 

In SACLA, the projected emittance is measured by a 
Q-magnet scan method using a single YAG screen. To 
avoid the contamination of coherent OTR, which 
degrades measurement reliability, a spatial mask is 
inserted in the focusing optics, and its shape, size and 
position were optimized. Also a focal length was 
carefully adjusted using a real beam profile. Fig. 2 is the 
observed beam size as a function of the CCD camera 
position. The CCD position was initially determined by 
an offline alignment using a reference plate placed at the 
position of the YAG screen. However the result of the 
online alignment using an electron beam profile revealed 
that the offline alignment was out of focus by a few 
hundreds of microns. After the improvements of the Q-
magnet scan system, the measurements of the projected 
emittance became accurate and reliable with a 
reproducibility of ±10 %. 

The projected emittances were measured after the first 
bunch compressor (BC1) and the final bunch compressor 
(BC3). After the optimization of the injector parameters, 
the normalized emittance was reduced to around 1.5 mm-
mrad, which is almost half of the previous values before 
optimization, with a higher bunch charge.  

 ___________________________________________  

#toru@spring8.or.jp                
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Figure 3 (a) and (b) are the gain curves measured at 10 
keV with 7 GeV and K=1.8 before and after the projected 
emittance optimization. The saturation is clearly observed 
around the 10th undulator after the emittance 
optimization, and the final pulse energy is increased from 
30 J to 120 J. 

CATHODE REPLACEMENT AND PULSE 
ENERGY IMPROVEMENT 

During the winter shutdown of December 2011, a CeB6 
single crystal cathode of the electron gun was replaced 
considering the public user operation starting from March 
2012. This cathode had been used for about one year 
since February 2011. It was still usable and there was no 
clear effect on the lasing. 

From the experiences of the SCSS test accelerator, the 
beam divergence is normally changed for a new cathode. 
Therefore the FEL had been recovered by tuning mainly 
the injector focusing at SCSS. However, only 60 % of the 
pulse energy could be obtained by the same procedure at 
SACLA. Finally the circular aperture of a collimator 
installed downstream of a fast beam chopper, which slices 
out a 1 ns bunch from s beam emission from the gun, 
was reduced from 5 mm to 4 mm. Although the bunch 
charge is decreased, a slice emittance is expected to be 
smaller for this reduced aperture size. Although a clear 
explanation can not be given yet, the FEL output 
recovered to the previous value. 

Figure 1: Layout of the SACLA facility. 

 
Figure 2: Measured electron beam sizes as a function of 
CCD position. 

 
Figure 3: Measured gain curves at 10 keV, (a) at the time 
of the first lasing (7.0 GeV, K=1.8), (b) after projected 
emittance optimization (7.0 GeV, K=1.8), and (c) after 
increase of the beam energy (7.9 GeV, K=2.1). 
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The SACLA accelerator had been mainly operated at 7 
GeV (maximum 8 GeV) since the beam commissioning 
to reduce an RF fault rate. After more than one year of 
operation, the stability of RF components was improved, 
and the beam energy has been increased to 8 GeV 
(maximum 8.4 GeV) in 2012. Consequently, the pulse 
energy at 10 keV goes up to 250 J using 8 GeV electron 
beams with an increased K-value. Fig. 3 (c) is a measured 
gain curve at 10 keV with 8 GeV and K=2.1. Not only the 
increase of the final pulse energy, but also the reduction 
of the gain length are achieved. 

Since SACLA employs in-vacuum undulators, resistive 
wake fields are not negligible. In order to cancel out the 
average beam energy loss due to the wake fields, gap 
tapering is applied to 18 undulators, in which the 
undulator gaps become linearly larger towards 
downstream [4]. Typical tapering ratio is the order of 
K=1  10-3 corresponding to an undulator gap change of 
~20 m between two consecutive undulators. The gap 
tapering is optimized depending on the conditions of the 

electron beam and the undulator gap to maximize the 
FEL output. 

USER OPERATION 
Since March 2012, SACLA has been operated as a 

public user facility. 7000 operating hours are planned in a 
2012 fiscal year and 50 % is used for the facility tuning 
and developments. The C-band accelerators are stably 
operated at 35~40 MV/m gradients, and the maximum 
beam energy is currently 8.5 GeV. During the user time, 
the availability of the photon beam is 90~95 %, which 
depends on the beam energy. Most of the time loss is due 
to RF faults, either high voltage discharges or thyratron 
misfires. The fluctuation of SASE is typically 10~20 % 
() and the stability of the center wavelength is about 3  
10-4 (). 

Figure 4 is the longitudinal electron beam distribution 
measure by an RF deflector after the final bunch 
compression at BC3. A typical electron bunch length is 
around 25 fs (FWHM) with a peak current of 4 kA. The 
photon pulse length deduced from a single-shot 
measurement of SASE spectral spike widths is about 
10~15 fs (FWHM) [5]. 

The divergences of the photon beam including the 
fluctuations of the electron beam orbit are about 1.5 rad 
horizontal and 1 rad vertical at 10 keV, which are larger 
than the inherent divergence of SASE. This is supposed to 
be due to the orbit fluctuations, which come mainly from 
the injector [6]. Since it is already found that the orbit 
fluctuations have a correlation with the switching 
frequency of injector heaters used for the temperature 
control of RF cooling water, the heater system will be 
replaced to a DC regulation system in order to suppress 
the beam orbit fluctuations [7].  

Different from LCLS or FLASH, SACLA is equipped 
with variable-gap in-vacuum undulators, that is one of the 
unique features of SACLA. In order to fully utilize this, 
feed-forward correction tables of steering magnets are 
prepared [8]. There are 18 undulators installed in the 
SACLA BL3 and a pair of steering magnets is attached at 
both extremities of each undulator. The electron beam 
orbit deviation is measured by RF cavity BPMs as a 
function of the undulator gap, and then the orbit is 
corrected by using a pair of steering magnets [9]. The 
feed-forward tables are made for each undulator. 

In order to accurately extract beam orbit deviation 
excited by the gap movement, initial fluctuation of the 
injection orbit to the undulators is measured for each 
electron bunch using two RF cavity BPMs installed 
upstream of the undulator section. During the orbit 
deviation measurements, the fluctuation of the injection 
orbit is transferred by linear matrices and subtracted from 
the measured BPM data to extract net orbit deviation. 
With this subtraction, the beam orbit measurements attain 
sub-micron accuracy. The orbit deviation due to the 
undulator gap change is suppressed within ±10 m by the 
feed-forward correction scheme [8]. 

 
Figure 4: Longitudinal electron bunch profile measured 
by an RF deflector, (left) screen image and (right) 
temporal profile including the vertical beam size. The 
electron beam profile is the pattern with a red spot in 
center and two other dilute patterns on the left are 
contamination of coherent OTR in the left figure. 
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Figure 5: Photon energy range and FEL outputs currently
available at SACLA. Pulse energies are measured at four
different beam energies. At each beam energy, the
undulator K-value is changed from 1.5 to 2.1. Dashed
lines show relative intensity fluctuations.  
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Figure 5 shows the photon energy range and FEL 
outputs currently obtained at SACLA. The pulse energies 
more than 100 J are routinely available at photon 
energies between 5~15 keV. By using the feed-forward 
correction, the users can freely set and adjust the FEL 
wavelength by themselves within several seconds. Phase 
shifters and undulator tapering are automatically 
optimized at the same time as the undulator gap change.  

Since the floor of the SACLA undulator hall is still 
moving by roughly 50 m per two months, the electron 
beam orbit of the undulator section is realigned every two 
weeks by making the axes of synchrotron radiation from 
each undulator in a straight line [4]. To maintain the 
emission from a gun cathode at 1 A, the cathode 
temperature is also readjusted every one month, because 
the emission current slowly drops as its operation time. 
Fig. 6 shows a recovery of the FEL pulse energy through 
these routine readjustments. In Fig. 6, the pulse energies 
are measured at 7.9 GeV by changing the undulator K-
value from 1.5 to 2.1. The gun emission is increased from 
0.87 A to 1 A in Fig. 6 (c). 

FUTURE DEVELOPMENTS 
To avoid demagnetization of the undulator magnets due 

to dark currents from high-gradient C-band accelerators, a 
chicane had been installed in the middle of the C-band 
main accelerators located downstream of BC3, where the 
beam energy was 3 GeV. Since the dark currents had 
decreased to a negligible level after more than one-year 
operation, this chicane was removed in April 2012. 
Instead of the chicane, the installation of additional C-
band accelerators is planned to raise the maximum beam 
energy to 9 GeV. At the same time, the minimum 
undulator gap, which is currently 3.5 mm, corresponding 
to K=2.15, is planned to reduce to 3 mm. Mechanically, 
the gap of the SACLA BL3 undulators can be closed to 2 
mm, at which a electron beam halo is confirmed to be still 

negligible from the measurements of a beam halo 
monitor. Increase of the K-value together with the beam 
energy will enhances the FEL output over a wider photon 
energy range. 

After the success of the self-seeded FEL experiment at 
LCLS, the installation of a single crystal is considered at 
the SACLA BL3 to operate it in a self-seeded mode [10]. 
During the summer shutdown of August 2012, the 9th 
undulator is moved to the end of the present 18 
undulators and a small chicane is installed. The set up of 
a single crystal is planned in 2013. 

The pulse repetition rate of SACLA is currently 10 Hz. 
In order to improve the efficiency of user experiments, 
the repetition rate will be increased to 20 or 30 Hz in the 
autumn 2012, and 60 Hz in 2013.  

Since the SACLA undulator hall can accommodate 
five beamlines, the development of a fast beam 
distribution system to plural beamlines has been started 
for future installation of additional beamlines. The beam 
distribution system consists of a pulsed kicker and a DC 
septum magnet and its operation frequency is 60 Hz.  

The SCSS test accelerator, which has been operated 
since 2006 as a VUV FEL source, will be shut down in 
June 2013 and moved to the SACLA undulator hall. The 
SCSS test accelerator will be reassembled in a 100 meter-
long vacant space upstream of SACLA BL1. With 
additional C-band accelerators, it will operate as a soft x-
ray FEL, which is independent from SACLA, with a 
maximum beam energy of 1.4 GeV in 2015. 
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Figure 6: FEL outputs as a function of the photon energy. 
The electron beam energy is 7.9 GeV and the undulator 
K-value is changed from 1.5 to 2.1. (a) Before beam orbit 
alignment, (b) after orbit alignment at the undulator 
section, (c) after orbit alignment and gun emission 
adjustment. 
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SWISSFEL, THE X-RAY FREE ELECTRON LASER AT PSI 

H.H. Braun on behalf of the SwissFEL team 
Paul Scherrer Institut, Villigen-PSI, Switzerland 

 
Abstract 

PSI prepares the construction of an X-ray free-electron 
laser, SwissFEL, as its next major research facility. The 
baseline design consists of a 5.8 GeV linear accelerator 
and two FEL lines covering the wavelength range from 
0.1-0.7 nm and 0.7-70 nm, respectively. SwissFEL 
features a linear accelerator in C-band technology, a novel 
design of variable gap in-vacuum undulators for the hard 
X-ray FEL and Apple II undulators with full polarization 
control for the soft X-ray FEL. The two FELs are 
operated independently and simultaneously with 100 Hz 
pulse rate each. In addition to the FEL performance goals 
SwissFEL aims for low overall energy consumption. 
Linac parameters as well as the cooling systems are 
optimized towards this goal. For the whole facility a 
staged construction is planned, with groundbreaking in 
spring 2013. The commissioning of the linear accelerator 
and the hard X-ray FEL will start in 2016. An overview of 
SwissFEL goals, status, and plans is given and the 
SwissFEL R&D activities are reviewed. 

OVERVIEW 
Since the last status reports at FEL conferences [1,2], 

the SwissFEL design has matured and stabilized towards 
construction of the facility. Preparation of the building 
site and procurement of major components has begun, 
with groundbreaking for the buildings scheduled for early 
2013. All key parameters and most modifications have 
been included in a final update of the design report [3]. 
The design is driven by the following requirements  
 wavelength coverage from 1-70 Å with very good 

timing resolution and stability in the order of 10 fs for 
the range of science as described in [4,5]  

 a tight overall budget frame 
 construction site in the vicinity of PSI with less than 

800 m facility length  
 constraints for power consumption and power 

dissipation 
 

Figure 1 shows an overview of the facility and table 1 
the project schedule until first operation of the hard X-ray 
FEL (1-7Å) named “ARAMIS”. The building has all 
necessary provisions for the second, soft X-ray FEL 
“ATHOS” with 7-70Å wavelength range. The 
procurement of ATHOS components will happen in a 
later budget phase after 2016.   

INJECTOR 
A test version of the SwissFEL injector consisting of a  

photocathode RF gun, 4 S-band RF cavities, an X-band 
harmonic cavity, the first bunch compressor, and a 
diagnostics section for the characterisation of projected 
emittance, slice emittances and longitudinal phase space 
has been set-up at PSI and is used for SwissFEL beam 
dynamics studies and component development [6]. All 
components are now operational with the exception of the 
RF power source for the harmonic cavity [7]. 
Commissioning of this power source is expected for early 
autumn this year. Very good emittance figures, compliant 
with the SwissFEL design, have been measured, covering 
the two extremes of the SwissFEL bunch charge range 
[8,9]. A summary of the results is listed in table 2. 

A new RF gun capable of running at 100 Hz with im-
proved beam dynamics properties [10] will be installed in 
the course of 2013. Further plans for the facility include a 
test of a full fledged undulator prototype with beam. 

The injector test facility will be dismantled in late 2014 
for reuse of its components in SwissFEL. To mitigate 
effects of microbunching instability [11], a laser heater 
will be will be integrated in the final injector 
configuration for SwissFEL with an undulator designed 
by ASTeC/Daresbury. Two more S-band and one more 
X-band structure  will be added for a beam energy of 
350 MeV in BC1.   

 
 
 

 

1st construction phase
2013-16

2nd construction phase
2018-19

Linac 3Linac 1Injector Linac 2

Athos 0.7-7nm

Aramis 0.1-0.7 nm0.35 GeV 2.0 GeV 3.0 GeV 2.1-5.8 GeV

user
stations2.6-3.4 GeVBC1 BC2

 
 

Figure 1: Schematic of SwissFEL. 
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Table 1: SwissFEL Schedule Until First User Operation 

component procurement accelerator and ARAMIS FEL

prepatory
work

friendly 
users

preparation ATHOS FEL

building construction
Accelerator and ARAMIS FEL

 installation
commissioning

2012 2013 2014 2015 2016 2017

 
 
 

Table 2: Emittances measured in the SwissFEL injector 
test facility at 250 MeV (without bunch compression) 
compared with simulations and required emittances. 

Measurement σlaser
[mm]

εn,x
[μm]

εn,y
[μm]

εn,simulated
[μm]

εn,required
@undulator

[μm]

High-charge mode (~200 pC):

projected: 0.21 0.38 0.37 0.350 0.65

core slice: 0.21 0.25 – 0.330 0.43

Low-charge mode (~10 pC):

projected: 0.10 0.16 0.18 0.096 0.25

core slice: 0.10 ≤ 0.15* – 0.080 0.18
 

 

LINAC 
The main linac of SwissFEL uses 26 accelerator 

modules [12]. Each module is assembled from four 
accelerating structures mounted on two granite girders. 
The four structures are fed by one klystron modulator unit 
with a BOC type pulse compressor. The RF frequency is 
5.72 GHz and the nominal accelerating field is 28 MV/m. 
With an active structure length of 2 m, this provides a 
nominal energy gain of 224 MeV per module. This 
voltage is obtained with the klystrons running at 80% of 
their nominal power specification, thus leaving a margin 
for linac energy management and feedbacks. Toshiba has, 
for PSI, further developed its E37202 klystron to the 
E37212 klystron for PSI. This klystron maintains a peak 
power of 50 MW, but allows for a repetition rate of 
100 Hz and an RF pulse length of 3 μs. The cooling of the 
collector is separated from the RF part, so that the 
collector can be run at a significantly higher temperature 
than the RF part of the klystron. This is required for the 
SwissFEL energy recovery system described in the 
building and infrastructure section below. The full power 
capability of the klystron has successfully been 
demonstrated, the two-temperature operation will be 
tested later this year. The klystrons are powered by an 
IGBT switched modulator. Although modulators of this 
type are already in operation in the SwissFEL injector test 
facility, the development of a new generation of these 
modulators has been initiated. One of the reasons is the 
need for a mechanical separation of the klystron tank 
from the charging supplies and auxiliary parts. This is 
required because of the limited space available in the 
SwissFEL technical buildings and for ease of system 
maintenance. Another improvement will be the capability 

to control the modulator settings synchronously with the 
100 Hz repetition rate. Each klystron is connected to a C-
band variant of the barrel open cavity type RF compressor 
[13]. The BOC design allows for a Q value of about 
190,000 with a compact design. The first prototype of the 
C-band BOC is presently under construction. A high 
power test of a BOC is planned towards the end of this 
year.  

For the C-band accelerating structures a sophisticated 
machining, assembly, and brazing process has been 
developed at PSI. This process allows one to build the 
structures at the nominal frequency without requiring 
further tuning steps. Three short prototypes with eleven 
cells each have already been tested with high power. In 
the last test an accelerating field of 58 MV/m, limited by 
klystron power, has been achieved [14,15]. A new 
vacuum brazing furnace with sufficiently large 
dimensions for the full-size 2 m structures has recently 
been delivered to PSI. The first full-size structure will be 
ready for tests in early 2013.  

The parameter choices of the linac module allow for a 
reasonably high accelerating field while keeping the 
number of RF stations small. In consequence the linac 
power consumption, cooling requirements, and 
investment cost can be kept comparatively low.  

The bunch compression scheme which uses two bunch 
compressors at 350 MeV and at 2 GeV is described in 
[16]. A detailed design of the collimation system used for 
the protection of the undulators has been worked out [17]. 

UNDULATOR LINES 
The technical progress on the SwissFEL undulators and 

inter-segment-girders is described at this conference 
[18,19,20]. The first prototype of the 4 m long U15 
undulators for the ARAMIS hard X-ray FEL will be 
completed in early 2013 and will be tested with beam 
thereafter in the injector test facility. Motivated by the 
recent progress and successful demonstration of self-
seeding at hard X-ray wavelengths [21,22], provisions for 
the implementation of a self seeding scheme in ARAMIS 
have been taken [23]. Whether such a system will be 
available from the beginning remains to be decided. For 
the soft X-ray FEL, ATHOS, which will be installed in 
the 2nd SwissFEL construction phase, self seeding will be 
implemented from the beginning, replacing the EEHG 
scheme, which was previously considered for ATHOS 
[24].  
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Figure 2: Building layout and location. 
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The detailed design for the dogleg-shaped transport line 
from the linac midpoint extraction to the ATHOS FEL 
has been worked out [25] and a new method for orbit 
correction in the undulator lines has been devised [26].  

SITE CHOICE, BUILDING AND 
INFRASTRUCTURE 

The SwissFEL construction site is located in a forest at 
about 300 m distance to the PSI site. A picture of the 
building is shown in figure 2. The accelerator and 
undulator housing as well as the experimental areas are 
realized with a concrete structure in a cut and fill trench. 
The technical buildings on top of the linac, used for 
technical infrastructure, RF modulators, and other 
electronic equipment, are realized in concrete as well and 
are covered on one side and on top with soil. This is 
required for environmental reasons, but helps also for a 
good thermal stability of the buildings. Because of the 
environmental situation, special care has to be taken for 
wild game transit corridors and minimum sound and light 
emissions.  

The call for tender for the building has been launched, 
preparatory work for access roads, ground water well and 
infrastructure connections to PSI have started, and ground 
breaking for the main building is expected for April 2013. 
The air conditioning systems put special emphasis on 
temperature stability. The air temperature in the 
accelerator and undulator housing will be kept within 
±0.10C and in the technical buildings within ±20C. 

The bulk of the heat loads will be cooled by ground 
water from a dedicated well. The temperature stability of 
the ground water allows for a very efficient cooling 
concept, where the primary water is used in three 
consecutive exchanger stages with the last stage feeding 
heat into the PSI heating network. For permission reasons 
the used cooling water is not brought back into the ground 
but is pumped into the nearby Aare river. 

The maximum total electric power consumption is 
estimated at 5.6 MW with two undulator lines and 6 fully 
equipped experimental stations.  
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Abstract 
The FERMI@Elettra seeded Free Electron Laser (FEL) 

is based on two complementary FEL lines, FEL-1 and 
FEL-2. FEL-1 is a single stage cascaded FEL delivering 
light in the 80-20 nm wavelength range, while FEL-2 is a 
double stage cascaded FEL where the additional stage 
should extend the frequency up-conversion to the spectral 
range of 20-4 nm. The FEL-1 beam line is in operation 
since the end of 2010, with user experiments carried on in 
2011 and 2012. During 2012 the commissioning of the 
FEL-2 beam line has started and the first observation of 
coherent light from the first stage of the cascade has been 
demonstrated. In the meanwhile, the commissioning of a 
number of key components of FERMI, as the laser heater, 
the X-Band cavity for the longitudinal phase space 
linearization and the high energy RF deflector, has been 
completed. The additional control on the longitudinal 
phase space and a progressive improvement in the 
machine optics optimization, had a significant impact of 
FEL-1 performances, which has reached the expected 
specifications. In addition, emission of radiation at very 
high order conversion factors (up to 29th) has been 
observed from FEL-1 and schemes based on double stage 
cascades have been preliminarily tested, with the 
observation of coherent radiation up to the 65th harmonic 
of the seed drive laser, at about 4.1 nm in the water 
window.  

INTRODUCTION 
FERMI@Elettra (Fermi) is a fourth generation light 

FEL source, under commissioning at the Elettra 
laboratory in Trieste. The scientific case driving the 
design of the FEL is based on three experimental 
programs, namely Diffraction and Projection Imaging 
(DiProI), Elastic and Inelastic Scattering (EIS), Low 
Density Matter (LDM). The experiments require high 
peak brightness, fully coherent, narrow and stable 

bandwidth photon pulses, wavelength tunability and 
variable polarization: circular and linear [1]. The FEL, 
constructed to accomplish those requests, is based on two 
separated beam lines, FEL-1 and FEL-2 and will produce 
photons in the ultraviolet and soft X-ray range, between 
15 eV and 310 eV. The first beam line, FEL-1, is a single 
stage cascaded FEL delivering light in the 80-20 nm 
wavelength range [2]. It is in operation since the end of 
2010, with user experiments carried on during 2011 and 
2012. The second beam line, FEL-2, is a double stage 
cascaded FEL where the additional stage should extend 
the wavelength operation range, down to 20-4 nm. The 
source of electrons is based on a high brightness 
photocathode RF gun. The electron beam is then 
accelerated in a normal conducting, traveling wave linac, 
working at 3 GHz RF frequency and 10 Hz (will be 
upgraded to 50 Hz in 2013) repetition rate [3]. The 
electron beam energies for FEL-1 and FEL-2 are 
respectively 1.2 and 1.5 GeV. Two stages of magnetic 
compression are used to get extremely short electron 
bunches (less than 1 ps) with high peak current. During 
2012 a number of important components of the machine 
have been commissioned, as the laser heater [4], the 
fourth harmonic RF structure (12 GHz, X-band) [5] 
providing the longitudinal phase space linearization 
needed to optimize the compression process and the high 
energy RF-deflector [6], allowing to monitor the beam 
longitudinal phase space at the end of the linac. The FEL 
is seeded by an external UV laser in the range 230-
260 nm. Frequency tuning of the drive laser ensures a 
continuous tuning of the FEL output wavelength, around 
a given, desired order of harmonic conversion. The first 
stage of the two FEL lines is made up by a modulator, 
where the electron beam is seeded by the UV external 
laser, a dispersive bunching section, where energy 
modulation is converted into density modulation, and by a 
radiator made by six undulator for FEL-1, and two 
undulators for FEL-2. In FEL-2 a second stage of 
modulator-dispersive section-radiator follows the first. 
The two stages of FEL-2 are separated by a chicane for 
shifting the radiation emitted in the first stage onto fresh 

 ___________________________________________  
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electrons in the second stage [7]. Both for FEL-1 and 
FEL-2 the final radiator is made by six APPLE-II 
undulators, with magnetic periods of 55 and 35 mm 
respectively.  

In the next section we address the preliminary 
commissioning results of the FEL-2 beam line and the 
first observation of coherent light from the first stage of 
the cascade. In the next section, the improvement of FEL-
1 performances provided by the progresses in the 
accelerating system development and the optimization of 
the machine optics, will be discussed. We conclude the 
paper by reporting the observation of coherent emission at 
very high harmonic orders in the single stage cascade of 
FEL-1 and the first observation of coherent emission in 
the water window from a seeded FEL, obtained by 
configuring FEL-1 as a double stage harmonic cascade. 

FERMI FEL-2 FIRST STAGE 
COMMISSIONING 

A schematic layout of FERMI FEL-2 is shown in 
Fig. 1. After completing the installation of the FEL-2 
transport line in January 2012, its commissioning started 
beginning of February. At that time no undulators were 
installed yet to avoid risk of radiation damages during e-
beam transport steering. In few shifts it was possible to 
get transport rates close to 100% of charge. Following this 
result the undulators of FEL-2 were installed during the 
Easter shutdown in April, as shown in Fig. 2. 

 

 
 

Figure 1: Schematic layout of FERMI FEL-2. 

 

 

Figure 2: The array of FEL-2 radiators on the left in the 
picture. 

 
The FEL commissioning was constrained to the first 

stage of the cascade, because the only diagnostics 
available were photon screens between the undulator 

modules and the electron beam energy spectrometer, at 
the end of the undulator. No photon detectors capable of 
selectively measuring the emission from the second stage 
radiators were available.  

In order to attain the required synchronization between 
the electrons and the seed laser, a similar procedure to the 
one used for FEL-1 commissioning has been followed. 
An electron beam with an energy-phase correlated 
distribution in the longitudinal phase space is injected in 
the modulator. Transverse spatial overlap between 
electrons and the seed laser is ensured by aligning 
electrons and photons on the same references, before and 
after the modulator. With the undulator resonance tuned at 
the seed laser wavelength, the modulator behaves as a 
“laser heater”. The heated electrons are visible as a “hole” 
in the energy distribution measured with the spectrometer 
at the end of the undulator. In Fig. 3 an image of the 
electron energy distribution vs. the seed laser delay is 
shown. In the plot, horizontal cuts provide the electron 
energy spectrum corresponding to given seed-laser delays 
(vertical scale). The longitudinal chirp correlates energy 
with position (time) and the effect of the seed laser time 
delay is given by the oblique band with lower electron 
density in the plot. Afterwards it was straightforward to 
observe a coherent signal due to the modulation of the 
seed laser on the photon screens after the first stage 
radiators, tuned at the 5th harmonic of the seed laser. In 
Fig. 4 the spot of the coherent light emitted with the two 
radiators tuned at 52 nm is shown. The coherent radiation 
beam has been used as a probe for a check of the 
alignment of a number of diagnostic stations placed in 
between the second stage radiators. The aligned beam was 
visible on the last screen at the entrance of the user area, 
55 m away from the emitting radiators, see Fig. 5. 

 

 
Figure 3: Electron beam distribution (horizontal) at 
different seed laser timing (delay).  
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Figure 4: Image of the radiation spot at 52 nm observed 
by a CCD placed at the second-stage modulator. 

 

 
 

Figure 5: Image of the radiation spot at ~55 m from the 
emitting radiators.  

FERMI FEL-1 PERFORMANCE UPDATE 
The longitudinal uniformity of the electron parameters 

at the end of the linac, as current, energy and emittances, 
was substantially improved by the commissioning of the 
linearizing system at the 4th harmonic of the RF 
frequency. The system is based on a XL5 klystron 
(SLAC), operating at the European frequency of 
11.992 GHz. The required accelerating voltage is about 
20 MV/m, equivalent to about 20 MW of RF power at the 
cavity input. The cavity is operated close to the maximum 
decelerating phase. An example of the linearizing effect is 
shown in Fig. 6. After compression, an almost flat top 
current profile of 400-600 A of peak current and 400-
500 fs of duration may be obtained.  

 

 
 

Figure 6: Linearizing effect of the X-band Cavity. 

 
In addition to the X-band system, the laser heater to 

suppress coherent instabilities has been also 

commissioned. The FERMI laser heater, described 
elsewhere in these proceedings [4], allows inducing a 
controlled net increase of the slice energy spread to 
suppress micro-bunching instability arising during 
compression. Improvements in the electron beam orbit 
and matching at the level of the spreader area, together 
with these new commissioned tools ensured a substantial 
improvement of the FERMI FEL-1 performances, listed 
in Tab. 1. The spot of the radiation at 52 nm is shown in 
Fig. 7, after optimizing the FEL on the TEM00 mode. An 
increase of the radiation linewidth has been observed [8], 
with sidebands that depend both on residual energy-phase 
correlations in the longitudinal phase space, and on 
saturation effects similar to those observed in ref. [9]. 

 

Table 1: FERMI FEL-1 Parameters 

Parameter FEL-1 

Electron bunch energy 1.2 GeV 

Bunch charge 500 pC 

Bunch Peak current 400-600 A 

Wavelength 80 – 20 nm 

Energy per pulse* 90 to 320 J  

Photons per pulse** ~1013@20 nm ~1014@52 nm  

Repetition Rate 10 Hz 

* average, depending on wavelength 
** max achieved 

 
 

 
 

Figure 7: Spot of the FEL at 52 nm on the diagnostic 
screen before the user experimental area (PADRES). 

 
In the latter case, tapering the undulator is effective in 

improving the spectral purity and increasing the FEL 
efficiency. The maximum observed photon intensity 
exceeded 350 J for isolated pulses. The measured 
average energy per pulse varies between 90 and 320 J, 
depending on the harmonic of operation, in the range 
20 nm (13th harmonic) to 52 nm (5th harmonic). Tuning 
the radiators with the resonance at shorter wavelengths, 
beyond the nominal interval of operation, is still possible. 
As expected a pulse energy decreasing with the harmonic 
number is obtained, but the radiation spot on the 
diagnostic CCD can be detected at surprisingly high 
orders, as shown in Fig. 8. 
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Figure 8: Spot of the FEL mode at higher harmonic orders 
(h21..h29). Harmonic 29 is barely visible in the left 
lowermost plot. 

 
In Fig. 9 the spectrum for h26 is shown. The spectrum 

is acquired by integrating for 5 s, corresponding to a 
sequence of 50 laser shots. No signal was observed at 
harmonics higher than h29 with the single stage cascade 
FEL-1.  
 

 
 

Figure 9: Spectrum of FEL-1 tuned at the 26th harmonic 
of the seed laser. The independent variable is the 
wavelength in nm.  

 
However the undulator of FEL-1 may be configured as 

a double stage cascade, in a layout similar to the one used 
in [10], represented in Fig. 10. The stronger amplification 
of a lower order harmonic in the first undulator part, leads 
to a stronger bunching and emission in the second part. 
This configuration, tuned to reach the same final 

wavelength of 10 nm, was tested in the same e-beam 
conditions as those used to measure the spectrum in 
Fig. 9. The relevant spectra are shown in Fig. 11. Despite 
the fact that the spectrometer is not calibrated in energy, 
the acquisition in the two cases of Fig. 9 and 11, is done 
in the very same conditions. We can therefore compare 
the counts on the vertical scale in the two cases, and 
observe that the intensity in the double stage cascade was 
about seven times higher than that relevant to the single 
stage. 
 
 

 
 

Figure 10: Double stage cascade with FEL-1 layout. The 
radiators 1-4 are tuned at 20 nm, the 13th harmonic of the 
seed, while the last radiators 5-6 are tuned at 10 nm, the 2 
harmonic of the previous one, which is the 26th harmonic 
of the seed. 

 

 
 

Figure 11: Spectrum of FEL-1 configured as a double 
stage cascade as shown in Fig. 9. The final wavelength is 
10 nm, the 26th harmonic of the seed laser.  

 
The same double stage cascade can be used to get 

wavelengths shorter than the one corresponding to h29 in 
Fig. 8. The spectrum at 6.67 nm, obtained in the 
configuration in Fig. 11, by tuning the last two modules at 
the third harmonic of the previous one, is shown in 
Fig. 12. At this beam energy the undulator gap required to 
amplify e.g. the 5th harmonic, is outside the calibration 
tables of the FERMI FEL-1 undulators. We could not 
therefore further reduce the output wavelength, by tuning 
the resonance of the last radiators at a higher harmonic 
order. Nevertheless it is still possible to configure the 
undulator as a harmonic cascade, studied in [11], in 
dynamical conditions dominated by superradiance. In this 
configuration the last radiators are not tuned to a 
harmonic of the first ones, but have a common higher 
order harmonic. 
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Figure 12: As in Fig. 11, with the last two radiators tuned 
to the third harmonic of the previous, corresponding to 
the 13x3 harmonic of the seed laser.  

 
In the specific case, still maintaining the radiators 1-4 

(green in Fig. 10) with the resonance at 20 nm, we have 
tuned the last two radiators at 8 nm. The two sets of 
undulators have a resonance in common at one of their 
higher harmonics, at about 4nm. This is the 5th harmonic 
of the first four undulators and the second harmonic of the 
last two. The spectrum obtained in this condition is shown 
in Fig. 13. The upper image represents the spectrometer 
CCD raw data. The vertical axis is not dispersed in 
frequency and provides information about the vertical 
intensity distribution at the spectrometer. The double lobe 
could be related to the fact that the radiators are emitting 
on the second (even) harmonic, showing a dip in the 
centre. The small offset of the central wavelength with 
respect to the expected 4 nm could be due to the 
spectrometer calibration and will be investigated in the 
future 

CONCLUSIONS 
Two are the main goals for Fermi in 2012, namely the 

start of the user program on FEL-1 and the first FEL-2 
radiation production by the HGHG double cascade. 

The first call for external proposals was published end 
of December 2011 and more than thirty proposals were 
submitted at the deadline by end of April. The selection 
process was completed in June and beam time for selected 
proposals has been assigned on FEL-1 in next autumn. 

FEL-1 reached fairly intense photon fluxes, producing 
routinely 100-200 J depending on the operation 
wavelength. The FEL has been configured as a double 
stage cascaded FEL and coherent emission in the water 
window has been demonstrated for the first time from a 
seeded free electron laser. As to FEL-2, the first stage has 
been commissioned and the results obtained so far 
provide good confidence on the quality and performances 
of the electron beam, the linac system and the undulators 
for the full commissioning in the next fall. In September 
we expect to complete also the installation of the photon 
front-end of FEL-2, which merges with the FEL-1 line in 
front of the spectrometer. The October run will then be 
devoted to the commissioning of the double cascade High 

Gain Harmonic Generation, including the FEL 
optimization by using the fresh part of the bunch. 

 

 
 

Figure 13: Spectrum of FEL-1 in a harmonic double stage 
cascade configuration.  
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GROWTH RATES AND COHERENCE PROPERTIES OF FODO-LATTICE
BASED X-RAY FREE ELECTRON LASERS

S. Reiche and E. Prat ∗

Paul Scherrer Institute, Villigen, Switzerland

Abstract
Most hard X-ray Free Electron Lasers are designed with

a super-imposed FODO lattice to focus the electron beam
for optimum performance of the FEL. Theory predicts an
optimum value of the beta-function, where the induced ax-
ial velocity spread starts to counteract the increased Pierce-
parameter due to higher electron density. However in a
FODO lattice the electron beam envelope varies signifi-
cantly and disrupts the coupling of the electron beam to the
radiation field. This is particularly relevant for hard X-ray
FELs, where the radiation mode is smaller than the elec-
tron beam size. In this presentation we study the impact
of the FODO cell length and the beta-function variation on
the FEL gain length and growth of the coherence properties
for SASE FELs.

INTRODUCTION
Free-electron lasers in the soft and hard X-ray regime

require a sufficiently high electron density for the short-
est gain length and an overall reasonable requirement for
the undulator length. This cannot be provided by the natu-
ral focusing of the undulator field [1], which vanishes with
higher beam energies. Therefore all operating and planned
X-ray FELs [2] utilize quadrupoles in a FODO lattice to
focus the beam. Because the beam orbit is much more sen-
sitive to quadrupole misalignment than undulator misalign-
ment, the quadrupoles are placed in drift sections between
undulators. It is easier to align the quadrupoles alone than
entire undulator modules with integrated quadrupoles.

The variation in the beam size along the undulator vio-
lates the assumption of a rigid beam in most 3D FEL theo-
ries [3]. It is impossible to obtain a fully analytical solution
because the length of the FODO cell can be comparable or
shorter than the characteristic length of the FEL amplifica-
tion: the gain length. However simulations, which derive
their results on a more basic set of equations with less as-
sumptions on the beam transport, can give an insight on the
effect of the explicit focusing on the FEL performance.

We ran simulations with Genesis 1.3 [4] to study this
effect. While similar studies have been done for the FEL
output power [5, 6], none of these publications include the
aspect of coherence growth for SASE FELs. We studied
the impact of the FEL power and the coherence for oper-
ation at 1 and 10 Ångstrom, based on SwissFEL facility
layout[7]. The latter case exhibits stronger diffraction and
any fine structure in the transverse electron beam distribu-

∗ sven.reiche@psi.ch

tion will be washed out stronger, implying less impact from
the FODO lattice than for the former case.

3D FEL THEORY AND FEL MODES

In the 3D theory the FEL equations are scaled differ-
ently, resulting in a definition of the FEL parameter [3],
which deviates from the standard 1D FEL parameter ρ [8].
In addition, a new independent parameter is introduced, ex-
pressing the ratio between the characteristic scaling length
and the length of diffraction (Rayleigh length). It is called
the Diffraction parameter [3], where a large value indicates
negligible effects from diffraction.

The FEL equation is transformed into a form very sim-
ilar to that of a 2D field equation in quantum mechanics,
except that the system is not hermite. The transverse cur-
rent profile plays the role of the quantum mechanical po-
tential and for a well-defined solution the FEL wavefront
has to drop faster than ∝ r−2 to avoid unphysical infinite
radiation power.

The different solutions (modes) can be grouped by their
number of azimuthal and radial nodes, each yielding their
own dispersion equation to determine the growth rate. In
a system with strong diffraction the growth rate of the fun-
damental mode is the strongest and the radiation mode is
larger than the electron beam. With vanishing diffraction
the growth rates and gain curves of all modes collapse into
the one of the 1D FEL model and even a distorted wave-
front is preserved during amplification. Low diffraction
causes problems for SASE FELs reducing the overall trans-
verse coherence of the FEL pulse.

In all 3D models the beam is treated radially symmetric
and rigid and the effect of the betatron oscillation is ex-
pressed by any effective shift in the beam electron energy
[9] . However this is not the case if a FODO based fo-
cusing structure is used to keep the beam size small along
the undulator. Typically, the beam exhibits a sawtooth like
variation in its beam size with its variation proportional to
the spacing of the quadrupoles. Fig. 1 shows the varia-
tion in the beam size as a function for different FODO cell
lengths, based on the hard X-ray FEL Aramis of the Swiss-
FEL facility. Because the FEL eigenmode is also imprinted
into the bunching profile of the electron beam any variation
in the electron distribution reduces the overlap of radiation
field and bunching profile. We expect a reduction in the
growth rate of the mode, however it is very difficult to cal-
culate it analytically. For this we present the numerical cal-
culation with Genesis 1.3
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Figure 1: Beam size variation for different cell lengths of
the FODO lattice, based on the SwissFEL hard X-ray FEL
parameters.

COHERENCE
A Self-Amplifying Spontaneous Emission (SASE) FEL

can be regarded as the amplification of a narrow frequency
band in a broad band signal of the electron shot noise.
In the case of a bunch length much longer than the reso-
nant wavelength the positions of the individual electrons
are truly random and the shot noise signal is described by
a ”white noise” signal. During the FEL process coherence
in both longitudinal and transverse direction is induced by
means of slippage and diffraction.

The definition of coherence is the correlation between
two field amplitudes in time and space, defining the mutual
coherence function [10]:

Γ12 =< E(~r1, t + τ)E∗(~r2, t) >, (1)

where the average is taken over many shots at the same ob-
servation time t. Because the SASE signal for long pulses
is a stationary process the shot average is identical to the
time-average over the entire bunch. This simplifies the
computational time because only one single pulse with con-
stant beam parameters needs to be calculated and analyzed
as long as it exhibits sufficient number of SASE spikes.

To evaluate the transverse coherence we set τ to zero
and normalize by the mean field amplitude with µ12 =
Γ12(0)/

√
Γ11(0)Γ22(0). This complex coherence function

defines the coherence between two spatial points and has
a value between zero (no correlation between field ampli-
tudes) and unity (full coherence). For an expression of the
coherence of the whole bunch the mutual coherence func-
tion is weighted by the local intensities and integrated over
r1 and r2:

ζ =
∫
|µ12(~r1, ~r2)|2I(~r1)I(~r2)d~r1d~r2[∫

I(~r1)d~r1

]2 . (2)

A value of unity means full coherence over the entire trans-
verse profile.

The evaluation of ζ is very computational and memory
intensive and rather impractical for systematic coherence
studies. However for the ”white-noise” character of the
spontaneous emission, seeding the FEL process, there is
an alternative method to calculate ζ [11] based on the fluc-
tuation in the power level along the pulse with

ζ =
< (P− < P >)2 >

< P >2
(3)

Simulations have shown that both expressions yield the
same results in the linear regime of the FEL [12]. The phys-
ical meaning of ζ = 1/(ML ·MT ) is the inverse product of
the number of longitudinal and transverse modes ML and
MT , respectively. The instantaneous power has only one
longitudinal mode in the linear regime but increases at sat-
uration [13], which results in an artificially lower degree of
coherence. Nevertheless the evaluation of the fluctuation of
the radiation power is a fast and effective method to study
the coherence, presented in the following sections.

HARD X-RAY FEL PERFORMANCE
The following discussion is based on the SwissFEL hard

X-ray FEL beamline Aramis, operating at one Ångstrom.
The driving electron beam has a flat current profile of 2.7
kA, an energy spread of 350 keV, a normalized emittance
of 0.43 mm·mrad, and a beam energy of 5.8 GeV. The un-
dulator consists of 12 undulator modules of 4 m length,
a period length of 15 mm and an undulator parameter of
K = 1.2. The undulator breaks, which hold the diagnostic
and the focusing quadrupoles, is 75 cm long. At nominal
operation 12 modules are sufficient to achieve saturation.

We model an electron bunch with constant beam parame-
ters sufficiently long enough to obtain enough SASE spikes
for an evaluation of the coherence factor by Eq. 3. In reality
the electron pulse will be shorter and thus prone to stronger
fluctuation.

Using the Ming Xie model [14] to estimate the FEL per-
formance the shortest gain length occurs at a beta func-
tion of 12 m, which is the optimum between induced ax-
ial velocity spread at lower values for the beta-function
and reduced electron density for larger values. For lower
emittance values or longer wavelength this value is de-
creased beyond the limit of β = 6 m, which is imposed
by an unstable beam transport when the focal length of the
quadrupoles is shorter than one fourth of the FODO cell
length.

For comparison we scan over different focal strengths of
the FODO lattice with the code Genesis 1.3. The results
are shown in Fig. 2. There is a shift towards weaker fo-
cusing (average beta function value of 15 m) for the best
performance of the FEL in comparison to the Ming Xie
model, while operation at an average value of 10 m has a
stronger penalty than expected. With respect to achievable
saturation power an even weaker focusing shows a better
performance although the saturation length is slightly in-
creased. This behavior is similar to detuning an FEL ampli-
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Figure 2: FEL performance of the SwissFEL 1 Å X-ray
FEL for various focussing strengths of the FODO lattice,
expressed by its average beta function.

fier, where a slightly off-resonance operation yields larger
FEL power at longer saturation lengths [15]. The origin for
the observed increase in saturation power is that weaker
focusing couples the axial velocity of the betatron motion
less to the longitudinal velocity and therefore the electrons
stay longer at emission phase before they are shifted out of
resonance due to the energy loss by the FEL process.

We evaluated the coherence according to Eq. 3 and
reached a maximum for the case of 10 m beta-function.
Larger values decrease the degree of coherence and is not
simultaneously achieved with the optimization of the sat-
uration power. In addition this seems to be in contrast to
the FEL theory [16], which predicts better coherence for
longer saturation lengths because the radiation field has
more ”time” to spread out by diffraction and to impose a
single phase over the entire wavefront. However the theory
assumes a rigid beam, excluding the impact of the electron
motion. For strong focusing the variation of the beam size
is significant and should have a stronger impact on higher
modes because the overlap in the phase front of the bunch-
ing and radiation field is disrupted. A more systematic
study of this effect is discussed in the next section.

Variable FODO Lattices

Scanning over the focusing strength has the disadvantage
that the average electron density is changed and therefore
the FEL performance is altered, which makes it harder to
investigate the impact of the FODO lattice. Therefore we
conducted simulations with different lengths of the FODO
cells but keeping the average beta-function constant for all
runs at a value of 15 m. Also, we modeled the undulator
as one long continuous device, eliminating the drift sec-
tions to hold the quadrupoles. Otherwise a shorter FODO
cell length would have the penalty of requiring more drift
sections and therefore artificially increase the saturation
length.

Fig. 3 shows the FEL performance and coherence for dif-
ferent FODO cell lengths. The point of saturation is similar

in all cases but a shorter FODO cell length provides more
power with less beam size variations (see Fig. 1). Only for
extreme variations (not shown here) it has also an impact
on the saturation length, which is significantly increased.
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Figure 3: FEL power and coherence of an 1 Å X-ray FEL
for various cell lengths of the FODO lattice (upper and
lower plot, respectively).

For hard X-ray FELs the radiation mode size is smaller
than the electron beam size (for the case of the SwissFEL
18 microns for the radiation size and 24 microns for the
electron beam) and the alternating squeezing and stretching
of the electron beam by the FODO quadrupoles results in
even less electrons staying within the radiation field for un-
interrupted FEL amplification. This effectively reduces the
beam current and therefore the achievable saturation power.

In contrast to the saturation power the coherence is im-
proved with a larger beam size variation. Similar to the
results of the beta-function scan, maximum power and
best coherence are exclusive for hard X-ray FELs. It is
caused because higher modes are more sensitive to a miss-
ing overlap between the radiation field and the transverse
bunching profile. It is hard to extract the growth rates
for higher modes except for a TEM01 or TEM10 Gauss-
Hermite mode [17], which has a double lobe distribution
with opposite phases and excludes coupling to the funda-
mental FEL mode. The growth rate is not constant but
varies with the periodicity of the FODO cell. For larger pe-
riodicity the average growth rate is smaller and the separa-
tion in amplitude of the fundamental and higher mode due
to the FEL amplification becomes apparent earlier within
the undulator.
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SOFT X-RAY FEL PERFORMANCE
We studied the impact of the FODO lattice at a longer

wavelength. As basis for the undulator we used the soft
X-ray FEL beamline ATHOS at SwissFEL, tuned to 1 nm.
The period length of the undulator is 4 cm with a K-value
of 1.2. The beam energy is 3 GeV and the beam current is
1.5 kA. The saturation length is 45 m and thus comparable
to the hard X-ray case.

The growth of the radiation power and the coherence for
the soft X-ray FEL is shown in Fig. 4. The dependence of
the saturation power on the FODO cell is rather weak with
a slightly better performance for larger beam size varia-
tions. The lattice was matched in a way that the mean of the
minimum and maximum values of the beta-function yields
15 m. However at larger spacing of the quadrupoles and
smaller beta-values at the points of minimum beam sizes
the quadratic term of the beta-function for a drift between
the quadrupoles becomes more pronounced, resulting in an
overall smaller beam size for larger cell lengths. This is the
dominant effect, seen in Fig. 4, on the FEL performance.
The impact of the varying beam size can be regarded as
negligible, in particular, unlike the hard X-ray case, the
FEL eigenmode is larger in size (37 microns) than the elec-
tron beam size of 32 microns.
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Figure 4: FEL power and coherence of a 1 nm X-ray FEL
for various cell lengths of the FODO lattice (upper and
lower plot, respectively).

The coherence of the soft X-ray FEL pulse is overall bet-
ter because the emittance condition εN/γ < λ/4π is well

fulfilled. The higher modes have a reduced growth rate due
to higher diffraction and the contrast between fundamental
mode and all higher modes is built up at a much faster rate.
Nevertheless an improvement in the coherence is seen for a
larger FODO cell, similar to the results from the hard X-ray
FEL.

CONCLUSION
For hard X-ray Free-electron Lasers the optical mode

lies within the electron beam and is sensitive to any vari-
ation in beam size, e.g. by a superimposed FODO lattice.
The stronger the distortion is, the less efficient the FEL
operates. Therefore it is recommended to operate with
reduced focusing when the optimum beta-function would
push the FODO lattice to the unstable limit. Relaxed focus-
ing improves the FEL performance with respect to power.
However strong beam size variations have the benefit of im-
proving the coherence of the FEL when operated in SASE
mode, relaxing the emittance constraint of a hard X-ray
FEL somewhat.

This effect is less pronounced at longer wavelengths and
the subtle change in the average beam size has a stronger
effect on the FEL performance than the variation in the
beam size due to the focusing. Still the growth in the coher-
ence can be enhanced with a stronger focusing. Normally
the optimum beta-function value lies well below the capa-
bility of the focussing lattice, suggesting that the soft X-ray
FEL is operated at the limit of the FODO lattice without
any penalty in the FEL performance.
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ON QUANTUM EFFECTS IN SPONTANEOUS EMISSION BY A
RELATIVISTIC ELECTRON BEAM IN AN UNDULATOR

G. Geloni, European XFEL GmbH, Hamburg, Germany
V. Kocharyan and E. Saldin, DESY, Hamburg, Germany

Abstract
Robb and Bonifacio (2011) claimed that a previously ne-

glected quantum effect results in noticeable changes in the
evolution of the energy distribution associated with spon-
taneous emission in long undulators. They revisited the-
oretical models used to describe the emission of radiation
by relativistic electrons, and claimed that in the asymptotic
limit for a large number of undulator periods the evolution
of the electron energy distribution occurs as discrete en-
ergy groups according to Poisson distribution. These novel
results are based on a one-dimensional model of sponta-
neous emission and assume that electrons are sheets of
charge. However, electrons are point-like particles and the
bandwidth of the angular-integrated spectrum of undulator
radiation is independent of the number of undulator peri-
ods. The evolution of the energy distribution studied with
a three-dimensional theory is consistent with a continuous
diffusive process. We also review how quantum diffusion
of electron energy in an undulator with small undulator pa-
rameter can be analyzed using the Thomson cross-section
expression, unlike the conventional treatment based on the
expression for the Lienard-Wiechert fields.

INTRODUCTION
In a recent article [1] it is stated that quantum effects

in spontaneous emission by a relativistic electron beam in
an undulator can be described by a drift-diffusion equation
only when the parameter

ε =
Nwh̄ω

γmc2
, (1)

is much smaller than unity, whereNw is the number of un-
dulator periods, h̄ is the reduced Planck constant, ω is the
photon frequency, γ the relativistic Lorentz factor, m the
electron rest mass and c the speed of light. In that work
it is argued that when ε ≥ 1, a drift-diffusion equation is
no more sufficient to describe the the evolution of the dis-
tribution of electron momenta, which ”occurs as discrete
momentum groups according to a Poisson distribution”.
In this paper we will show that results in [1] are incor-

rect, because they are based on a one-dimensional model
of the spontaneous radiation emission. This model does
not account for the angular distribution of the radiation, but
only for the emission on axis, which is characterized by an
overall relative bandwidth∼ 1/Nw. In contrast to this, the
electron recoil related with the quantized nature of photons
depends on the entire angular distribution of the radiation,
which is fundamentally linked to the Thomson scattering

phenomenon in the case for a small undulator parameter
K � 1, [2, 3]. When the angular distribution of radiation
is properly accounted for, the overall, angle-integrated rel-
ative bandwidth is independent on the number of undulator
periods. As a result, it turns out that a three-dimensional
drift-diffusion model is valid when the parameter

ζ =
h̄ω

γmc2
, (2)

is much smaller than unity. This means that a Fokker-
Planck approach is always valid in all cases of practical
interest.
In this work we will first review the spectral-angular

characteristics of undulator radiation. For reasons of sim-
plicity, from the very beginning we will consider the limit
for Nw � 1 and K � 1. Our considerations can eas-
ily be applied to arbitrary values of Nw and K , but the
choice of Nw � 1 and K � 1 easily allows one to
underline the fundamental point that the angle-integrated
spectrum of radiation does not depend on the number of
undulator periods Nw. Using a Fokker-Planck equation
we will derive the diffusion coefficient in agreement with
[4]. Finally, the diffusion coefficient will also be derived
by exploiting the relation between undulator radiation and
Thomson scattering, which stresses once more the intrinsic
three-dimensional nature of the radiation pattern.
The aim of this article is not that of changing, or adding

anything to previous theory, but rather to defend the previ-
ous theory against the thesis formulated in[1].

SPONTANEOUS EMISSION PROCESS
AND ASSOCIATED QUANTUM EFFECTS

Spectral-Angular Distribution of Radiation
As is well-known, spontaneous radiation emission from

an ultrarelativistic electron in an undulator can be modeled
fully classically as long as the energy of the emitted pho-
tons h̄ω is much smaller than the electron energy γmc2. In
this case, the knowledge of the classical characteristics of
radiation can easily be used to discuss quantum effects on
the electron motion integrated along the trajectory.
Characteristics of spontaneous radiation have been stud-

ied long time ago in [5, 6]. In this section, we briefly review
them, focusing on the particular case of a planar undulator,
and following notations introduced in previous works of us
[7]. In order to do so, we first call with �̄E(ω) the transverse
component of the electric field generated by an electron in
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the space-frequency domain1. Based on the ultrarelativis-
tic approximation γ2 � 1 and on the consequent parax-
ial approximation, we introduce the slowly varying elec-
tric field envelope �̃E = �̄E exp [−iωz/c], which does not
vary much along the longitudinal coordinate z on the scale
of the reduced wavelength λ = λ/(2π). We can specify
”how near” ω is to the resonant frequency of the undula-
tor, ωr0 = 2kwcγ̄

2
z , by introducing a detuning parameter

C, defined as C = ω/(2γ̄2zc)− kw = (Δω/ωr0)kw, where
ω = ωr0 + Δω. Here kw = 2π/λw, λw is the undulator
period, K is the undulator parameter, which is related to
the undulator magnetic field B by

B =
Kmc2kw

e
, (3)

and γ̄z = γ/
√
1 +K2/2. We further simplify our con-

siderations by considering from the beginning the case for
K2 � 1 and Nw � 1. These two assumptions do not
change the nature of our considerations, and are introduces
for simplicity only. One obtains

�̃
E = −ωKeLw

2c2zγ
exp

[
i
ωθ2z

2c

]{[
1− θ2xω

kwc

]
�ex

+

[
θxθyω

kwc

]
�ey

}
sinc

[
Lw

4

(
C +

ωθ2

2c

)]
,(4)

where θx and θy are horizontal and vertical angles identi-
fying the angular position of an observer and θ 2 = θ2x+θ

2
y .

Here and everywhere in this paper we will be using Gaus-
sian units. The total energy emitted per unit spectral inter-
val per unit solid angle turns out to be

dW

dωdΩ
=

ω2K2L2
we

2

16π2c3γ2

{[
1− θ2xω

kwc

]2
+

[
θxθyω

kwc

]2}
×sinc2

[
Lw

4

(
C +

ωθ2

2c

)]
, (5)

in agreement with [6].

Angle-Integrated Spectral Distribution of Radia-
tion
We now integrate Eq. (5) over all angles by using the

fact that Nw � 1. When this is the case, the bandwidth of
the radiation spectrum does not depend on the number of
undulator periods. This is represented, mathematically, by
the fact that the sinc function in Eq. (5) can be substituted
with a Dirac-δ function according to sinc2[x/a]/(πa) −→
δ(x) for a −→ 0. Integrating over the solid angle we obtain

dW

dω
=
e2ωK2Lw

4c2γ2

[
1 +

(
ω

ckwγ2
− 1

)2
]
, (6)

1By this, �̄E(ω) is defined as the Fourier transform of the electric field
in the time domain, �E(t), according to �̄E(ω) =

∫∞
−∞

�E(t) exp[iωt]dt,
and has a dimension of an electric field multiplied by a time.

for ω < 2cγ2kw, and zero otherwise. Note that here we
already set γ̄z � γ in the limit for K � 1. Eq. (6) is
in agreement with expressions in literature, e.g. [5] (where
the energy spectrum was first calculated) and [8]2.
For us, the important point to be underlined by inspec-

tion of Eq. (6) is the fact that the radiation spectrum de-
pends on the number of undulator periods only through
a scaling factor. In other words, the bandwidth is inde-
pendent of Nw. The reason for this is that we are now
considering the spectrum integrated over angles. At vari-
ance, the on-axis spectral bandwidth exhibits a dependence
on the number of undulator periods, and scales as 1/Nw.
The authors of [1] consider form the very beginning a one-
dimensional model and explicitly state that ”the linewidth
of wiggler radiation is Δω/ω ∼ 1/Nw”. This is correct if
one considers the on-axis spectrum only, for example ana-
lyzing the undulator output through a pinhole. In our case
of interest, however, we want to discuss the effect of the
electron recoil due to the quantized nature of radiation, and
the electron does not distinguish radiation emitted on axis
from radiation emitted at an angle. The one-dimensional
model in [1] cannot be applied, and the linewidth of the
radiation is independent of Nw.

Drift-Diffusion Model
The previous derivations and observations should con-

vince the reader that the parameter ε defined in Eq. (1) is
unphysical, and that a Fokker-Planck equation can prop-
erly describe the evolution of the electron density, as long
as ζ = h̄ω/(γmc2) � 1. The coefficient of quantum dif-
fusion in a bending magnet was calculated for the first time
in [9]. This expression is valid for calculations of energy
diffusion in the undulator at large values of the undulator
parameter. At arbitrary values ofK the quantum diffusion
coefficient was calculated in [4].
Let us write the evolution equation for a particular pro-

jection of the electron phase space as a function the energy-
time variables. Calling with f = f(E , t) this projection of
the electron density phase space, and with ψ(E ,ΔE)dΔE
the probability to find an electron with energy between E
and E +ΔE in the time intervalΔt, we write the evolution
equation as

∂f

∂t
= −∂(C1f)

∂E +
1

2

∂2(C2f)

∂E2
(7)

where

C1 =
1

Δt

∫
dΔE ψ(E ,ΔE)ΔE (8)

and

C2 =
1

Δt

∫
dΔE ψ(E ,ΔE)ΔE2 (9)

2A typing error is present in Eq. (2.11) of [8].
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Eq. (8) is just the rate of mean energy lost of an electron,
Eq. (9) gives the diffusion coefficient we are after. We im-
pose energy conservation by setting ΔE = h̄ω. By noting
that

1

h̄ω

dW

d(h̄ω)
= ψ(E ,ΔE) (10)

and using Eq. (6) we obtain

C2

m2c4
=
d〈(Δγ)2)

dt
=

c

Lw

1

m2c4

∫ ∞

0

dω h̄ω
dW

dω

=
7

15
recλcK

2k3wγ
4 . (11)

Not surprisingly, Eq. (11) is in agreement with the result
obtained in [4] in the limit for K � 1. Note that de-
spite the use of a one-dimensional model, authors of [1]
find parametric agreement with Eq. (11) in the case for
ε � 1. The reason for this is that for ε � 1 they use
a drift-diffusion equation. They cannot recover the exact
numerical result, since they miss the contribution to the
diffusion coefficient coming from radiation emitted at an-
gles different from zero, due to the incorrect choice of a
one-dimensional model, but the right parameters are never-
theless present in this asymptote. However, the use of the
one-dimensional model leads to the introduction of the un-
physical parameter ε, and to the consequent introduction of
an artificial quantum effect that does not exist in reality for
ε ≥ 1.

Relation w   ith Thomson Scattering
It is straightforward to underline the well-known equiva-

lence between the previously obtained results and Thomson
scattering of radiation. In fact, in the limit forK 2 � 1 and
Nw � 1 and in the reference system of the electron, the
undulator magnetic field is seen as a plane wave interact-
ing with the electron with frequency

ωR = γckw . (12)

This simple observation includes the essence of the
Weizsäcker-Williams method of virtual quanta [10], and
allows to calculate the quantum diffusion coefficient, Eq.
(11), following an alternative derivation in the rest frame.
Due to the presence of the electron, the plane wave scat-

ters radiation as a function of the rest frame angle. Under
the approximation h̄ωR � mec

2 the process differential
cross-section for horizontally polarized incident radiation
is just the Thomson cross-section for polarized radiation:

dσ

dΩR
= r2e

[
cos2(θR) cos

2(φR) + sin2(φR)
]
, (13)

where θR and φR are spherical coordinate angles in the rest
frame3 of the electron and re = e2/(mc2) is the classical
electron radius.

3We will label the rest frame wit R, and the lab frame with L.

In the language of photons we can say that Eq. (13) is
related to the probability of scattering a photon in the solid
angle dΩR = sin θRdθRdφR. In fact, remembering that
the radiation pulse in the rest frame has a duration given by
Lw/(γc), the number of photons scattered in dΩR can be
written as

dNphR

dΩR
=

dσ

dΩR

Lw

γc

1

h̄ωR
S̄R , (14)

where S̄R is the time-averaged Poynting vector of the ra-
diation incident on the electron in the rest frame. Note
that only elastic scattering takes place under the over-
mentioned assumption h̄ωR � mec

2. Therefore, there is
no change of photon frequency in the scattering process.
Since the wave packet incident on the electron includes
Nw � 1 period we can assume, with accuracy 1/Nw � 1,
that the incoming wave packet is composed of a single fre-
quency. This explain why Eq. (14) is not analyzed in fre-
quency.
The magnitude of the time-averaged Poynting vector of

the radiation incident on the electron in the rest frame can
be found remembering that4

ER � γBL

BR = γBL (15)

where BL is the undulator field in the laboratory frame.
With the help of Eq. (3), the time-averaged Poynting vector
of the radiation incident on the electron in the rest frame
can be written as

S̄R =
c

8π

(
γKmc2kw

e

)2

. (16)

The relation between frequencies in the laboratory frame
and in the rest frame obey the following Lorentz transfor-
mation

ωL(θR) = γωR(1 + cos θR) . (17)

By energy conservation we can identify the change in the
electron energy in the laboratory frame with the photon en-
ergy in the laboratory frame. Eq. (17) allows us to calculate
this quantity by averaging over the number of photons scat-
tered at angles θR in the rest frame, Eq. (14). We can write
the rate of change in the spread ofΔγ as

d〈(Δγ)2)
dt

=
c

Lw

∫
dΩR

(
h̄ωL(θR)

mc2

)2
dNphR

dΩR
. (18)

With the help of Eqs. (12)-(14), Eq. (16) and Eq. (17) we
find

4Note thatEL = γ�β× �BR, which presents a correction of order 1/γ2
with respect to Eq. (15). In our case, this correction can be omitted and
ER � γBL.
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d〈(Δγ)2)
dt

=
7

15
recλcK

2k3wγ
4 , (19)

in perfect agreement with Eq. (11).

CONCLUSIONS
In this paper we showed that quantum effects in sponta-

neous radiation emission can be satisfactorily modeled via
a drift-diffusion model. It is of fundamental importance
to treat spontaneous radiation within a three-dimensional
model. This is explained by the fact that an electron feel-
ing photon recoil does not filter photons along a privileged
direction, but reacts to photons emitted at all angles. In
this case, contrarily to what has been argued in [1], the
linewidth of spontaneous radiation must be integrated over
all angles, and is independent of the number of undula-
tor periods Nw. It follows from our analysis that if one
enforces a three-dimensional model for the spontaneous
emission, a drift-diffusion model remains valid up to pho-
ton energies smaller than the electron energy, which prac-
tically means always. This conclusion is also in contrast
with [1], where the assumption of a linewidth scaling with
1/Nw leads to the identification of an unphysical parameter
scaling as Nw, and to the rise of artificial quantum effects
when this parameters becomes comparable with unity. The
aim of this article is not that of changing, or adding any-
thing to previous theory, but rather to defend the previous
theory against the thesis formulated in [1].
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GROWING MODES OF THE FREE-ELECTRON LASER AND THEIR 
BANDWIDTH* 

G. Wang#, V. N. Litvinenko, BNL, Upton, NY 11973, U.S.A. 
S. D. Webb, Tech-X Corporation, Boulder, CO 80303, U.S.A.

Abstract
We studied in detail the FEL dispersion relation for a 

spatially uniform electron beam, taking into account 
energy spread and the effects of space charge. We derived 
the maximum number of growing modes and the upper 
frequency cut-off for energy distributions satisfying a few 
constraints. Since the FEL dispersion relation for an 
infinite electron beam can be reduced to the 1D FEL 
dispersion relations when the radiation propagates along 
the undulation’s axis, our analyses and findings directly 
are applicable to 1D FELs. 

INTRODUCTION 
We previously introduced a method of determining the 

number of growing modes and calculating their high 
frequency cut-off  for the 1D FEL dispersion relation in 
the absence of the space- charge effects [1]. By allowing 
the radiation fields to propagate at an angle with respect 
to the undulator’s axis, while assuming that the electrons 
move along constrained helical trajectories parallel with 
the undulator’s axis, we were able to derive a dispersion 
relationship for a spatially uniform electron beam [2]; 
furthermore, it  is reducible  to the 1D FEL dispersion 
relation provided that the radiation propagates along the 
undulator’s axis.  

In this work, we started with the FEL dispersion 
relation we derived earlier  [2] for a spatially uniform 
electron-beam, and investigated the number of growing 
modes and their high frequency cut-off , taking into 
account the space-charge effects.  In section II, for an 
unspecified energy distribution satisfying certain 
constraints, we derive the formula for determining the 
maximal number of growing modes and their high 
frequency cut-off. Section III contains some  examples 
where we apply the formula to several frequently 
encountered energy distributions and compare our results 
with direct numerical solutions of the dispersion relations. 
We summarize our findings in Section IV. 

MAXIMAL NUMBER OF GROWING 
MODES 

Assuming that electrons have a uniform spatial 
distribution and move along helical trajectories in parallel 
with the undulator’s axis, the FEL dispersion relation is  
[2]                                                         
                                � � � �sDiss p

2ˆ1 ��� ,                   (1) 

where s is the Laplace transformation-variable of the 
normalized longitudinal location zz ��ˆ ,                                                  
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is the 1D FEL gain parameter, ecmI eA
3�  is the 

Alfven current, �  is the radiation frequency, zv is the 
longitudinal velocity of electrons, z� is the Lorentz 

parameter for zv , and 2
3

ˆˆˆ
����� kd  is the normalized 

detuning parameter  defined for the radiation field 
propagating with a transverse angle,                                                         
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z
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is the normalized detuning parameter,  wwk ��2� is the 
undulator’s wave number, ��� cz �� 2 is the Pierce 
parameter, and the normalized transverse wave-vector is 
defined as                                                       
                                      

�
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�
z

kk
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�
��
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ˆ .   

The dispersion integral in eq. (1) is defined as                                           
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�

�� ���
�

dPisPd
PFdPdsD

3
ˆˆ

1
ˆ
ˆˆˆ ,          (2)                       

for any root of eq. (1) with � � 0Re �s to correspond to an 
exponential growing FEL instability. To explore the roots 
of eq. (1) with � � 0Re �s , we define a complex function                          

                            � � � � � �sDsDisssw p ���� 2ˆ                 (3) 
and consider a mapping from the complex s  plane to the 
complex � �sw  plane along the contour C , which 
comprises a vertical straight line parallel to the imaginary 
axis, C1, and a semi-circle in the right half complex plane, 
C2 , as illustrated in fig. 1 (a). Fig. 1 (b) shows the map of 
C in the complex � �sw plane, D, with D1and D2 being, 
respectively, the map of C1 and C2 . For an energy 
distribution � �PF ˆˆ  falling faster than Lorentzian 
distribution, we previously proved that the map from C2   to 
D2 has the asymptotic property 

       � �	

�

�


�
��

���� s
q

s
FqsD

ss Re
ˆ

11limˆˆ2)(ˆlim 2max�  ,      (4) 

 ___________________________________________  
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where maxF̂  is the maximum  of � �PF ˆˆ  and q̂  is a positive 
number that satisfies,  

                                 � �
22

max

ˆ/ˆ1

ˆˆˆ
qP

FPF
�

�  , P̂� .            (5)  

Applying eq. (4) to eq. (3) leads to* 

� � � � � � � � 0limˆlimˆ1lim 22 ������
������

sDssDsDis
spsps

, (6)                 

suggesting  that the map from C2 to D2 asymptotically 
approaches an identity map as the radius of C2   moves 
towards  infinity. Assuming C1 is  infinitely close to the 
imaginary axis leads to 
                                   its �� �� ,                                 (7) 

where  �� is an infinitesimal positive number, and t is a 
real number going from �  to ��  along C1. Inserting eq. 
(7) into eq. (2) and taking the limit 0���  yields                                        

� � � � � �
�
�

�����
���

��
PtPd

PFdPdViP
Pd
PFditD

dtP d

ˆˆ
1

ˆ
ˆˆˆ..ˆ

ˆˆ

3ˆˆ
3

�  .           

                                                                                        (8)  
Hence, the map from C1 to D1 as calculated from eq. (3) 
reads    

� � � � � �

� � � �
tP

p

d
p

d
Pd
PFdt

PtPd
PFdPdVPttiitw

���

�

��

���

	



�
�


�

���
���� �

3
ˆˆ

2

3

2

ˆ
ˆˆˆ1

ˆˆ
1

ˆ
ˆˆˆ..ˆ1

�

.    (9) 

                                                           
* In the case where  � �sRe  is approaching zero, we always can ensure 

that  the imaginary of s grows faster than � � 1Re �s  such that

� � � � 2ReIm ��� sss , and hence eq. (6) is satisfied. 

As  t  monotonically decreases from �  to �� , D1 
intersects with the imaginary axis at  
                                         2

0
ˆ ���� ptt  ,                     (10) 

with the intersecting point at the imaginary axis of the 
� �sw  plane given by 

                                        � � 2ˆ ��� piitw   ,                     (11) 
and  
                  ntt �      for  leNn ,...2,1� ,                    (12) 

where leN  is the total number of local extremas of � �PF ˆˆ

and nt  as determined by the condition† 

                                 

� � 0ˆ
ˆˆ

3
ˆˆ

�
��� nd tPPd

PFd
    .              (13) 

If � �sD is meromorphic in the � � 0Re �s half plane and 
has no poles or zeros along C, from the principle of this 
argument, the number of solutions of the dispersion 
relation, eq. (1), is given by  
                                     PWZ �� ,                           (14) 
wherein P is the number of poles of function � �sw  
enclosed by the contour, C, in the complex s  plane 
(fig.2b), and W is the winding number of D around the 
origin of the complex � �sw plane. In addition, the 
derivative of � �sD  for � � 0Re �s satisfies the following                          
                                                           
† In cases where � �PF ˆˆ   is smooth and any order of its derivative is 

continuous, nt  always are discrete numbers. If � �PF ˆˆ  is not smooth,  

there might be  some continuous range of t  wherein eq. (13) is satisfied. 
In that case, each continuous range is counted as one intersection in eq. 
(12) .   

 
                                 (a)                                                                 (b) 
Figure 1: Mapping from s to w(s) as defined in eq. (3). We assumed that the energy distribution satisfies eq. (5); hence, 
the map from C2 to D2 approaches an identity map as |s| nears  infinity as shown in eq. (6). 
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� � � �

� � !

� �
� �

�

�
�

��

�

��

�

���
�

Pd
PFdPd

s

PisPd
PFdPdsD

ds
d

d

ˆ
ˆˆˆ

Re
1

ˆˆ
1

ˆ
ˆˆˆ

2

2

3   (15)   

                 

and hence, as long as � ��
�

��

PdPF
Pd
d ˆˆˆ
ˆ

 is bounded, � �sD  

always is analytic in the right half plane, thus  leading  to‡ 
                                       WZ �                                   (16)    
i.e., the number of growing modes corresponds to the 
winding number. Eqs. (10) and (12) suggest that as t  
monotonically decreases from �  to �� , D intersects 
with the imaginary axis for ��� + 1 times. For a realistic 
distribution- function with the constraints 
                                  � � 0ˆˆlim

ˆ
�

"��
PF

P
 ,                                              

���   always is odd and equal to 2� − 1, where �  is 
number of maxima of the energy distribution function. 
For each increases of winding number, the contour has to 
intersect with the imaginary axis twice and consequently, 
the maximal number of growing modes is equal to§                                                                         

                           MNZ le �
�

�
2

1
max ,                         (17)     

i.e. the number of maxima of the energy distribution 
function. As  eq. (9) implies, for given energy distribution 
and space-charge parameter, contour D1 solely depends on 
the detuning parameter

d3�̂ . As we  see later, by 
investigating where  D1 intersects the imaginary axis, we 
can determine the frequency regions for FEL instability. 

  EXAMPLES FOR ENERGY 
DISTRIBUTION HAVING ONE 

EXTREMUM         
   Assuming � �PF ˆˆ  has only a local maximum at 0ˆ �P and 
satisfies the constraints described in previous sections, eq. 
(17) suggests that, at most, there is  one growing mode. 
As shown in fig. 2, D1 intersects twice with the imaginary 
axis . One of the intersections happens at  
                                       2ˆ ��� pt   
and, according to eq. (13), the other intersection occurs at 
                                      dt 31 �̂�                                  (18)    
with the intersecting point in the � �sw plane given by                                    
                                                           
‡  As the contour C remains in the right half plane where � �sw  is 
analytic, there is no pole along C . However, possibly  there are zeros 
along C1  that correspond to a purely imaginary root and hence, do not 
entail  an increase of the growing root. 
§We note that ��� cannot be zero as required by our assumption in eq. 
(5). 

    � � � � � �
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.  (19)  

Since at ���t ,  

   
� � ! � � � � 0ˆ

ˆˆˆ1limRe
3
ˆˆ

2 �������
���

��
dTP

pT Pd
PFdTiw �  (20)        

and, at ��t                 

       
� � ! � � � �

� � 0ˆ
ˆˆˆlim

ˆ
ˆˆˆ1limRe

3

3
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���
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���
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TP

pT

TP

pT

d

d
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PFdT

Pd
PFdTiw

�

�
,       (21)  

depending on the value of eq. (19), D1 behaves as one of 
the three scenarios shown in fig. 2. If D1 crosses the origin 
of the � �sw  plane as shown in fig . 2(b), eq. (19) 
vanishes, leaving the cut-off detuning parameter as**

                                

                         
� �
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ˆ
2

3
.         (22) 

Table 1 lists the  expressions for the cut-off detuning 
parameters as we calculated from eq. (22) for some 
frequently used energy distributions. The general 
dependence of high frequency cut-off on the energy 
spread and space-charge parameter has the form

� � 122
3

ˆˆ �� ��#�� pd a $ , with the coefficient a  determined 
by the specific form of the energy distribution. Inserting 
Gaussian distribution as shown in Table 1 into eq. (9) 
yields 
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.(23)                         

Fig.2 shows how contour D1 changes with detuning, 
implying that the winding number, and hence, the number 
of growing modes change from 1 to 0 as the detuning 
rises  above 0.8. Fig. 3 shows the numerical solution of 
the dispersion relation, eq. (1), with the dispersion 
integral given by [3] 
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isErfisisiisD  

                                                                                      (24) 
in  agreement  with the conclusion in eq. (17) and Table 1 
on the number of growing modes and the cut-off 
frequency.                       
                                                           
** In the case where  � �PF ˆˆ  solely depends on 2P̂ , typically there are 
no singularities in the integrand, and hence,  the principal value of the 
integration need not be taken.   

Proceedings of FEL2012, Nara, Japan MOOC04

FEL Theory 35 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



       
                   (a)                                                    (b)                                              (c) 
Figure 2 and hence, 
the map from C2 to D2 approaches an identity map as |s| approaches infinity as shown in the eq.(6). 
 

Table 1: Cut-off Frequency of FEL  
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  SUMMARY 
   In this work, we show that provided that  the energy 
distribution of the electron beam, � �PF ˆˆ , satisfies the 
following conditions: 

3 � �PF ˆˆ  is differentiable for real P̂ ; 

3 there exists a positive number M , such that 

               � � MPdPF
Pd
d

��
�

��

ˆˆˆ
ˆ

;
 

3 hence, there exists two positive numbers, maxF̂
and q̂ , such that                                                     

            � �
22

max

ˆ/ˆ1

ˆˆˆ
qP

FPF
�

�  , P̂� , 

the maximal number of growing modes for a FEL with 
spatially uniform electron beam does not exceed the 
number of maxima of the energy distribution function. 
In addition, if � �PF ˆˆ  has only one local maximum at 

0ˆ �P , then the high frequency cut-off is determined by 

 

 
Figure 3: Numerical solution of the FEL growth rate for 
a Gaussian energy-distribution with various energy-
spreads and 5.0ˆ �� p

.  
 
eq. (22). These results directly are applicable to the 1D 
FEL model by setting the transverse wave vector, �k

�
, to 

zero. As our analyses are based on a dispersion relation 
derived for a spatially uniform electron beam, it 
certainly is not applicable when effects due to 
background electron density variation become important 
and the dispersion relation explored here does not hold 
anymore. 
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LASER PHASE ERRORS IN SEEDED FELS
D. Ratner, A. Fry, G. Stupakov, W. White, SLAC, Menlo Park, California 94025, USA

Abstract

Harmonic seeding of free electron lasers has attracted
significant attention as a method for producing transform-
limited pulses in the soft X-ray region. Harmonic multipli-
cation schemes extend seeding to shorter wavelengths, but
also amplify the phase errors of the initial seed laser, and
may degrade the pulse quality and impede production of
transform-limited pulses. In this paper we consider the ef-
fect of seed laser phase errors in high gain harmonic gener-
ation and echo-enabled harmonic generation. We use sim-
ulations to confirm analytical results for the case of linearly
chirped seed lasers, and extend the results for arbitrary seed
laser envelope and phase.

INTRODUCTION
The recent success of Self-Amplified Spontaneous Emis-

sion (SASE) Free Electron Lasers (FELs) has led to x-ray
sources of unprecedented brightness [1, 2]. However, some
applications still require higher power (e.g. [3, 4]), and the
poor longitudinal coherence of SASE FELs can inhibit x-
ray optimization and degrade experimental results. To im-
prove control over the spectral and temporal x-ray proper-
ties, there is strong interest in seeding FELs at high har-
monics of optical or UV lasers. Beamline users are par-
ticularly interested in the minimal bandwidth and simple
temporal structure of transform-limited x-ray pulses.

One potentially serious issue for the seeding process is
how properties of the seed laser can affect the production
of transform-limited x-ray pulses. In Ref. [5] we presented
a detailed study of how laser phase errors affect the final
pulse characteristics. Here we present a summary of those
results.

There are numerous challenges for seeding schemes, and
previous theoretical and experimental studies have focused
on a wide variety of accelerator and FEL requirements. In
particular, it is well known that harmonic seeding schemes
must contend with increasingly strict electron beam toler-
ances as the harmonic number increases. Initial errors that
are insignificant compared to the seed wavelength may be
large relative to a much shorter wavelength harmonic. For
example, harmonic multiplication amplifies electron shot
noise, which can overwhelm the external seeding source
[6, 7, 8, 9]. More recently attention has turned to errors
from the seed laser itself [5, 10, 11, 12, 13]. Without suffi-
cient control of the initial seed laser phase, the x-ray pulse
acquires longitudinal structure; if sufficiently far from the
transform-limit, seeding may have little or no benefit com-
pared to SASE FELs.

This paper focuses on the effects of laser phase errors on
the seeded electron density, using both analytical methods
[12] and simulations [5]. We also consider several potential

techniques for measuring and controlling laser phase in the
UV spectrum.

SCHEMATIC DESCRIPTION OF
HARMONIC PHASE MULTIPLICATION

As a simple example of seeding, we consider a High
Gain Harmonic Generation (HGHG) scheme driven by a
temporally flat-top laser pulse of wavelength, λL. The
seeding scheme bunches the electrons both at the funda-
mental wavevector, k1 = 2π/λL, as well as at higher har-
monics kH = Hk1, for harmonic number H .

In a non-ideal laser pulse, the wavelength varies as a
function of time; i.e. the pulse has non-flat phase. As the
wavelength changes, the resulting separation of electron
density spikes also shifts from the central wavelength, as
illustrated in Fig. 1. Because the relative shift in frequency
is the same at all harmonics, an increase in the fundamen-
tal frequency of ∆k1 will grow the harmonic bandwidth by
∆kH ≈ H∆k1.

Figure 1: Cartoon illustrating the effect of seed phase errors
on HGHG electron bunching. A time-varying wavelength
in the seed laser (blue line) results in a varying separation
of the bunched electrons (red bunches).

To quantify the effect of wavelength variation in the
seed laser, we calculate the FEL’s Time-Bandwidth Prod-
uct (TBP), TBP = c∆TFEL∆kFEL, from the pulse dura-
tion, ∆TFEL, bandwidth, ∆kFEL and speed of light, c. For
a given spectral distribution, the minimal TBP corresponds
to a transform-limited pulse. As the TBP grows, the seeded
FEL characteristics revert to those of a SASE pulse. For a
flat-top seed laser with a small linear variation in wave-
length, all harmonics have the same pulse length, so we the
TBP grows linearly with harmonic number.

HGHG WITH SPECTRAL PHASE
ERRORS

Laser Phase Definition
Experimental laser measurements are predominantly

spectral, so it is convenient to describe the laser pulse using
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the electric field in the spectral domain

Ẽ(k) = Ẽ(k)e−iφ(k) , (1)

with spectral intensity, Ẽ(k) and phase

φ(k) =

∞∑
n=2

φn
n!

(k − k0)n . (2)

(We ignore the φ0 and φ1 terms, which represent the
carrier-envelope offset and the envelope temporal delay
respectively, and are not relevant to this analysis.) A
transform-limited pulse by definition has minimal TBP and
flat spectral phase, φ(k) = 0. Non-ideal laser pulses will
have non-negligible spectral phase, and these phase terms
produce longer pulses with greater intensity fluctuation in
the time domain; i.e. pulses farther from the transform
limit.

Analytical approaches generally assume quadratic
phase, and a laser pulse that is either much shorter [5, 12]
or much longer [13] than the electron pulse. Due to the
challenge of producing sufficient laser power at short wave-
lengths, in this paper we focus on the case of a short laser
pulse.

Electron Phase Definition
To estimate the FEL radiation at wave vector k, we de-

fine the averaged electron bunching factor

b(k) ≡ 1

NT

NT∑
j=1

e−ikz̄j , (3)

where the sum is over the final longitudinal position, z̄, of
all NT electrons in the bunch. We can also define a local
bunching factor by summing over a single wavelength slice
of the beam. In this case, we change the normalization of
Eq. 3 to the number of electrons in the local slice,Nslice(z),
giving

bslice,k(z) ≡ 1

Nslice(z)

Nslice(z)∑
j=1

eikz̄j . (4)

In HGHG and EEHG, the seeded bunching factor largely
determines the FEL characteristics at saturation. For exam-
ple, the length of the slice bunching, bslice,k(z), determines
the duration of the FEL pulse, ∆TFEL. The width of a har-
monic in the averaged bunching, b(k), determines the FEL
bandwidth, ∆kFEL. From the product of the RMS FEL du-
ration, ∆TFEL, and bandwidth, ∆kFEL, we find the TBP
of the FEL.

We can also define a spectral phase of the electron bunch
from the argument of the averaged bunching factor,

φe−(k) = Arg
[
b(k)

]
. (5)

The electron spectral phase is directly analogous to the
laser spectral phase (Eq. 2).

Second Order Spectral Phase, Analytical Ap-
proach

For a pulse with Gaussian spectral amplitude of RMS
width, σk, and second order spectral phase, φ2, the bunch-
ing factor can be found analytically. In the time domain
this pulse has a Gaussian duration, σL, and second order
temporal phase, α2, determined by the spectral equivalents,
σk and φ2. Assuming a longitudinally uniform distribution
with an energy spread of σp, the averaged bunching factor
is [12]

bH(δk) ∝ σLe−H
2r2(1+0.81H−2/3)2/2A2

0

×G(HGHG)
H (δkσL/H,Hβσ

2
L/λ

2, r) , (6)

with

G
(HGHG)
H (x, y, r) ≡

∫ ∞
−∞

dξeixξ+iyξ
2

×JH
[
r(H+0.81H−1/3)e−ξ

2/2

]
, (7)

where β ≡ α2/2k
2
L is the dimensionless second order

phase and r ∼ 1 optimizes the bunching factor near the
peak of the laser pulse. From bH(δk) we can determine
both the bandwidth, ∆kFEL and the spectral phase, φe−(k),
as a function of harmonic number. Ref. [12] gives the full
derivation of Eqs. 6 and 7.

Second Order Spectral Phase, Simulation
Numerical approaches can extend solutions to higher or-

der spectral phase. Figures 2 and 3 show comparisons be-
tween analytical and numerical results. Figure 4 shows the
spectral phase, φe−(k), for the first ten harmonics, calcu-
lated from both simulations and Eq. 6. When the seed
pulse has quadratic phase, the electron bunching factor also
shows quadratic phase. As expected, the phase increases as
a function of harmonic number.

Pulse Shortening
The increase in TBP for Gaussian pulses is not as large

as predicted for a flat-top pulse. The flat-top and Gaus-
sian cases differ primarily due to the effect of harmonic
pulse shortening, evident in Fig. 5. In a flat-top pulse, the
FEL pulse length is independent of harmonic number. By
contrast, Fig. 6 confirms that in HGHG from a Gaussian
seed laser, the pulse length is approximately proportional
to H−1/3 [12]. Pulse shortening changes the harmonic
spectral phase; while the fundamental bunching follows
the seed laser amplitude and phase, the harmonic bunch-
ing samples phase only from the center of the seed pulse.

Arbitrary Spectral Phase, Simulation
Simulations allow study of realistic laser pulses that con-

tain non-negligible spectral phase beyond the 2nd order.
Figure 7 shows the 10th harmonic electron spectral phase,
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Figure 2: Electron bunching factor for a Gaussian seed
laser pulse with quadratic phase. The seed laser pulse has
phase φ(σk) = π, amplitude A0 = 30σp, and RMS band-
width σk/kL = 10%. Amplitude of the bunching factor is
small due to averaging over a long electron bunch of uni-
form length, L = 10σL (Eq. 3). Simulated bandwidths
(blue) reproduce the analytical result (Eq. 7 in green, scaled
to match the bunching amplitude). As expected, the peaks
broaden at higher harmonics.
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Figure 3: RMS TBP, c∆TFEL∆kFEL, for the electron
bunching factor of Fig. 2. The TBP increases at higher har-
monics (blue squares), but slower than would be expected
from a flat-top pulse. For comparison, a transform-limited
pulse with flat phase has minimal TBP at all harmonics
(green stars).

φe−(k), from seed lasers with 2nd through 5th order spec-
tral phase. Note that odd order phases have less impact on
the electron bunch than the even orders due to pulse short-
ening. Figure 8 illustrates the effect of pulse shortening for
third order phase.

The loose constraints on odd order phase may aid in pro-
duction of transform-limited pulses. For example, cancel-
ing only the even order seed laser phase will reduce the
complexity of the optical setup. Alternatively, it may be
beneficial to treat the laser phase as a total minimization
problem; rather than separately minimizing each order, it
is possible to collectively select all orders to minimize the
TBP of the FEL. This collective approach is analogous to
methods used in the production of transform-limited laser
pulses [14, 15].

EEHG WITH SPECTRAL PHASE ERRORS

In EEHG, spectral phase on the seed laser affects the two
modulation stages differently [16]. On the first laser pulse,
spectral phase distorts the separation of the filaments, so
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Figure 4: Spectral phase of the electron bunching factor
from Fig. 2 for the first ten harmonics. Solid line calcu-
lated from Eq. 7, with crosses taken from simulations. At
higher harmonics the curves are wider due to the increasing
bandwidth.
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Figure 5: Slice electron bunching factor and laser E-field as
a function of longitudinal position. Each bunching factor
point corresponds to a slice of the electron bunch of width
λL (Eq. 4).

that the density spikes do not fall exactly at the harmonic
spacing (Fig. 9). The distortion reduces the bunching fac-
tor, but because the second laser still phase locks each set
of density spikes, there is relatively little effect on the TBP.

The second stage of EEHG is similar to the HGHG pro-
cess. Assuming a flat-top laser pulse in the first stage and
a Gaussian pulse of length σL2 in the second stage, the in-
crease in electron bunching factor bandwidth is given by
G

(EEHG)
H [δkσL2/H, (H + 1)βσ2

L2/λ
2] [12], with

G
(EEHG)
H (x, y) ≡

∫ ∞
−∞

dξeixξ+iyξ
2

×JH+1

(
r
[
(H+1)+0.81(H+1)−1/3

]
e−ξ

2/2

)
, (8)

analogous to Eq. 7 for the case of HGHG. Figure 10 con-
firms the different effects of phase errors in the first and
second laser stages.

PRACTICAL EXAMPLE
We conclude by simulating a practical example using an

800 nm laser pulse. Table 1 gives experimentally measured
spectral parameters from an ultrafast Ti:Sapphire amplifier
(the Coherent Legend Elite USX). The pulse length of 22
fs is close to the transform-limited (flat phase) pulse length
of 20 fs. Despite the nearly transform-limited initial seed
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laser pulse, Fig. 11 shows that the electron bunching fac-
tor at the 30th harmonic is approximately three times the
transform limit. From Fig. 12 we see that if the phase er-
rors increase beyond the level of Table 1 by just a factor of
two, the formerly transform-limited pulse starts to acquire
temporal modulations.

Table 1: Measured parameters for a nearly transform-
limited 800 nm pulse. The fourth order phase dominates
the FEL performance.

Measured Laser Pulse
Central Wavelength 800 nm

Bandwidth (FWHM) 73 nm
Pulse Duration 22 fs

Second Order Phase (GDD) 0.5 fs2

Third Order Phase (TOD) 2.4× 103 fs3

Fourth Order Phase (FOD) −4.6× 104 fs4

Fifth Order Phase (5OD) −1.2× 106 fs5

−100 −50 0 50 100
0

0.1

0.2

0.3

0.4

0.5

Longitudinal Position (z/λ)El
ec

tro
n 

B
un

ch
in

g 
Fa

ct
or

 

 

−100 −50 0 50 100

−2

0

2

4

6

8

10

12

La
se

r P
ha

se
 ( θ

/π
)

 

 

Laser Profile
Fundamental

Laser Phase
10th Harmonic

Figure 8: Slice bunching factor (Eq. 4) as a function of po-
sition for the fundamental and 10th harmonic. Third order
spectral phase on the seed laser produces side pulses on the
time-domain E-field (solid red line). The temporal phase
(solid green line) is flat within each pulse, but jumps by π
between pulses. The 10th harmonic bunching factor (dash
blue line) exists only in the center of the largest pulse, and
consequently does not pick up the third order phase.

Figure 9: Schematic of EEHG phase space. Phase errors on
the first stage distort the separation of density spikes within
a single modulation wavelength (solid blue arrows), but the
length of each group (dotted red arrows) is phase locked
by the second stage. Phase errors on the second stage, by
contrast, can change the final seeded wavelength.

MEASURING AND CONTROLLING UV
LASER PHASE

At present there are numerous techniques for character-
izing ultrafast laser pulses (see e.g. [17, 18]). Some of
the most popular techniques are variations of Frequency
Regime Optical Gating (FROG) [19] and Spectral Phase-
Interferometry for Direct E-field Reconstruction (SPIDER)
[20].

Both FROG and SPIDER were originally developed for
the optical regime; the two methods rely on readily avail-
able nonlinear materials in the optical range to either gate
(FROG) or interfere pulses (SPIDER) to reveal the spec-
tral phase. However, in the last decade several groups have
made progress in porting the techniques to shorter wave-
lengths. For example, the nonlinearity of the photoelectric
effect can be used both FROG [21] and SPIDER [22]. It
is also possible to apply the nonlinearity to the long wave-
length drive pulse prior to generating the UV seed wave-
length [23]. Both approaches have been used to demon-
strate the feasibility of High Harmonic Generation (HHG)
sources with flat spectral phase at wavelengths below 75
nm [21, 23].
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2
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duces the bunching factor, but does not broaden the band-
width. The same quadratic phase on the second seed laser
increases the bandwidth and TBP as found for HGHG.
Solid lines show the numerical integral, Eq. 8.
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While recent results are promising, there is still a need
for significant research and development of phase control
techniques at the short wavelengths relevant to seeded x-
ray FELs.

CONCLUSION

We have described the effect of seed laser phase on
HGHG and EEHG schemes. The electron bunching factor
copies the seed laser spectral phase and the electron spec-
tral phase increases with harmonic number, but pulse nar-
rowing from the laser envelope decreases the phase growth,
especially for odd order spectral phase. A realistic laser
pulse in the optical regime will produce a seeded elec-
tron beam at the 30th harmonic with approximately three
times the transform limit. We conclude that seeding near
transform-limited pulses in the soft x-ray regime will re-
quire development of new methods for phase measurement
and control of short wavelength lasers or HHG sources.
The required level of phase control is on par with that cur-
rently available at 800 nm.
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STATUS OF THE FLASH FACILITY

S. Schreiber∗, B. Faatz, J. Feldhaus, K. Honkavaara, R. Treusch, M. Vogt, DESY, Hamburg, Germany†

Abstract
FLASH at DESY, Hamburg is a soft X-ray free-electron

laser user facility. After a 3.5 months shutdown in autumn

2011 required for civil construction for a second undula-

tor beamline, beam operation started as scheduled in Jan-

uary 2012. FLASH shows again an improvement in perfor-

mance with even higher single and average photon pulse

energies, better stability, and significant improvements in

operation procedures. The fourth user period started end

of March 2012. A four months shutdown is scheduled

spring 2013 to connect the second undulator beamline to

the FLASH accelerator.

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

at DESY, delivers high brilliance XUV and soft x-ray FEL

radiation for photon experiments since summer 2005.

Besides the user operation, FLASH beam time is ded-

icated to improve its overall performance as an FEL user

facility, e.g. on developments on the automation and stabi-

lization, including, for example, sophisticated beam based

feedbacks. Time is also reserved to set-up the photon

beamlines prior to the user experiments, and to advance

the photon diagnostics. In addition, part of the yearly

study time is allocated for general accelerator physics ex-

periments and developments related to future projects, in

particular the European XFEL and the International Linear

Collider (ILC).

In parallel to the growing user demand, the FLASH fa-

cility has been constantly upgraded. Key developments are

to provide higher electron beam energies to achieve shorter

photon wavelengths, improved photon beam quality as well

as better stability in terms of photon pulse energy, wave-

length, spectral width, pulse duration, arrival time, point-

ing, and wavefront quality. Synchronization of the FEL

photon pulses with pump probe lasers to better than 10 fs

and a reliable tool to measure photon pulse duration from

1 to 100 fs remain a hot R&D issue.

The next major upgrade underway is the construction of

a second undulator beamline, the FLASH II project [6].

In this paper we summarize the present status of the

FLASH facility and outline its midterm plans. Part of the

material discussed here has already been presented in [5].

FLASH FACILITY
Figure 1 shows an overview of FLASH including the

second undulator beamline under construction. Some of

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

Table 1: Some FLASH parameters. They are not all

achieved simultaneously, but indicate the overall span of

the performance.

Electron beam
Energy (max) MeV 1250

Peak current kA 1 - 2

Emittance, norm. (x,y) μm 1 - 2

Bunch charge nC 0.06 - 1.5

Bunches / train 1 - 600

Bunch spacing μs 1 - 25

Rep. rate Hz 10

FEL radiation
Wavelength (fundamental) nm 4.2 - 45

Average single pulse energy μJ 10 - 500

Pulse duration (fwhm) fs 50 - 200

Spectral width (fwhm) % 0.7 - 2

Peak power GW 1 - 3

Photons per pulse 1011 - 1013

Peak brilliance * 1029 - 1031

Average brilliance * 1017 - 1021

* photons / (s mrad2 mm2 0.1 % bw)

the main electron and photon beam parameters are listed in

Table 1. These parameters are not all achieved simultane-

ously, but indicate the overall span of the performance.

Trains of up to 800 high quality electron bunches are pro-

duced by a laser driven normal conducting RF-gun. Since

2010, problems have occurred related to the RF-gun and its

RF-window. These issues are discussed in more detail later

in this paper. The photocathode laser system is based on

a mode-locked pulse train oscillator with a chain of fully

diode pumped Nd:YLF amplifiers [7, 8]. The cathode is a

thin film of Cs2Te on molybdenum plugs [9].

The electron beam is accelerated up to 1.25 GeV by

seven superconducting TESLA type accelerating modules.

Each module has eight 1.3 GHz 9-cell niobium cavities.

Downstream the first module, four 3.9 GHz (third harmon-

ics) superconducting cavities are installed. They are used

to linearize the longitudinal phase space, thus allowing

operation with more regular longitudinal shaped electron

bunches. The peak current required for the lasing process

is achieved by compressing the electron bunches by two

magnetic chicane bunch compressors at beam energies of

150 MeV and 450 MeV.

FEL radiation is produced based on the SASE (Self

Amplified Spontaneous Emission) process by six undula-

tor modules. Each of them consists of a 4.5 m long fixed

gap undulator (K=1.23, period 27.3 mm, 12 mm gap) with
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Figure 1: Layout of the FLASH facility with the new FLASH2 beamline under construction (not to scale).

permanent NdFeB magnets. A planar electromagnetic un-

dulator downstream the SASE undulators provides THz-

radiation. The photon beam, the THz-radiation, and syn-

chrotron radiation from the last dipole magnet is trans-

ported to the experimental hall (60 m distance). New de-

velopments in photon diagnostics with the emphasis on

on-line diagnostics of wavelength (spectrum), energy, and

photon beam position are discussed in [10, 11].

3rd USER PERIOD 2010/2011
After the shutdown in 2009/2010 dedicated to the energy

upgrade to 1.25 GeV, and the following commissioning and

study period, the third user period started in September

2010. During one year of user operation, 3740 hours of

FEL radiation were delivered to experiments correspond-

ing to 75% of the total time dedicated to user runs.

More than 30 different wavelengths between 4.7 nm and

45 nm have been delivered to user experiments. About

one third of the experiments requested short wavelengths

below 10 nm, one third near 13.5 nm, and the last third

above 20 nm. In addition, about 25% of the experiments

required very short photon pulse durations (50 fs or be-

low).1 Roughly half of the experiments operated in single

pulse mode (10 Hz repetition rate), the others used up to

300 pulses per pulse train (3000 pulses/sec) with various

pulse spacings (1-25μs). Depending on the request and

on photon pulse duration and wavelength requirements, the

single photon pulse energy ranges from a few 10μJ to a

few 100μJ averaged over a shift.

Every experiment has its own demands on the photon

beam parameters (photon wavelength, spectral bandwidth,

pulse energy and duration, pulse train pattern). Typically

two experiments run concurrently in two different photon

beamlines. The photon beam is switched from one experi-

ment to the other. In most cases, a switch is every 12 or 24

hours. Therefore, the beam parameters have to be changed

often, once or occasionally even twice per day. As a con-

sequence, a significant amount of the time (19% in third

period user runs) has been needed, and whenever possible

also scheduled, to tune the facility to the required perfor-

mance.

Thanks to the new and improved RF-stations installed

1If not otherwise stated, all photon pulse duration data are FWHH.

in 2010, together with the continuous effort of the DESY

staff to maintain the FLASH facility, the downtime dur-

ing the 3rd user period could be reduced to 4%. This is a

substantial improvement compared to the previous period

with total downtime of 7%. The beam time lost for users

due to tuning and technical failures could mostly be com-

pensated by contingency shifts, such that 97% of the beam

time originally scheduled for experiments could also be de-

livered. Unfortunately, a single event in September 2011,

a failure of the RF-gun window, increased the total down-

time to 5.5% and lead to a premature end of the user run.

Lost beamtime has been compensated in spring 2012.

OPERATION 2012
After an additional 3.5 months shutdown in autumn 2011

- due to civil construction work for the new FLASH2 undu-

lator beamline - the FLASH operation restarted as sched-

uled in January 2012. During the shutdown, the FLASH

facility was upgraded in several ways, e.g. improved photo-

cathode laser beam line to provide a better transverse laser

beam quality, and the installation of a 10 MW klystron giv-

ing a possibility to operate the RF-gun with a higher gradi-

ent.

SASE operation was established without problems end

of January 2012 with even better performance than be-

fore: single photon pulse energies up to 500μJ have been

achieved at 13 nm wavelength. After time dedicated

to FEL and accelerator studies, the 4th FEL user period

started end of March 2012. During the first two user blocks,

a stable SASE operation with low charge electron bunches

(60 – 80 pC), to provide short photon pulses, has been suc-

cessfully established for different wavelengths (13.5 nm,

21.4 nm, 44 nm).

A break-down of the RF-gun forced us to stop the op-

eration on June-7, 2012. As a consequence, one FEL user

block of four weeks has been shifted to early 2013. After a

successful exchange of the RF-gun, the operation has been

promptly re-established, and the next user block started as

scheduled on August-13, 2012. The remaining time of this

year is mainly reserved for user experiments.

Starting mid February 2013, a four months shutdown

is foreseen to connect the new undulator beamline to the

FLASH linac.
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FEL and Accelerator Studies
One of the highlights of this year has been the seeding of

sFLASH [12,13]. - the HHG (High Harmonics Generation)

seeding experiment, which has been installed and commis-

sioned at FLASH since 2010. After an upgrade of the HHG

source and improvements on the diagnostics and scanning

tools, sFLASH achieved its first seeding at 38 nm in spring

2012, the shortest wavelength seeded worldwide [13]

In March 2012 almost two weeks of beam time was ded-

icated to developments of on-line techniques to determine

the electron bunch length and photon pulse duration. These

studies continued in summer 2012, and also in September

dedicated beam time is reserved for them. Some of the re-

sults and descriptions of different methods are in [14–17].

Some of the user experiments require very short photon

pulses. This is established by operation with low charge

electron bunches (< 100 pC). Therefore, diagnostics of low

charge electron beams is an important issue, and several de-

velopments on beam position, beam arrival time and charge

monitoring, as well as on diagnostics of longitudinal beam

parameters, are under way. In addition, a new project to

produce ultra short pulses has been recently started [18,19].

This approach is based on the use of a short-pulse pho-

tocathode laser (< 2 ps) together with a very low electron

bunch charge (down to 20 pC).

The RF-gun and the accelerating modules are regulated

by a sophisticated FPGA based low level RF (LLRF) sys-

tem. The complete system has been upgraded in 2010/11

[20], and the next upgrade to a μTCA based system is un-

der way. Since the stability is an import issue, continu-

ous improvements of the synchronization system [21] and

the beam arrival time stabilization including beam based

longitudinal RF-feedbacks [22, 23] are on-going. Other

developments of the LLRF system concern the high level

controlling software, for example compensation of Lorentz

force detuning, quench protection, and operation automa-

tion. Highlights are the achievements of stable beam en-

ergy to 0.5·10−4 and arrival time stabilization to 20 fs.

Superconducting accelerators operated with long high

charge electron bunch trains, like FLASH, ILC, and the

European XFEL, require a sophisticated controlling hard-

and software able to regulate the accelerating modules and

other subsystems under heavy beam loading conditions and

near their operational limits. In the framework of the so-

called “ILC 9 mA experiment”, FLASH was stably oper-

ated in February 2012 with a beam energy of 1 GeV, bunch

trains of up to 2400 bunches (1.5 nC / bunch) with 3 MHz

bunch spacing (4.5 mA) at 5 Hz repetition rate. These stud-

ies will continue in September 2012.

Examples of other accelerator studies carried out in 2012

are an experiment based on optical diffraction radiation in-

terference (ODRI) to develop a non-intercepting electron

beam diagnostics device for high brightness high energy

beams [24], and developments of beam position monitors

using high order mode (HOM) signals of the 3.9 GHz cav-

ities [25].

RF-GUN
The RF-gun (G2.0), which was in operation at FLASH

since 2004, was replaced by a new dry-ice cleaned RF-gun

(G4.2) during the 2009/2010 shutdown. The dry-ice clean-

ing technique developed for superconducting cavities re-

duced the dark current of the gun body by a factor of 10 for

nominal operation conditions at FLASH. This is a prerequi-

site to operate the new third harmonic cavities downstream

the gun. A maximum of a few microamperes of dark cur-

rent is allowed to be lost in the superconducting cavities of

the third harmonic module. Indeed, the dark current of the

new gun is with 20 to 30μA sufficiently small. A kicker

system together with a collimator at 5 MeV just before the

first accelerating module reduces the dark current lost in

the superconducting cavities to an operable amount.

Together with the new RF-gun, a new RF-window design

has been used, which uses a Conflat-like gaskets for easier

vacuum connection. It turned out, that the whole batch of

new windows had a too thin TiN coating causing perma-

nent electron field emission from the ceramics larger by

two orders of magnitudes than expected. The RF-window

is separating the RF-gun vacuum from the RF-waveguides,

filled with SF6 gas at normal pressure. The electron emis-

sion caused a permanent emission of visible light and fre-

quently triggered discharge processes close to the window

leading to frequent trips of the RF. Since the recovery time

from a trip is about 1 hour, 17 trips per week would cause

an unacceptable 10% of downtime. The long recovery time

is determined by the average RF power, FLASH design is

to run with 34 kW of average power. Reducing the average

power to 20 kW by reducing the RF pulse length to 500μs
initially lead to uncomfortable but acceptable running con-

ditions. Unfortunately, just ten days before the scheduled

end of the third user period, a large breakdown event at the

RF window prevented the RF gun to be operated with the

required RF power of 4 MW forcing us to prematurely stop

the user run.

Since the whole batch of windows showed an insufficient

TiN coating, we decided to use a window of the previous

batch. It was operated at the previous RF-gun (G2.0) at

FLASH from 2004-2009 and was known to work up to

3 MW without any problem. A performance test in the

last days before the 2011 shutdown showed the normal ex-

pected behavior on start-up, very small electron emission

yield and a short conditioning time up to 4 MW. We did

not attempt to further increase the RF power beyond the

present FLASH design parameters. After restart in January

2012, we could bring-up the RF-gun running stably with

600μs RF-pulse length at 4 MW RF-power (10 Hz). Ini-

tially the trip rate was with a few trips per months as small

as required for reliable operation of FLASH.

Unfortunately, during the second user block of the forth

user period in May 2012, this time the RF-gun itself,

showed serious arcing at the backplane close to the cath-

ode RF contact spring. After finishing up the second user

block, we exchanged the gun by the one being operated
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at PITZ (G4.1). Postmortem investigation of the RF-gun

body revealed a damage of the copper lip close to the RF-

contact spring causing arcing in the small gap of the gun

body to the cathode plug.

With careful planning and a tremendous effort by the

DESY staff in Hamburg and Zeuthen, only two weeks of

shutdown was required to exchange the RF-gun.

The RF-gun (G4.1) has been operated at PITZ (DESY,

Zeuthen) in 2011/12 [26]. Unfortunately, it was equipped

with an RF-window from the faulty batch. Therefore, we

changed to the old well-known window of gun G2.0. The

gun started up quickly and achieved nominal RF parame-

ters in a few days only.

Presently, we run the gun with an average power of

26 kW. The trip rate with 4 MW RF power and 650μs pulse

length, and 10 Hz repetition rate is not yet measurable;

since start-up, no trip has been detected yet. The dark cur-

rent measured at the gun exist for nominal solenoid field

(0.17 T) started a bit high with initially 50μA. After a cou-

ple of days, the dark current is now stable below 10μA.

FLASH II PROJECT

The extension of the FLASH facility (FLASH II Project)

is under way. The upgrade includes a second undulator

beamline with variable gap undulators located in a new

building, and a new experimental hall for photon beam-

lines and experiments (Fig. 1). The FLASH linac drives

both undulator beamlines: the present FLASH1 undulator

and the new FLASH2 beamline. The wavelength range of

FLASH2 will be similar to FLASH1: 4 nm - 60 nm.

The civil construction started in autumn 2011 and will

continue until spring 2013. The mounting of the FLASH2

beamline starts end of 2012; the new beamline will be con-

nected to the FLASH linac in spring 2013. The beam com-

missioning is scheduled for the second half of 2013.

More details of the FLASH II project including FLASH2

layout and parameters are in [6, 27–30].

SUMMARY AND OUTLOOK
FLASH finished its third successful FEL user period in

September 2011. After a 3.5 months shutdown, FLASH

restarted as scheduled in January 2012. The year 2012 is

mainly scheduled for user experiments.

Due to the RF-gun failure in June 2012, a four weeks

block of user experiments has been moved to early 2013.

After the successful exchange of the RF-gun, FLASH was

back in regular beam operation mid July 2012, and the user

experiments continued with the fourth user block of the

forth period as scheduled in mid August 2012.

FLASH2 will be connected to the FLASH linac during a

four months shutdown in spring 2013. The commissioning

of FLASH2 will take place parallel to the FLASH1 user

operation in 2013.
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PULSE-FRONT TILT CAUSED BY THE USE OF A GRATING
MONOCHROMATOR AND SELF-SEEDING OF SOFT X-RAY FELS

G. Geloni, European XFEL GmbH, Hamburg, Germany
V. Kocharyan and E. Saldin, DESY, Hamburg, Germany

Abstract
Self-seeding is a promising approach to signi�cantly

narrow the SASE bandwidth of XFELs to produce nearly
transform-limited pulses. The development of such
schemes in the soft X-ray wavelength range necessarily in-
volves gratings as dispersive elements. These introduce, in
general, a pulse-front tilt, which is directly proportional to
the angular dispersion. Pulse-front tilt may easily lead to a
seed signal decrease by a factor two or more. Suggestions
on how to minimize the pulse-front tilt effect in the self-
seeding setup are given. More details and references can
be found in [1].

INTRODUCTION
The longitudinal coherence of X-ray SASE FELs is

rather poor. Self-seeding schemes have been studied to re-
duce the bandwidth of SASE X-ray FELs. A self-seeding
setup consists of two undulators separated by a photon
monochromator and an electron bypass, normally a four-
dipole chicane. Recently, a very compact soft X-ray self-
seeding scheme was designed at SLAC, based on a grating
monochromator. We studied the performance of this com-
pact scheme for the European XFEL upgrade elsewhere
(see [1] for references). Limitations on the performance of
the self-seeding scheme related with aberrations and spatial
quality of the seed beam have been extensively discussed in
literature and go beyond the scope of this paper. Here we
will focus our attention on the spatiotemporal distortions
of the X-ray seed pulse. Numerical results provided by
ray-tracing algorithms applied to grating design programs
give accurate information on the spatial properties of the
imaging optical system of grating monochromator. How-
ever, in the case of self-seeding, the spatiotemporal defor-
mation of the seeded X-ray optical pulses is not negligi-
ble: aside from the conventional aberrations, distortions as
pulse-front tilt should also be considered (see [1] for ref-
erences). The propagation and distortion of X-ray pulses
in grating monochromators can be described using a wave
optical theory. Most of our calculations are, in principle,
straightforward applications of conventional ultrafast pulse
optics. Our paper provides physical understanding of the
self-seeding setup with a grating monochromator, and we
expect that this study can be useful in the design stage of
self-seeding setups.

THEORETICAL BACKGROUND
Pulse-front Tilt from Gratings
Ultrashort X-ray FEL pulses are usually represented as

products of electric �eld factors separately dependent on

Figure 1: An undistorted pulse beam (left) and a beam with
pulse front tilt (right) (adapted from literature, see [1] for
references).

Figure 2: Geometry of diffraction grating scattering.

space and time. The assumption of separability of the spa-
tial (or spatial frequency) dependence of the pulse from the
temporal (or temporal frequency) dependence is usually
made for the sake of simplicity. However, when the ma-
nipulation of ultrashort X-ray pulses requires the introduc-
tion of coupling between spatial and temporal frequency
coordinates, such assumption fails. The direction of en-
ergy �ow -usually identi�ed as rays directions- is always
orthogonal to the surface of constant phase, that is to the
wavefronts of the corresponding propagating wave. If one
deals with ultrashort X-ray pulses, one has to consider, in
addition, planes of constant intensity, that is pulse fronts.
Fig. 1 shows a schematic representation of the electric
�eld pro�le of an undistorted pulse and one with a pulse-
front tilt. A distortion of the pulse front does not affect
propagation, because the phase fronts remain unaffected.
However, for most applications, including self-seeding ap-
plications, it is desirable that these fronts be parallel to the
phase fronts, and therefore orthogonal to the propagating
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direction. A pulse-front tilt can be present in the beam due
to the propagation through a grating monochromator. As
shown in Fig. 2, the input beam is incident on the grat-
ing at an angle θi. The diffracted angle θD is a function
of frequency, according to the well-known plane grating
equation. Assuming diffraction into the �rst order, one has
λ = d(cos θi − cos θD), where λ = 2πc/ω, and d is the
groove spacing. This describes the basic working of a grat-
ing monochromator. By differentiating this equation one
obtains dθD

dλ = 1
θDd , where we assume grazing incidence

geometry, θi � 1 and θD � 1. The physical mean-
ing is that different spectral components of the outcom-
ing pulse travel in different directions. The electric �eld
of a pulse including angular dispersion can be expressed in
the Fourier domain {kx, ω} as E(kx − pω, ω), while the
inverse Fourier transform from the {kx, ω} domain to the
space-time domain {x, t} can be expressed asE(x, t+px),
which is the electric �eld of a pulse with a pulse-front tilt.
The tilt angle γ is given by tan γ = cp. More speci�cally
p = dkx

dω = k dθD
dω = λ

c
dθD
dλ = λ

cθDd . Therefore one con-
cludes that the pulse-front tilt is invariably accompanied by
angular dispersion. It follows that any device like a grating
monochromator, that introduces an angular dispersion, also
introduces signi�cant pulse-front tile, which is problematic
for seeding.

Transformation of FEL ulses by �rystals
The development of self-seeding schemes in the hard

X-ray wavelength range necessarily involves crystal
monochromators. Recently, the spatiotemporal coupling
in the electric �eld relevant to self-seeding schemes with
crystal monochromators has been analyzed in the frame of
classical dynamical theory of X-ray diffraction by Lind-
berg and Shvyd’ko(see [1] for references). This analysis
shows that a crystal in Bragg re�ection geometry trans-
forms the incident electric �eld E(x, t) in the {x, t} do-
main into E(x − at, t), that is the �eld of a pulse with a
less well-known distortion. The physical meaning of this
distortion is that the beam spot size is independent of time,
but the beam central position changes as the pulse evolves
in time. One of the aims of this subsection is to disentan-
gle what is speci�c to the transformation by a crystal and
what is intrinsic to the grating case. Our purpose here is
not that of presenting novel results but, rather, to attempt a
more intuitive explanation of spatiotemporal coupling phe-
nomena in the dynamical theory of X-ray diffraction, and
to convey the importance and simplicity of already known
results. We begin our analysis by specifying the scatter-
ing geometry under study. The angle between the physical
surface of the crystal and the re�ecting atomic planes is
an important factor. The re�ection is said to be symmet-
ric if the surface normal is perpendicular to the re�ecting
planes in the case of Bragg geometry. We shall examine
only the symmetric Bragg case. Let us consider an electro-
magnetic plane wave in the X-ray frequency range incident
on an in�nite, perfect crystal. Within the kinematical ap-
proximation, according to the Bragg law, constructive in-

terference of waves scattered from the crystal occurs if the
angle of incidence, θi and the wavelength, λ, are related by
the well-known relation λ = 2d sin θi, assuming re�ection
into the �rst order. This equation shows that for a given
wavelength of the X-ray beam, diffraction is possible only
at certain angles determined by the interplanar spacings d.
It is important to remember the following geometrical rela-
tionships:
1. The angle between the incident X-ray beam and nor-

mal to the re�ection plane is equal to that between the nor-
mal and the diffracted X-ray beam. In other words, Bragg
re�ection is a mirror re�ection, and the incident angle is
equal to the diffracted angle (θi = θD).
2. The angle between the diffracted X-ray beam and

the transmitted one is always 2θi. In other words, incident
beam and forward diffracted (i.e. transmitted) beam have
the same direction.
We now turn our attention beyond the kinematical ap-

proximation to the dynamical theory of X-ray diffraction
by a crystal. An optical element inserted into the X-ray
beam is supposed to modify some properties of the beam
as its width, its divergence, or its spectral bandwidth. It is
useful to describe the modi�cation of the beam bymeans of
a transfer function. The re�ectivity curve - the re�ectance -
in Bragg geometry can be expressed in the frame of dynam-
ical theory as R(θi, ω) = R(Δω + ωBΔθ cot θB), where
Δω = (ω−ωB) andΔθ = (θi − θB) are the deviations of
frequency and incident angle of the incoming beam from
the Bragg frequency and Bragg angle, respectively. The
frequency ωB and the angle θB are given by the Bragg
law: ωB sin θB = πc/d. We follow the usual procedure
of expanding ω in a Taylor series about ωB . Consider a
perfectly collimated, white beam incident on the crystal. In
kinematical approximation R is a Dirac δ-function, which
is simply represented by the differential form of Bragg law:
dλ/dθi = λ cot θi. In contrast to this, in dynamical theory
the re�ectivity width is �nite. This means that there is a re-
�ected beam even when incident angle and wavelength of
the incoming beam are not related exactly by Bragg equa-
tion. It is interesting to note that the geometrical relation-
ships 1. and 2. are still valid in the framework of dynam-
ical theory. In particular, re�ection in dynamical theory is
always a mirror re�ection. We underline here that if we
have a perfectly collimated, white incident beam, we also
have a perfectly collimated re�ected beam. Its bandwidth
is related with the width of the re�ectivity curve. We will
regard the beam as perfectly collimated when the angular
spread of the beam is much smaller than the angular width
of the transfer function R. It should be realized that the
crystal does not introduce an angular dispersion similar to
a grating or a prism. However, a more detailed analysis
based on the expression for the re�ectivity shows that a
less well-known spatiotemporal coupling exists. The fact
that the re�ectivity is invariant under angle and frequency
transformations obeying Δω + ωBΔθ cot θB = const is
evident, and corresponds to the coupling in the Fourier do-
main {kx, ω}. One might be surprised that the �eld trans-
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formation for an XFEL pulse after a crystal in the {x, t} do-
main is given by Eout(x, t) = E(x − ct cot θB, t), where
kx = ωBΔθ/c. In general, one would indeed expect the
transformation to be symmetric in both the {kx, ω} and
in the {x, t} domain due to the symmetry of the transfer
function. However, it is reasonable to expect the in�u-
ence of a nonsymmetric input beam distribution. In the
self-seeding case, the incoming XFEL beam is well col-
limated, meaning that its angular spread is a few times
smaller than angular width of the transfer function. Only
the bandwidth of the incoming beam is much wider than
the bandwidth of the transfer function. In this limit, we
can approximate the transfer function in the expression
for the inverse temporal Fourier transform as a Dirac δ-
function. This gives Eout(x, t) = ξ(t)b(x − ct cot θB),
where ξ(W ) is the inverse Fourier transform of the re-
�ectivity curve. In the opposite limit when the incom-
ing beam has a wide angular width and a narrow band-
width we take the transfer function in the inverse spa-
tial Fourier transform as a Dirac δ-function. This gives
Eout(x, t) = ξ(x tan θB/c)a(t−(x/c) tan θB). These two
limits represent the two sides of the symmetry of the trans-
fer function. The last expression Eout(x, t) is the �eld of
a pulse with a pulse front tilt. Typically one would think
that a pulse front tilt can be introduced only by dispersive
elements like gratings or prisms. Here we presented an ex-
ample in which no dispersive elements exists, and we stress
that angular dispersion can be introduced by non dispersive
element like crystals too. Although we began by consider-
ing a case of re�ection transfer function in Bragg re�ection
geometry, none of our arguments depends on that fact. The
relation for the re�ectance still holds if the transfer function
R is referred to the transmittance in Bragg re�ection geom-
etry. For the transmitted beam, all derivations are worked
out in the same way we have done here and gives asymp-
totic expression for �eld of forward scattered pulses.

MODELING OF SELF-SEEDING SETUP
A self-seeding setup should be compact enough to �t

one undulator segment. In this case its installation does
not perturb the undulator focusing system and allows for
the safe return to the baseline mode of operation. The de-
sign adopted for the LCLS is the novel one by Y. Feng et
al. (see [1] for references), and is based on a planar VLS
grating. It is equipped only with an exit slit. Such design
includes four optical elements, a cylindrical and spherical
focusing mirrors, a VLS grating and a plane mirror in front
of the grating. The optical layout of the monochromator is
schematically shown in Fig. 3.
A simpli�ed diagram for analyzing the grating

monochromator is shown in Fig. 4. We will assume that
the optical system used for imaging purposes is the well-
known two-lens image formation system. With reference
to Fig. 3, the VLS grating is represented by a combination
of a planar grating with �xed line spacing and a lens, with
the focal length of the lens equal to the focal length of the
VLS grating. The analysis of the grating monochromator

Figure 3: Optics for the compact grating monochromator
originally proposed at SLAC (see [1] for references) for
the soft X-ray self-seeding setup.

Figure 4: Diagram of the self-seeding grating monochro-
mator used in theoretical analysis (adapted from literature,
see [1] for references).

is simpli�ed by recognizing that the grating can be shifted
from a position immediately before the lens to a position
immediately after the object plane. The monochromator
is treated assuming no aberrations. This approximation is
useful, since for the design shown on Fig. 3 the aberration
effects are negligible (see [1] for references). This simpli-
�es calculations and allows analytical results to be derived.
The angular dispersion of the grating causes a separation
of different optical frequencies at the Fourier plane of the
�rst focusing element (lens). Therefore, this system be-
comes a tunable frequency �lter if a slit is placed at the
Fourier plane. We assume that the two lenses in Fig. 4
are not identical, so that this scheme allows for magni�-
cation by changing the focal distance of the second lens.
It is important to analyze the output �eld from the grating
monochromator quantitatively. In [1] we calculated analyt-
ically the propagation of the input signal to different planes
of interest within the self-seeding monochromator, as indi-
cated in Fig. 4. Here we will simply present some of the
conclusions in [1].
We �x the slit function S as S(x) = 1 for |x| < ds

and S(x) = 0 for |x| > ds. Given a slit with half size
ds, we introduce a normalized notion of slit size α =
ds

σf
= ds

kσ
βf . It is possible to show the output character-

istics of the radiation as a function of the slit size by means
of universal plots. We �rst consider the resolving power
R = (Δω/ω)−1

FWHM. We introduce the resolving power
Rn normalized to the inverse of the maximal bandwidth,
that is the bandwidth in the limiting case for α � 1, as
Rn = R

(
1.18θid
2πσ

)
. The behavior of Rn as a function of

α is shown in Fig. 5. The resolution of monochroma-
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Figure 5: Resolving power normalized to the asymptotic
case for α � 1 as a function of α.

Figure 6: Transverse spot size of the photon beam normal-
ized to the asymptotic case for α � 1 as a function of α.
We assume fθi/f ′θD = 1.

tor increases as the slit size decreases. The 90% of the
maximal resolution level is met for normalized slit width
less than α < 1. However, the energy of the seed pulse
decreases proportionally to the decrease of the slit width.
Moreover, decreasing the slit width will also cause an in-
crease of the output beam size. This will lead to spatial
mismatch between the seed beam and the FEL mode in
the second undulator. The relationship between the beam

Figure 7: Dependence of the spatiotemporal coupling as a
function of α.

transverse size (in terms of FWHM) and slit width is shown
in Fig. 6, where we plot the transverse spot size of the pho-
ton beam normalized to the asymptotic case for α � 1
as a function of α. To summarize, it is not recommended
that the normalized slit width be narrower than unity if a
reasonable seed �eld amplitude is required. Finally, a use-
ful �gure of merit measuring the spatiotemporal coupling
can be found in literature (see [1] for references). Con-
sidering the angular dispersion this parameter can be writ-
ten as ρ =

∫
dkxdΔωI · kxΔω

<(δkx)2>1/2<(δω)2>1/2 , where
< (δkx)

2 >=
∫
dkxdΔωI(kx,Δω)k2x, < (δω)2 >=∫

dkxdΔωI(kx,Δω)Δω2, I(kx,Δω) = |E(kx,Δω)|2.
The range of ρ is in [−1, 1] and readily indicate the severity
of these distortions. To estimate the pulse front tilt distor-
tion calculate the pulse front tilt parameter ρ as a function
of the slit width α. The results are shown in Fig. 7. It is
found to be larger than 50% for a slit width α > 1. There-
fore, standard tuning of the seed monochromator will lead
to signi�cant spatiotemporal coupling in the seed pulses.
The effect of pulse front tilt distortion can be reduced if
the slit width will be narrower than α < 1. However,
the reduction of the pulse front tilt in�uence is accompa-
nied by signi�cant loss in seed signal amplitude. On the
one hand, decreasing the slit width increases the resolv-
ing power and suppresses the pulse front tilt distortion. On
the other hand, it decreases the seed power and increases
the transverse mismatch with the FEL mode in the second
undulator. As a result, a tradeoff must be reached between
achievable resolution and effective level of the input signal.
Transverse coherence of XFEL radiation is settled without
seeding. This is due to the transverse eigenmode selec-
tion mechanism: roughly speaking, only the ground eigen-
mode survives at the end of ampli�cation process. It fol-
lows that the spatiotemporal distortions of the seed pulse
do not affect the quality of the output radiation. They only
affect the input signal value. Therefore, the relevant value
for self-seeded operation is the input coupling factor be-
tween the seed pulsed beam and the ground eigenmode of
the FEL ampli�er. In order to model the performance of a
soft X-ray self-seeded FEL with a grating monochromator,
one naturally starts with the gratingmonochromator optical
system. One aspect of optimizing the output characteristics
of the self-seeded FEL involves the speci�cation of spectral
width, peak power, pulse-front tilt parameter and transverse
size of the seed pulse as a function of the slit width. This
can be achieved by purely analytical methods. Another as-
pect of the problem is the modeling of the FEL process
including a seed pulse with spatio-temporal distortions and
transverse mismatching with the ground FEL eigenmode.
This study can be made only with numerical simulation
code, and is left for the future.
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HARMONIC LASING IN X-RAY FELS

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

Abstract

Contrary to nonlinear harmonic generation, harmonic

lasing in a high-gain FEL can provide much more intense,

stable,and narrow-band FEL beam which is easier to han-

dle if the fundamental is suppressed. We performed thor-

ough study of the problem withing framework of 3D model

taking into account all essential effects. We found that har-

monic lasing is much more robust than usually thought, and

can be widely used in the existing or planned X-ray FEL

facilities. LCLS after a minor modification can lase at the

3rd harmonic up to the photon energy of 25-30 keV pro-

viding multi-gigawatt power level. At the European XFEL

the harmonic lasing would allow to extend operating range

ultimately up to 100 keV.

INTRODUCTION

Harmonic lasing in single-pass high-gain FELs [1–4],

i.e. the radiative instability at an odd harmonic of the

planar undulator developing independently from lasing at

the fundamental wavelength, might have significant advan-

tages over nonlinear harmonic generation [1,2,5–9] provid-

ing much higher power, much better stability, and smaller

bandwidth.

Thorough revision of the parameter space for harmon-

icds lasing has been performed recently within framework

of 3D FEL theory and taking into account all essential ef-

fects [10]. It has been found that harmonic lasing can be

of interest in many practical cases. In fact, gain at higher

harmonics can be higher than that at the fundamental for

diffraction limited electron beams with small ratio of emit-

tance to radiation wavelength 2πε/λ. This parameter space

corresponds to the operating range of soft X-ray beamlines

of X-ray FEL facilities. For 2πε/λ � 1 (hard x-ray FELs

are in this parameter range) the properties of saturated har-

monic lasing at a given wavelength are approximately the

same as those of the retuned fundamental.

In this paper we consider a possible application of har-

monic lasing to different X-ray FEL facilities, and conclude

that they can strongly profit from this option. In particu-

lar, LCLS [11] can significantly extend its operating range

towards shorter wavelengths making use of the third har-

monic lasing with the help of the intra-undulator spectral

filtering and phase shifters. In the case of the European

XFEL [12], the harmonic lasing can allow to extend the op-

erating range, to reduce FEL bandwidth and increase bril-

liance. Similar improvements can be realized in other X-

ray FEL facilities with gap-tunable undulators like FLASH

II [13], SACLA [14], LCLS II [15], etc.

FEL GAIN
In the linear regime of a SASE FEL operation the funda-

mental frequency and harmonics grow independently with

gain lengths L
(h)
g (here the superscript denotes harmonic

number). In the case of the simultaneous lasing in the pa-

rameter range 2πε/λ � 1 the fundamental mode always

has the shortest gain length., i.e. it saturates first. Let us

formulate the problem differently. We can produce radia-

tion at a target wavelength λ by two ways. First option is

tuning of FEL amplifier to the fundamental wavelength λ.

Second option is tuning of FEL amplifier to the fundamen-

tal wavelength λ/h and generate h-th harmonic with wave-

length λ. The question is which option provides shortest

gain length.

Tuning of the FEL amplifier can be peroformed either by

increasing electron energy, or reducing the undulator pa-

rameter K as it is is implemented in x-ray facilities. For

the case when we can neglect energy spread effects, and

assuming that the beta-function is tuned to the optimum

value corresponding to maximum gain for each case we

have [10]:

L
(1K)
g

L
(h)
g

=
h1/2KAJJh(K)

KreAJJ1(Kre)
,

L
(1γ)
g

L
(h)
g

=
h5/6AJJh(K)

AJJ1(K)
. (1)

The superscripts (1K) and (1γ) refer to retunig of the un-

dulator parameter and electron energy, respectively. AJJh

is coupling factor defined in a standard way [2, 4, 10].

The retuned undulator parameter Kre is given by K2
re =

(1+K2)/h−1 (obviously, K must be larger than
√
h− 1).

For large K the ratio in the first line of Eq. (1) is reduced

to hAJJh/AJJ1, so that the gain length of the retuned fun-

damental mode is larger by a factor of 1.41 (1.65) than that

of the third (fifth) harmonic. For an arbitrary K we plot in

Fig. 1 the ratio of gain lengths (1). It is seen that the third

harmonic always has an advantage (in case of negligible

energy spread), i.e. its gain length is shorter for any value

of K.

In the case of boosting electron energy for lasing at three

times reduced fundamental wavelength, the advantage of

using the 3rd harmonic is not that obvious (since an in-

crease of electron energy at the same wavelength leads to a

decrease of the parameter 2πε/λ thus improving FEL prop-

erties, in general). However, even in this case, the gain

length for the third harmonic is shorter if rms value of K is

larger than 1.4.

Let us present a numerical example for the European

XFEL. New baseline parameters [16–18] assume operation
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Figure 1: Ratio of gain lengths of the retuned fundamental

and the third harmonic for lasing at the same wavelength

versus rms undulator parameter K. The fundamental wave-

length is reduced by means of reducing the undulator pa-

rameter K (solid) or increasing beam energy (dash).

at different charges from 20 pC to 1 nC and three different

electron energies: 10.5, 14, and 17.5 GeV. Let us consider

operation at 1 Å with the charge 0.5 nC, peak current 5

kA, normalized emittance 0.7 μm, and electron energy 10.5

GeV in a planar undulator with the period 4 cm. For the rms

K value of 2.3 the fundamental wavelength is 3 Å, which

is suppressed by using phase shifters and/or spectral filter-

ing [10]. Then we have third harmonic lasing at 1 Å with

the field gain length of 6.9 m for h = 3. Now we change

the rms K value to 1.05 so that lasing at the fundamental

frequency occurs at 1 Å. In that case for h = 1 we find that

the gain length is 10.4 m, i.e. about 50 % larger than in the

case of 3rd harmonic lasing. If, instead, we increase beam

energy to 17.5 GeV and lase at 1 Å with K = 2.2, the gain

length is 7.9 m, i.e. it is still visibly larger than in the case

of low energy and the 3rd harmonic lasing.

PRACTICAL APPLICATIONS

LCLS
Linac Coherent Light Source (LCLS) is the first hard X-

ray free electron laser [11]. Due to the limited electron

energy and fixed-gap undulator, the facility can presently

cover photon energy range up to 10 keV. LCLS undulator

[19] consists of 33 identical 3.4-m-long segments, undula-

tor period is 3 cm, and the peak undulator parameter is 3.5

(rms value of K is 2.5). The 16th segment is replaced with

a chicane for operation of the self-seeding scheme [20].

When this scheme is operated, a crystal monochromator is

inserted on-axis while the electron beam goes through the

chicane thus by-passing the crystal. We notice that a simple

add-on to this setup, namely an insertable filter, would al-

low the use of the intra-undulator spectral filtering method

described in [10]. As a possible realization of the filter we

propose here a silicon crystal (diamond can be considered

as an option as well) that is not supposed to spoil phase

front [15] of the third harmonic radiation while attenuat-

ing the fundamental harmonic by orders of magnitude. A

thickness of the crystal is defined by a required attenuation

factor and an expected photon energy range. As an exam-

ple we consider here the thickness of 600 μm and third

harmonic lasing at 25 keV. Attenuation length at 8.3 keV is

μ−1 = 73 μm, and at 25 keV it is μ−1 = 1.85 mm [21], so

that the corresponding transmission factors are 2.7× 10−4

and 0.72. With a given thickness of the crystal the scheme

would work well in the range 20-30 keV, and for lower pho-

ton energies of the third harmonic a thinner crystal would

be needed.

In the considered parameter range the spectral filtering

method alone is not sufficient, therefore we suggest to com-

bine it with the phase shifters method. We propose to install

phase shifters with the shift 4π/3 (the definition of Ref. [4]

is used here) after undulator segments 1-5 and 17-22, and

with the shift 2π/3 after segments 6-10 and 23-28. As a

possible space-saving technical solution one can consider

insertable permanent-magnet phase shifters with a length

of a few centimeters and a fixed phase shift. Of course, if

space allows, the tunable (electromagnetic or permanent-

magnet) phase shifters would be more flexible. Note also

that phase shifters without spectral filtering might not be

sufficient for a sure suppression of the fundamental har-

monic.

Let us consider a specific parameter set for third har-

monic lasing at 0.5 Å (photon energy 25 keV). The elec-

tron beam parameters are as follows: energy is 13.6 GeV

(the fundamental wavelength is 1.5 Å), peak current is 3

kA, normalized slice emittance is 0.3 μm, uncorrelated en-

ergy spread is 1.4 MeV. The beta-function in the undulator

is 30 m. The smallest possible delay (given by either the re-

quired beam offset or minimum R56 for smearing of beam

modulations at the fundamental wavelength) would define

the shortest electron bunch that can be used for operation

of this scheme. In our simulations we do not consider a

specific bunch length, so that our result is the peak power

of the third harmonic radiation in the part of the pulse that

overlapped with the electron beam after the chicane. One

should also notice that an easy control of the third harmonic

pulse duration is possible by changing the delay.

We performed simulations with the code FAST [22], the

results are presented in Fig. 2. The averaged peak power

of the third harmonic radiation is 6 GW, and an intrinsic

bandwidth is 3×10−4 (FWHM). The power incident on the

crystal is in the range of tens of megawatts, and should not

be problematic from the point of view of peak and average

power load. Note that the saturation of the third harmonic

lasing is achieved after 28th segment, so that there is a suf-

ficient contingency for given wavelength and beam param-

eters. It means, in particular, that the saturation at 30 keV

could be in reach, or the saturation at 25 keV with a larger

emittance is possible. We should also note that a reduction

of the beta-function would increase the contingency. If one

considers the scheme for operation in the range 10-20 keV,

it would work with a significantly loosened requirements
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Figure 2: Averaged peak power for the fundamental har-

monic (solid) and the third harmonic (dash) versus geomet-

rical length of the LCLS undulator (including breaks). The

wavelength of the third harmonic is 0.5 Å (photon energy

25 keV). Beam and undulator parameters are in the text.

The fundamental is disrupted with the help of the spectral

filter (see the text) and of the phase shifters. The phase

shifts are 4π/3 after segments 1-5 and 17-22, and 2π/3 af-

ter segments 6-10 and 23-28. Simulations were performed

with the code FAST.

on the electron beam quality.

As a quick test [23] of harmonic lasing at LCLS one

can consider operation with the filter only (without phase

shifters), making use of nonlinear generation of the third

harmonic in the first part of the undulator if the fundamen-

tal harmonic enters nonlinear regime there. The main is-

sues are high power load on the filter and an increase of

energy spread in the beam. However, the last issue might

be partially tolerated. Indeed, in a SASE FEL the radiation

intensity and beam modulations in energy and density con-

sist of random spikes that have a typical duration of FEL

coherence time. Thus, energy spread after the chicane is

modulated on the same time scale. One can have the sit-

uation when some of the third harmonic intensity spikes

overlap after the cicane with unspoiled parts of the electron

beam, and are amplified in the second part of the undula-

tor without gain suppression due to a large energy spread

(however, the slippage effects in the second part must be

considered). In principle, these spikes can reach saturation

in the second part at a high power level before they are

caught up by the fundamental harmonic.

European XFEL
The gap-tunable hard X-ray undulators SASE1 and

SASE2 of the European XFEL consist of 35 segments each

[16], the length of a segment is 5 m, the undulator period

is 4 cm. The phase shifters are installed between the seg-

ments, so that the number of the shifters is big. This means

that, at least in some cases, the phase shifter method alone

might be sufficient for suppression of the fundamental har-

monic. As an example we consider the third harmnonic
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Figure 3: An example for the European XFEL. Averaged

peak power for the fundamental harmonic (solid) and the

third harmonic (dash) versus magnetic length of SASE1

undulator. The wavelength of the third harmonic is 0.2

Å (photon energy 62 keV). The fundamental is disrupted

with the help of phase shifters installed after 5 m long un-

dulator segments. The phase shifts are 4π/3 after segments

1-8 and 21-26, and 2π/3 after segments 9-16. Simulations

were performed with the code FAST.

lasing at 0.2 Å (photon energy 62 keV) by the electron

beam with the energy of 17.5 GeV and the charge of 100

pC, slice parameters are the same as those given in [18],

beta-function is 60 m, the rms undulator parameter is 1.6.

Note that the considered wavelength cannot be reached by

lasing at the fundamental harmonic because the undulator

parameter is too small in this case. The results of numerical

simulations are presented in Fig. 3. Indeed, one can disrupt

the fundamental harmonic and let the third harmonic satu-

rate. The averaged peak power is 3 GW, and the bandwidth

is 2 × 10−4 (FWHM). One can still notice that a stronger

suppression of the fundamental would be desirable, so that

the spectral filtering method would improve operation of

the facility in such a regime. Eventually, the self-seeding

scheme [24] will be implemented at the European XFEL,

then it is also worth to install a filter. Another option is a

closed bump (made by movable quadrupoles between the

segments). Such a bump involves two segments with an in-

sertable filter installed between them. We should note that

if we consider a 20 pC electron bunch with slice parame-

ters from start-to-end simulations [17], the third harmonic

lasing to saturation can be extended to photon energies up

to 100 keV.

Another attractive option that one can consider in the

case of the European XFEL is a reduction of the bandwidth

by going to harmonic lasing instead of lasing in the funda-

mental mode. If one combines them as described in [10],

this will happen without reduction of power, i.e. the bril-

liance will increase. Although this increase is essentially

smaller than in the case of application of seeding and self-

seeding schemes, the method of combined lasing does not

require extra undulator length, is not restricted by a finite
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wavelength interval, and is completely based on a baseline

design. For many experiments, however, such a mild re-

duction of the bandwidth (to the level of few 10−4) would

be desirable. The detailed numerical simulations of com-

bined lasing will be presented elsewhere.

In conclusion we note that relative intensities of the fun-

damental and the third harmonics can be easily controlled

by changing phase shifters. The simultaneous lasing at the

fundamental and the third harmonics with comparable in-

tensities for jitter-free pump-probe experiments can be re-

alized in a wide range of wavelenghts and radiation inten-

sities.

INCREASE OF BRILLIANCE
FEL properties at saturation can be calculated with the

help of a numerical simulation code (for 1-D simulations

see Refs. [4] and [10]). Here we present a qualitative con-

sideration for the case when the energy spread effect is a

relatively weak correction to the FEL operation, and the

tuning to the same wavelength is achieved by changing pa-

rameter K. A simple estimate (”effective” parameter ρ [25]

is reduced depending on harmonic number) suggests that in

the case of harmonic lasing, both the saturation power and

the bandwidth are reduced by the same factor. Degree of

transverse coherence is about the same for a harmonic and

for the fundamental mode since this quantity is mainly de-

fined [26–28] by the parameter 2πε/λ, which is the same in

the considered case. Thus, the brilliance (a figure of merit

for performance of X-ray FELs), depending on the ratio

of peak power to bandwidth, remains about the same. In

other words, use of harmonic lasing instead of lasing at the

fundamental frequency is equivalent to a mild monochrom-

atization of the X-ray beam.

Here we propose a simple method of brilliance improve-

ment. In a gap-tunable undulator one can combine a high

power and a narrow bandwidth. A possible trick is to use

harmonic lasing in the exponential gain regime in the first

part of the undulator, making sure that the fundamental fre-

quency is well below saturation (two options can be con-

sidered: with and without disruption of the fundamental

by phase shifters, depending on the ratio of gain lengths).

In the second part of the undulator the value of K is re-

duced such that now the fundamental mode is resonant

to the wavelength, previously amplified as the third har-

monic. The amplification process proceeds in the funda-

mental mode up to saturation. In this case the bandwidth

is defined by the harmonic lasing (i.e. it is reduced by a

significant factor depending on harmonic number) but the

saturation power is still as high as in the reference case of

lasing at the fundamental, i.e. brilliance increases. Im-

portant is that this option does not require extra undulator

length.

ACKNOWLEDGMENTS
We would like to thank R. Brinkmann for his interest in

this work, and D. Ratner for useful discussions.

REFERENCES
[1] R. Bonifacio, L. De Salvo, and P. Pierini, Nucl. Instr. Meth.

A293(1990)627.

[2] Z. Huang and K. Kim, Phys. Rev. E, 62(2000)7295.

[3] J.B. Murphy, C. Pellegrini and R. Bonifacio, Opt. Commun.

53(1985)197

[4] B.W.J. McNeil et al., Phy. Rev. Lett. 96, 084801 (2006)

[5] H. Freund, S. Biedron and S. Milton, Nucl. Instr. Meth. A

445(2000)53.

[6] E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Phys.

Rev. ST-AB 9(2006)030702

[7] W. Ackermann et al., Nature Photonics 1(2007)336

[8] A. Tremaine et al., Phy. Rev. Lett. 88, 204801 (2002)

[9] D. Ratner et al., Phys. Rev. ST-AB 14(2011)060701

[10] E.A. Schneidmiller and M.V. Yurkov, DESY Print 12-070,

Hamburg, 2012.

[11] P. Emma et al., Nature Photonics 4(2010)641

[12] M. Altarelli et al. (Eds.), XFEL: The European X-Ray

Free-Electron Laser. Technical Design Report, Preprint

DESY 2006-097, DESY, Hamburg, 2006 (see also

http://xfel.desy.de).

[13] V. Ayvazyan et al., ”FLASH II: a project update”, presented

at the 33rd FEL Conference, Shanghai, China, August 2011

[14] T. Shintake, ”First lasing of SACLA”, presented at the 33rd

FEL Conference, Shanghai, August 2011

[15] Linac Coherent Light Source II Conceptual Design Report,

SLAC report SLAC-I-060-003-000-00-R000, April 2011

[16] T. Tschentscher, European XFEL Technical Note XFEL.EU

TN-2011-001

[17] W. Decking, M. Dohlus, T. Limberg, and I. Zagorodnov,

Baseline beam parameters for the European XFEL, private

communication, December 2010

[18] E.A. Schneidmiller and M.V. Yurkov, DESY report DESY

11-152, September 2011

[19] H.-D. Nuhn, ”LCLS Undulator Commissioning, Alignment,

and Performance”, Proceedings of the 31st FEL Conference,

Liverpool, UK, 2008, p. 714 [http://www.jacow.org]

[20] G. Geloni, V. Kocharyan and E. Saldin, preprint DESY-10-

133, August 2010

[21] www.csrri.iit.edu/mucal.html

[22] E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Nucl. In-

strum. and Methods A 429(1999)233

[23] D. Ratner, private communication

[24] G. Geloni, V. Kocharyan and E. Saldin, preprint DESY-10-

080, June 2010

[25] R. Bonifacio, C. Pellegrini and L.M. Narducci, Opt. Com-

mun. 50(1984)373

[26] E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Opt.

Commun. 281(2008)1179

[27] E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Opt.

Commun. 281(2008)4727

[28] E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, New

Journal of Physics 12(2010)035010

MOPD03 Proceedings of FEL2012, Nara, Japan

48C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Theory



FITTING FORMULAS FOR HARMONIC LASING IN FEL AMPLIFIERS

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

Abstract
One of the most important subjects of the high-gain FEL

engineering is the calculation of the gain length, and fitting

formulas are frequently used for this purpose. Here we re-

fer to Ming Xie fitting formulas [1] and fitting formulas for

optimized FEL written down in an explicit form in terms

of the electron beam and undulator parameters [2]. In this

paper we perform generalization of these fitting formulas

to the case of harmonic lasing.

INTRODUCTION
In order to calculate FEL gain length (and, therefore, sat-

uration length) one has to solve an eigenvalue equation.

Eigenvalue equation for harmonic lasing was derived in

the framework of one-dimensional (1D) model in [3, 4],

and a thorough 1D analysis can be found in [5]. Usu-

ally, more realistic 3D model is required to make conclu-

sions on a possibility of practical realization of some op-

tion. Three-dimensional analysis was done in [6], where

an eigenvalue equation was derived based on an approach

developed in [1] for the fundamental frequency. However,

this eigenvalue equation is rather complicated and can be

solved only numerically. One can correctly calculate the

gain length for a specific set of parameters, but it is very

difficult to trace general dependencies and perform analy-

sis of the parameter space.

In this paper we perform a parametrization of the solu-

tion of the eigenvalue equation for lasing at odd harmon-

ics [6], and present explicit (although approximate) expres-

sions for FEL gain length, optimal beta-function, and sat-

uration length taking into account emittance, betatron mo-

tion, diffraction of radiation, energy spread and its growth

along the undulator length due to quantum fluctuations of

the undulator radiation. Considering 3rd harmonic lasing

as a practical example, we come to the conclusion that it is

much more robust than usually thought, and can be widely

used at the present level of accelerator and FEL technology.

We surprisingly find out that in many cases the 3D model

of harmonic lasing gives more optimistic results than the

1D model. For instance, one of the results of our studies

is that in a part of the parameter space, corresponding to

the operating range of soft X-ray beamlines of X-ray FEL

facilities, harmonics can grow faster than the fundamental

mode.

EIGENVALUE EQUATION
In Ref. [1] the eigenvalue equation for a high-gain FEL

was derived that includes such important effects as diffrac-

tion of radiation, betatron motion of particles and longitu-

dinal velocity spread due to emittance, energy spread in the

electron beam, frequency detuning. The eigenvalue equa-

tion is an integral equation which can be evaluated numeri-

cally for any particular parameter set with a desirable accu-

racy. The generalization of this eigenvalue equation to the

case of harmonic lasing was done in [6]. Here we present

the latter result for the growth rate of TEMnm mode in a

dimensionless form accepted in [7]:

Φ̄nm(p) = − h2A2
JJh

A2
JJ1(2 ihBΛ̂− p2)

∞∫
0

d p
′p′Φ̄nm(p′)

×
∞∫
0

ζ d ζ

(1− ihBk̂2
βζ/2)

2
exp

[
−h2Λ̂2

Tζ
2

2
− (Λ̂ + i Ĉ)ζ

]

× exp

[
− p2 + p′2

4(1− ihBk̂2
βζ/2)

]
In

[
pp′ cos(k̂βζ)

2(1− ihBk̂2
βζ/2)

]
(1)

where h = 1, 3, 5, ... is harmonic number, In is the mod-

ified Bessel function of the first kind. The normalized

growth rate Λ̂ = Λ/Γ has to be found from numerical so-

lution of the integral equation. The following notations are

used here: r̂ = r/(σ
√
2), B = 2σ2Γω1/c is the diffrac-

tion parameter, ω1 is the fundamental frequency, σ =
√
εβ

is the transverse rms size of the matched Gaussian beam,

emittance ε is simply given by ε = εn/γ with εn being

normalized rms emittance, k̂β = kβ/Γ is the betatron mo-

tion parameter, kβ = 1/β is the betatron wavenumber, β is

the beta-function, Λ̂2
T = σ2

γ/(ρ̄γ)
2 is the energy spread pa-

rameter, Ĉ =
[
kw − ωh/(2hcγ

2
z )
]
/Γ is the detuning pa-

rameter, ωh � hω1, Γ =
[
A2

JJ1Iω
2
1θ

2
s

(
IAc

2γ2
zγ

)−1
]1/2

is the gain factor, ρ̄ = cγ2
zΓ/ω1 is the efficiency param-

eter, θs = K/γ, K is the rms undulator parameter, γ is

relativistic factor, γ−2
z = γ−2 + θ2s , kw is the undula-

tor wavenumber, I is the beam current, IA = 17 kA is

the Alfven current, AJJh = J(h−1)/2(hK
2/2(1 +K2)) −

J(h+1)/2(hK
2/2(1 + K2)). The coupling factors for the

1st, 3rd, and 5th harmonics are shown in Fig. 1. When

the rms undulator parameter K is large, the coupling fac-

tors are AJJ1 � 0.696, AJJ3 � 0.326, AJJ5 � 0.230.

Asymptotically for large h we have AJJh � 0.652 h−2/3.

Note that the scaling factors (Γ, ρ̄) reflect the growth rate

of the fundamental harmonic. The efficiency parameter ρ̄
is related to the corresponding parameter ρ [8] of the one-

dimensional model as follows: ρ̄ = ρB1/3.

One can observe that the equation (1) can be rewritten

such that it looks the same for all harmonics:
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Φ̄nm(p) = − 1

2 i B̃Λ̃− p2

∞∫
0

d p
′p′Φ̄nm(p′)

×
∞∫
0

dx
x

(1− i B̃k̃2
βx/2)

2
exp

[
− Λ̃2

Tx
2

2
− (Λ̃ + i C̃)x

]

× exp

[
− p2 + p′2

4(1− i B̃k̃2
βx/2)

]
In

[
pp′ cos(k̃βx)

2(1− i B̃k̃2
βx/2)

]
, (2)

with the following scaling factors: Γ̃ =[
A2

JJhIω
2
hθ

2
s

(
IAc

2γ2
zγ

)−1
]1/2

and ρ̃ = cγ2
z Γ̃/ωh.

Note that the gain parameter can be rewritten as

Γ̃ =

(
A2

JJhIω
2
hK

2(1 +K2)

IAc2γ5

)1/2

(3)

The new scaled parameters are now written as fol-

lows: Λ̃2
T = σ2

γ/(ρ̃γ)
2 is the energy spread parame-

ter, k̃β = kβ/Γ̃ is the betatron motion parameter, C̃ =[
kw − ωh/(2hcγ

2
z )
]
/Γ̃ is the detuning parameter, and

B̃ = 2σ2Γ̃ωh/c (4)

is the diffraction parameter.

In this paper we concentrate on the case when beta-

function is optimized for the highest FEL gain. Since

diffraction parameter depends on beta-function, it is more

convenient to go over to the normalized parameters other

then those introduced above. Indeed, the diffraction param-

eter can be rewritten as B̃ = 2ε̃/k̃β , where ε̃ = 2πε/λh and

λh = 2πc/ωh. Then we can go from parameters (B̃, k̃β)

to (ε̃, k̃β), and the Eq. (2) becomes

Φ̄nm(p) = − 1

4 i ε̃Λ̃/k̃β − p2

∞∫
0

d p
′p′Φ̄nm(p′)

×
∞∫
0

dx
x

(1− i ε̃k̃βx)2
exp

[
− Λ̃2

Tx
2

2
− (Λ̃ + i C̃)x

]

× exp

[
− p2 + p′2

4(1− i ε̃k̃βx)

]
In

[
pp′ cos(k̃βx)

2(1− i ε̃k̃βx)

]
. (5)

Our goal is to find the reduced growth rate (the real part

of the eigenvalue) ReΛ̃ = ReΛ/Γ̃ of the transverse mode

TEM00 when an FEL lases at h-th harmonic. The field

gain length of this mode is then simply Lg = 1/ReΛ. In

the case of a SASE FEL the detuning parameter falls out

of the parameters of the problem since the lasing always

takes place at the optimal detuning. Thus, when solving

the eigenvalue equation, we should always find the eigen-

value at the optimal detuning. Let us also assume at the first

step that the energy spread parameter is negligibly small

(denoting the gain length for this case as Lg0), so that its

influence on FEL operation can be neglected. In this case

the reduced growth rate Re

˜

Λ depends only on two dimen-

sionless parameters: ε̃ and k̃β . If in addition one optimizes

beta-function, then the reduced growth rate is the function

of the only parameter, scaled emittance: ReΛ̃ = f(ε̃). Cor-

respondingly, the field gain length can be written as fol-

lows:

Lg0 = [Γ̃f(ε̃)]−1 (6)

Numerical solution of the eigenvalue equation (5) is

time-consuming, so we used an approximate solution [7]

which agrees very well (to better than 1% in the whole

parameter space) with the solution of Eq. (5). In the

most interesting parameter range, 1 < ε̃ < 5, we have

found [2] that the function f(ε̃) is well approximated as

f(ε̃) ∝ ε̃−5/6, so that the gain length in the case of negligi-

ble energy spread and optimal beta-function is

Lg0 � a1Γ̃
−1ε̃5/6 , (7)

where a1 is the fitting coefficient. Now we would like to

include the effects of the energy spread. For that we present

the growth rate as Lg = Lg0(1 + δ), where δ depends on

the energy spread. Again, for the optimal beta-function,

we found that the fit δ ∝ Λ̃2
Tε̃

5/4 works very well in the

wide range of values of the energy spread parameter. Thus,

the field gain length for the optimal beta-function can be

written as follows:

Lg � a1Γ̃
−1ε̃5/6(1 + a2Λ̃

2
Tε̃

5/4) . (8)

Optimizing fitting coefficients a1 and a2 in the range of

parameters, specified in (13), (14), we obtain the Eqs. (10)-

(12). In a similar way we obtained the expression (15) for

the optimal beta-function. In particular, in the case of neg-

ligibly small energy spread we used the following approx-

imation: (k̃β)opt ∝ ε̃−3/2.

GAIN LENGTH OF HARMONIC LASING
The results of this Section are generalizations of the re-

sults of Ref. [2] for the fundamental frequency to the case

of harmonic lasing. Let us consider an axisymmetric elec-

tron beam with a current I , and a Gaussian distribution in

transverse phase space and in energy. The resonance con-

dition for the fundamental wavelength is written as:

λ1 =
λw(1 +K2)

2γ2
. (9)

More generally, lasing in a planar undulator can be

achieved at the odd harmonics defined by the condition

λh =
λ1

h
, h = 1, 3, 5, ...

Here λw is the undulator period, γ is relativistic factor,

K = 0.934 × λw[cm] × Brms[T] is the rms undulator pa-

rameter, and Brms is the rms undulator field.

In what follows we assume that the harmonic with a

number h lases to saturation, while lasing at harmonics
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Figure 1: Coupling factors for the 1st, 3rd, and 5th harmonics

(denoted with 1, 3, and 5, correspondingly) versus rms undulator

parameter.

with lower numbers and at the fundamental wavelength

is suppressed with the help of phase shifters or by other

means (see [9] for details) . We also assume that the beta-

function is optimized so that the FEL gain length at a con-

sidered harmonic achieves the minimum for given wave-

length, beam and undulator parameters. Under this con-

dition the solution of the eigenvalue equation for the field

gain length of the TEM00 mode can be approximated ac-

cording to (8):

Lg � Lg0 (1 + δ) , (10)

where

Lg0 = 1.67

(
IA
I

)1/2
(εnλw)

5/6

λ
2/3
h

(1 +K2)1/3

h5/6KAJJh
, (11)

and

δ = 131
IA
I

ε
5/4
n

λ
1/8
h λ

9/8
w

h9/8σ2
γ

(KAJJh)2(1 +K2)1/8
. (12)

Here εn = γε is the rms normalized emittance, σγ =
σE/mc2 is the rms energy spread in units of the rest elec-

tron energy. Also note that all the formulas of this Section

are valid in the case of helical undulator and the fundamen-

tal wavelength (h = 1), in this case the coupling factor is

equal to 1 [2].

The formulas (10)-(12) provide an accuracy better than

5 % in the range of parameters

1 <
2πε

λh
< 5 , (13)

δ < 2.5

{
1− exp

[
−1
2

(
2πε

λh

)2
]}

(14)

In fact, the formulas (10)-(12) can also be used well be-

yond this range, but the above mentioned accuracy is not

guaranteed.

We also present here an approximate expression for the

optimal beta-function (an accuracy is about 10 % in the

above mentioned parameter range):

βopt � 11.2

(
IA
I

)1/2
ε
3/2
n λ

1/2
w

λhh1/2KAJJh
(1+8δ)−1/3 (15)

To estimate the saturation length, one can use the result

from Ref. [10], generalized to the case of harmonic lasing:

Lsat � 0.6 Lg ln

(
hNλh

Lg

λw

)
. (16)

Here Nλh
is a number of electrons per wavelength of the

considered harmonic. For operating VUV and X-ray SASE

FELs one typically has Lsat � (10± 1)× Lg .

Energy spread in the electron beam grows along the un-

dulator length due to the quantum diffusion [11,12]. In this

case an effective parameter δ can be introduced in order to

describe an increase in saturation length due to this effect,

see [9]. Let us also note that all the above presented re-

sults are reduced to those of Ref. [2] for the case of the first

harmonic (h = 1). All these results were obtained under

the assumption that beta-function is optimal (i.e. it is given

by Eq. (15)). However, for technical reasons this is not al-

ways the case in real machines, and it could often be that

β > βopt. In such a case the gain length can be approxi-

mated as follows:

Lg(β) � Lg(βopt)

[
1 +

(β − βopt)
2(1 + 8δ)

4β2
opt

]1/6
.

(17)

Finally, let us note that widely used Ming Xie formulas

[13, 14] can be easily generalized to the case of harmonic

lasing. Comparing two approaches to parametrization of

FEL gain length, we have found that they agree reasonably

well, also for non-optimal beta-functions and well beyond

the range given by Eq. (13).

GENERALIZATION OF MING XIE
FORMULAS

In Refs. [13, 14] the fitting formulas were presented that

approximate FEL power gain length, Lg . Note that in our

parametrization we use the same notation for the field gain

length which is twice longer. The power gain length of the

fundamental harmonic was expressed in [13,14] as follows:

L1d

Lg
=

1

1 + Λ(ηd, ηε, ηγ)
, (18)

where L1d is the 1D gain length for the cold beam, and

Λ depends on the three dimensionless parameters: ηd, ηε,
and ηγ . This dependence can be found in [13, 14], it was
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obtained by fitting the solution of the eigenvalue equation

with the help of 19 fitting coefficients.

We can generalize these results for calculation of power

gain length L
(h)
g of harmonic lasing in a simple way.

Eq. (18) can be generalized as

L
(h)
1d

L
(h)
g

=
1

1 + Λ(η
(h)
d , η

(h)
ε , η

(h)
γ )

. (19)

The 1D gain length of harmonics can be calculated as

L
(h)
1d =

(
A2

JJ1

hA2
JJh

)1/3

L1d ,

and the function Λ now depends on the three generalized

parameters:

η
(h)
d =

(
A2

JJ1

hA2
JJh

)1/3
ηd
h

, η(h)ε =

(
A2

JJ1

hA2
JJh

)1/3

hηε ,

η(h)γ =

(
A2

JJ1

hA2
JJh

)1/3

hηγ .

COMPARISON OF THE TWO
APPROACHES

We present a comparison for the case of LCLS. The main

parameters are as follows [15]: undulator period is 3 cm,

rms undulator parameter is 2.475, peak current of the elec-

tron bunch is 3 kA, normalized emittance is 0.4 mm mrad,

slice energy spread is 1.4 MeV. Beta function scales with

electron energy as β[m] = 30E[GeV ]
13.6 . In Fig. 2 we present

the power gain length versus wavelength for lasing at the

fundamental and at the third harmonic, calculated with our

formulas and with generalized Ming Xie formulas. One

can notice a good agreement of two different parametriza-

tions of the FEL gain length. It is also worth noticing that

in the range of wavelengths 1.5 - 5 A the third harmonic

gain length is slightly smaller than that of the fundamental

(achieved at a larger electron energy).
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HARMONIC LASING OF THIN ELECTRON BEAM

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

Abstract
For a typical operating range of hard X-ray FELs the

condition for ratio of the electron beam emittance to ra-
diation wavelength 2πε/λ � 1 is usually a design goal for
the shortest wavelength. In the case of the simultaneous
lasing the fundamental mode has shorter gain length than
harmonics. If the same electron beam is used to drive an
FEL in a soft X-ray beamline, the regime with 2πε/λ � 1
is realized which corresponds to the case of a small value
of diffraction parameter. Here we present a detailed study
of this regime. We discover that in a part of the parameter
space, corresponding to the operating range of soft X-ray
beamlines of X-ray FEL facilities (like SASE3 beamline of
the European XFEL), harmonics can grow faster than the
fundamental wavelength. This feature can be used in some
experiments, but might also be an unwanted phenomenon,
and we discuss possible measures to diminish it.

INTRODUCTION
Once pronounced harmonic of the beam current density

exists in the electron beam, it allows to produce power-
ful coherent radiation. Two mechanisms are usually con-
sidered providing electron beam modulation at higher har-
monics. Bunching at higher harmonics always takes place
when FEL apmplification process driven by the fundamen-
tal frequency reaches saturation regime. This mechanism
is referred to as nonlinear harmonic generation [1–7]. In
the case of planar undulator there always exists also an am-
plification of odd harmonics due to FEL instability. This
mechanism is usually referred as linear harmonic genera-
tion [1,3,8–14]. It is generally accepted that self-consistent
amplification of the radiation at higher harmonics is weaker
than that of the fundamental. This is true in the framework
of one-dimensional approximation (or, in a wide beam
limit) as it has been show in early studies. However, sit-
uation changes qualitatively for diffraction limited electron
beams with small value of diffraction parameter. This pa-
rameter range refers to as thin beam limit [21]. Our studies
have shown that there exists range of parameters when gain
at higher harmonics exceeds the gain at the fundamental.
This range of parameters is not of pure academical inter-
est, but can be experimentally realized for long wavelength
FELS driven by high energy electron beams. Free electron
laser at SASE3 beam line of the European XFEL falls in
this parameter range.

FEL gain length is calculated from solution of an eigen-
value equation. Eigenvalue equation for harmonic lasing
was derived in the framework of one-dimensional (1D)
model in [1, 13], and a thorough 1D analysis can be found
in [14]. An eigenvalue equation for three-dimensional case

has been derived in [3]. However, this eigenvalue equation
is rather complicated and can be solved only numerically.
One can correctly calculate the gain length for a specific
set of parameters, but it is very difficult to trace general de-
pendencies and perform analysis of the parameter space. In
paper [23] we performed a parametrization of the solution
of the eigenvalue equation for lasing at odd harmonics [3],
and presented explicit expressions for FEL gain length, op-
timal beta-function, and saturation length taking into ac-
count emittance, betatron motion, diffraction of radiation,
energy spread and its growth along the undulator length due
to quantum fluctuations of the undulator radiation. Consid-
ering 3rd harmonic lasing as a practical example, we come
to the conclusion that it is much more robust than usually
thought, and can be widely used at the present level of ac-
celerator and FEL technology. We surprisingly find out that
in many cases the 3D model of harmonic lasing gives more
optimistic results than the 1D model. For instance, one of
the results of our studies is that in a part of the parame-
ter space, corresponding to the operating range of soft X-
ray beamlines of X-ray FEL facilities, harmonics can grow
faster than the fundamental mode.

SIMULTANEOUS LASING IN THE CASE
OF A THIN ELECTRON BEAM

For a typical operating range of hard X-ray FELs the
condition 2πε/λ � 1 is usually a design goal for the short-
est wavelength. In the case of the simultaneous lasing the
fundamental mode has shorter gain length than harmonics,
as it was shown above in paper [23]. However, if the same
electron beam is supposed to drive an FEL in a soft X-ray
beamline, the regime with 2πε/λ � 1 can be realized.
Here we present a detailed study of this regime. In this Sec-
tion we assume that beta-function is much longer than FEL
field gain length, β � L

(h)
g . Here subscript h denotes har-

monic number. In this case we can use the model of parallel
beam (no betatron oscillations), and can also neglect an in-
fluence of longitudinal velocity spread due to emittance on
FEL process. If in addition the energy spread is negligibly
small, then the normalized FEL growth rate at the funda-
mental frequency is described by the only dimensionless
parameter, namely the diffraction parameter B [21]. The
generalized diffraction parameter B̃, that can be used for
harmonics, is written as follows [23]:

B̃ = 2εβΓ̃ωh/c . (1)

Here ωh = 2πc/λh, ωh (λh) is frequency (wavelength) of
the hth harmonic, c is velocity of light, and Γ̃ is the gain
factor that also depends on harmonic number:
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Γ̃ =

(
A2

JJhIω
2
hK

2(1 +K2)

IAc2γ5

)1/2

(2)

The gain length of a harmonic is defined by the universal
function of B̃:

L(h)
g = [Γ̃f1(B̃)]−1 (3)

The function f1(B̃) can be calculated from the general
eigenvalue equation [23]. However, within the parallel
beam model, accepted in this Section, the eigenvalue equa-
tion can be significantly simplified. We use here the solu-
tion of the equation presented in [21, 22] for the Gaussian
transverse distribution of current density (see Fig. 4.52 of
Ref. [21]). In the parameter range, that is the most inter-
esting for our purpose, we can approximate the function
f1(B̃) as follows:

f1(B̃) � 0.66− 0.37 log10(B̃) for B̃ < 3 . (4)

Using the superscript (h) to indicate the harmonic num-
ber for the diffraction parameter and the gain factor, we can
see that

B̃(h)

B̃(1)
=

hΓ̃(h)

Γ̃(1)
=

h2AJJh

AJJ1
. (5)

According to (3) and (2), the ratio of gain lengths can be
presented as follows:

L
(1)
g

L
(h)
g

=
hAJJh

AJJ1

f1(B̃
(h))

f1(B̃(1))
(6)

One can easily observe from (5) and (6) that for a given
value of diffraction parameter for the fundamental fre-
quency, B = B̃(1), this ratio depends only on the parame-
ter K for a considered harmonic. If K is sufficiently large
(see Fig. 1), one can obtain a universal dependence which
is presented in Fig. 2 for the case of the third harmonic.
For large values of the diffraction parameter (wide electron
beam limit) one can use an asymptotic expression for the
growth rate [21], so that the function f1 is proportional to
(B̃(h))−1/3. In this case one obtains the result of 1D the-
ory [14]:

L
(1)
g

L
(h)
g

�
(
hA2

JJh

A2
JJ1

)1/3

.

In the case of the third harmonic and large K this ratio
is equal to 0.87. One can see that the curve in Fig. 2 slowly
approaches this value when B is large. So, in the limit of
wide electron beam, corresponding to 1D model, the funda-
mental frequency has shorter gain length than harmonics.

In the limit of small diffraction parameter (thin electron
beam) we wave the opposite situation, as one can see from
Fig. 2. When diffraction parameter is smaller than 0.4, the
gain length of the fundamental frequency is larger than that

Figure 1: Coupling factors for the 1st, 3rd, and 5th harmonics
(denoted with 1, 3, and 5, correspondingly) versus rms undulator
parameter.

Figure 2: Ratio of gain lengths for lasing at the fundamental
wavelength and at the third harmonic versus diffraction parameter
of the fundamental wavelength for large values of the undulator
parameter K.

of the third harmonic for large values of K. A similar de-
pendence can be calculated for the fifth harmonic, in this
case the gain length of the fundamental harmonic is larger
than that of the fifth harmonic (for a sufficiently large K)
when B < 0.28. Moreover, the fifth harmonic grows faster
than the third one when B < 0.15 and K is large. In fact,
if the diffraction parameter for the fundamental harmonic
is about 0.1 or less, there might a number of amplified har-
monics with similar growth rates. We should note that this
number can be reduced when the energy spread is included
into consideration.

To find out how the value of B, at which the harmonics
have the same gain length as the fundamental, depends on
the undulator parameter K, one can use the Eqs. (4)-(6).
We present the results for the third and the fifth harmonics
in Fig. 3. The areas below the curves in Fig. 3 correspond
to the case when corresponding harmonics grow faster than
the fundamental frequency. We should stress that the con-
dition 2πε/λ � 1 is necessary but not sufficient for reach-
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Figure 3: Diffraction parameter of the fundamental wavelength,
for which the third (solid) and the fifth (dash) harmonics have
the same gain length as the fundamental, versus the rms undula-
tor parameter K. Below these curves harmonics have shorter gain
lengths than the fundamental frequency.

ing this regime.
Let us discuss why the effect, considered in this Section,

can only take place in the frame of 3D theory and in the
limit of a thin beam. In 1D theory the gain factor (inversely
proportional to the gain length) scales as (A2

JJhωh)
1/3, if

we keep only parameters that depend on harmonic number.
The frequency here comes from the dynamical part of the
problem, it reflects the fact that the beam gets bunched eas-
ier at higher frequencies. As for the electrodynamic part of
the problem, the amplitude of the radiation field of charged
planes does not depend on frequency. Since the product
A2

JJhh decreases with harmonic number for any K, gain
length of harmonics is always larger than that of the fun-
damental frequency. Concerning the 3D theory, the solu-
tion of the paraxial wave equation shows that on-axis field
amplitude is proportional to the frequency. So, both dy-
namical and electrodynamic parts contribute to the solu-
tion of the self-consistent problem with ωh. That is why
in the gain factor in Eq. (2) we have squared frequency
(A2

JJhω
2
h)

1/2, i.e. it depends on harmonic number via the
product A2

JJhh
2 which can increase with harmonic number

if K is sufficiently large. Since in the case of a thin elec-
tron beam the function f1 depends only weakly, in fact log-
arithmically, on the diffraction parameter (which is larger
for harmonics), harmonics can grow faster than the funda-
mental frequency in some range of parameters B and K, as
it is illustrated in Fig. 3.

So far we have discussed an exponential gain regime and
did not consider an initial-value problem. In the simula-
tions one can observe that the fundamental dominates sat-
uration regime even if its gain length is slightly longer than
that of harmonics. First, it has a higher effective start-up
power due to a larger factor AJJ . Second, in nonlinear
regime the longitudinal phase space of the electron beam
is affected stronger by the fundamental frequency. As a re-
sult, saturation power of harmonics in the case B � 0.1 is

weaker1than it would have been in the absence of the fun-
damental frequency (but still much higher than in the case
of nonlinear harmonic generation). The bandwidth at sat-
uration is inversely proportional to harmonic number (con-
trary to the case of nonlinear harmonic generation).

Let us present a numerical example for the European
XFEL. An electron beam with the energy of 10.5 GeV lases
in SASE3 undulator (which is placed behind the hard X-ray
undulator SASE1) with the period 6.8 cm and the rms un-
dulator parameter 7.4 at the fundamental wavelength 4.5
nm. We consider electron bunches with the charge of 100
pC: the peak current is 5 kA, averaged normalized slice
emittance is 0.3 μm from start-to-end simulations [18]. It
is assumed that SASE3 operates in ”fresh bunch” mode,
i.e. there is no lasing to saturation in SASE1. Slice energy
spread (due to the quantum diffusion [19] in SASE1 and the
active part of SASE3 undulators is added quadratically to
the value obtained in start-to-end similations [18]. For the
beta-function of 15 m we obtain from (1) that the diffrac-
tion parameter for the fundamental wavelength is 0.3, so
that a simplified model, considered in this Section, suggests
that the third harmonic can grow faster than the fundamen-
tal. However, harmonics are more sensitive to the energy
spread than the fundamental frequency, therefore we use a
general eigenvalue equation [23] that includes all the im-
portant effects. We find that the field gain length is 2.44
m for the fundamental harmonic, 2.42 m for the third har-
monic, and 2.52 m for the fifth one. In Fig. 4 we present
the results of numerical simulations. Even though the satu-
ration power of harmonics is lower than it would have been
in the absence of the fundamental, it is still by an order of
magnitude higher than that expected from nonlinear har-
monic generation [20]. The saturation power of the third
(fifth) harmonic is 12% (3%) of the saturation power of the
fundamental frequency. Thus, accurate calculation of har-
monic lasing is necessary for planning of user experiments
and X-ray beam transport.

Note that the method of brilliance improvement, de-
scribed in [23], is especially attractive in the considered
regime. Indeed, one can, in principle, use a high harmonic
number so that the bandwidth reduction can be signifi-
cant. Another useful application is the simultaneous lasing
at the fundamental wavelength and at the third harmonic
with comparable intensities that can be used in jitter-free
pump-probe experiments making use of a split-and-delay
stage [24]. For such an experiment one can, in princi-
ple, manipulate relative intensities with the help of phase
shifters.

On the other hand, a high-intensity harmonic radiation
can disturb some experiments, or may lead to an excessive
power load on mirrors of X-ray transport. In this case the
harmonics can be suppressed by different means. For ex-
ample, one can increase the energy spread with the help of a
laser heater [26–28] which is going to be a part of the stan-
dard design of an X-ray FEL accelerator complex. In the

1The third harmonic saturates earlier than the fundamental, and at a
full expected power when diffraction parameter is on the order of 0.01.

Proceedings of FEL2012, Nara, Japan MOPD05

FEL Theory 55 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 4: An example for the European XFEL. Averaged peak
power for the fundamental harmonic (solid), the third harmonic
(dash), and the fifth harmonic (dot) versus undulator length for
SASE3 operating at 4.5 nm. Parameters are in the text. Simula-
tions were performed with the code FAST.

above presented example, an increase of the energy spread
up to 5 MeV would strongly suppress harmonic lasing, so
that one would get an intensity level expected from non-
linear harmonic generation. Another method is the use of
phase shifters, but now aiming at suppression of harmon-
ics. In this case the phase shifts for the fundamental fre-
quency could be below 1 rad while for harmonics they are
h times larger, i.e. the suppression effect is stronger. Other
options are an increase of the beta-function (what leads to
an increase of the diffraction parameter) or the application
of linear undulator taper [29, 30] that would have stronger
effect on the amplification of harmonics.
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SPATIAL PROPERTIES OF THE RADIATION FROM SASE FELS AT THE
EUROPEAN XFEL

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

Abstract

Recently DESY and the European XFEL GmbH per-
formed revision of the baseline parameters for the electron
beam and undulators. Operating range of bunch charges
has been extended from 20 pC to 1 nC. Different modes
of FEL operation become possible with essentially differ-
ent properties of the radiation. This paper is devoted to the
analysis of spatial properties of the radiation (fundamental
and harmonics), an important subject for design of photon
beam lines and planning user’s experiments.

INTRODUCTION

Early version of the European XFEL project imple-
mented operation of the facility with fixed bunch charge
of 1 nC and rather conservative value for the emittance 1.4
mm-mrad [1]. Recent success of FLASH and Linac Co-
herent Light Source (LCLS) demonstrated feasibility for
reliable production, compression, and acceleration of elec-
tron beams with small emittance [2,3]. Results of the Photo
Injector Test Facility in Zeuthen (PITZ) demonstrated the
possibility to generate electron beams with smaller charge
and emittance [4, 5]. Intensive work on revision of elec-
tron beam parameter space of the European XFEL has been
performed [6–9] which resulted in a new set of baseline pa-
rameters. Parameter space has been significantly extended
in terms of the bunch charge and electron energy [10]. In
parallel there was also revision of the undulator parame-
ters based on user’s requirements. It has been decided that
SASE1 and SASE2 undulators will have period of 4 cm,
and SASE3 undulator will have period 6.8 cm [11]. As
a result, different modes of FEL operation become pos-
sible with essentially different properties of the radiation.
Variation of the bunch charge will allow to control radia-
tion pulse duration in wide limits. An important factor re-
lated to emittance reduction is significant change of angular
divergence of the radiation with new baseline parameters.
This forced corresponding revision of the photon distribu-
tion system [12].

In paper [13] we presented a comprehensive overview
of radiation properties of SASE FEL radiators driven by
electron beam with new baseline parameters. An impor-
tant missed topic was spatial properties of the higher har-
monic radiation. This paper fills the gap. Present study
makes use of fitting formulae based on application of sim-
ilarity techniques to the results of extended numerical sim-
ulations [14–17, 19]. As a result, it becomes possible to
describe complicated phenomena with simple parametric
dependencies.

BASIC RELATIONS
Design of the focusing system of XFEL assumes nearly

uniform focusing of the electron beam in the undulator, so
we consider axisymmetric model of the electron beam. It
is assumed that transverse distribution function of the elec-
tron beam is Gaussian, so rms transverse size of matched
beam is σ =

√
εβ ,where ε = εn/γ is rms beam emittance,

γ is relativistic factor, and β is focusing beta-function. In
the following we apply similarity techniques to the anal-
ysis of the FEL amplifier operation. Key notions of the
three-dimensional theory of the FEL amplifier which we
use here are is the gain parameter Γ and diffraction param-
eter B [20, 21]:

Γ =

[
I

IA

8π2K2A2
JJ1

λλwγ3

]1/2
,

B = 2Γσ2ω/c . (1)

Here I is the beam current, IA = 17 kA is Alfven’s cur-
rent, λ is radiation wavelength, ω = 2πc/λ, λw is un-
dulator period, and K is rms undulator parameter. Cou-
pling factor is AJJ1 = 1 for helical undulator, and AJJh =
J(h−1)/2(K

2/2(1 + K2)) − J(h+1)/2(K
2/2(1 + K)) for

planar undulator. Jn is the Bessel function of the first kind.
With given parameters of electron beam and undulator

period the only parameter remaining for optimization of
the FEL gain is focusing beta function. In the parameter
range 1 � ε̂ = 2πε/λ � 5 optimum beta function is given
explicitly by expression [14]:

βopt � 11.2

(
IA
I

)1/2
ε
3/2
n λ

1/2
w

λKAJJ1
(1 + 8δ)−1/3 ,

δ = 131
IA
I

ε
5/4
n

λ1/8λ
9/8
w

σ2
γ

(KAJJ1)2(1 +K2)1/8
, (2)

where σγ = σE/mec
2. When energy spread is not im-

portant for amplification process, diffraction parameter for
optimized x-ray FEL (with optimum beta function given by
(2) yields in a simple relation:

B � 12.5× ε̂5/2 . (3)

FUNDAMENTAL HARMONIC
We start illustration of spatial properties with spe-

cific numerical example for SASE1 and SASE3 operating
with bunch charge 100 pC. Other parameters of SASE1
(SASE3) are energy 14 GeV (17.5 GeV), radiation wave-
length 0.25 nm (1.6 nm) [13]. Evolution along the undu-
lator of the spot size of the radiation and angular diver-
gence of the radiation is shown in Fig. 1. Simulations have
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Δθ
μ

Δ
μ

Figure 1: Radiation spot size (bottom) and angular diver-
gence (top) of the radiation versus undulator length for
SASE1 (SASE3). Black and red curves refer to the case
of SASE1 and SASE3, respectively. Parameters of SASE1
(SASE3) are: electron energy is 14 GeV (17.5 GeV), bunch
charge is 100 pC, wavelength is 0.25 nm (1.6 nm). Dotted
lines show radiation pulse energy. Circles denote saturation
point.

been performed with tim-dependent FEL simulation code
FAST [22]. Both values, spot size and divergence evolve
in the amplification process. Scale of the values depends
on the choice of the electrom beam parameters and wave-
length. From practical point of view it is important to know
characteristics of the radiation at the saturation point when
brilliance of the radiation of fundamental harmonic reaches
maximum value. Circles on the upper plot mark relevant
saturation points. Our studies show that spatial properties
of the radiation mode at the saturation point are mainly
defined by the diffraction parameter B. For normalized
values of the FWHM spot size and angular divergence we
have:

Δr̂FWHM � ln(8.2/B1/5) ,

Δθ̂FWHM � � ln(3.3B1/3) . (4)

Here dimensional values are normalized as
Δr̂FWHM = ΔrFWHM/(σ

√
2), and ΔθFWHM =

ΔθFWHMλ/(2
√
2πσ). Dependencies given by Eq. (4)

are rather simple as it is shown in Fig. 2. Calculations

Δθ
Δ

Figure 2: Normalized FWHM size (black curve) and angu-
lar divergence (red curve) of SASE FEL radiation versus
diffraction parameter. SASE FEL operates at the saturation
point.

2πε/λ

Figure 3: Optimized XFEL. Ratio of powers in the 3rd
(black line) and the 5th harmonic (red line) to the power
of the fundamental harmonic versus parameter ˆε = 2πε/λ.
SASE FEL operates at the saturation point.

of the value of the diffraction parameter is essentially
simple for the case of optimized x-ray FEL (3). There is
a range of parameters (e.g. long wavelength FELs) when
conditions of optimum focusing can not be realized due to
the limitations of the focusing system (in the case of the
European XFEL we set lower limit on beta function to 15
meters). In this case Eq. (1) should be used for calculation
of diffraction parameter. For numerical example presented
in Fig. 1 the values of diffraction parameters are 7.6 and
0.51, and rms size of the electron beam 14.5 μm and
13.1 μm for SASE1 and SASE3, respectively. Using Eq.
(4) and other parameters of the problem we find angular
divergence and spot size at the saturation point to be 3.6
μrad and 35 μm for SASE1, and 13.4 μrad and 41 μm
for SASE3. Comparison with Fig. 1 shows that Eq. (4)
provides reasonable practical accuracy.
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Table 1: European XFEL: Baseline parameters of the electron beam at the undulator entrance
(December 2010 revision [10])

Bunch charge nC 0.02 0.1 0.25 0.5 1
Peak beam current kA 4.5 5 5 5 5
Normalized rms emittance mm-mrad 0.32 0.39 0.6 0.7 0.97
rms energy spread MeV 4.1 2.9 2.5 2.2 2
rms pulse duration fs 1.2 6.4 16.6 30.6 76.6

θ

θ μ

μ

Figure 4: Distribution of the radiation intensity in the far
(top) and near (bottom) zone. SASE FEL is optimized to
maximum gain and operates in the saturation. Emittance
parameter is ε̂ = 0.5. Dimensional units related to the prob-
lem are: radiation wavelength is 0.1 nm, rms size of the
electron beam is σ = 5 μm. Black, red, and green lines
correspond to the 1st, 3rd, and 5th harmonic.

HIGHER HARMONICS
We consider the case when the bunching at higher har-

monics is mainly defined by the nonlinear beam bunching
in the fundamental harmonic. In the case of optimized x-
ray FEL the ratios of the power of higher harmonics to the
power of the fundamental harmonic are universal functions
of emittance parameter when we factorize them with the
ratio of coupling factor A2

JJh/A
2
JJ1 [18,19]. Relevant plots

are presented in Fig. 3. For large values of the undulator
parameter K asymptotic values of A2

JJh/A
2
JJ1 are equal to

0.22 and 0.11 for the 3rd and the 5th harmonic, respec-
tively. In the range of emittance parameter from 0.25 to 2

Δθ
Δθ

Δ
Δ

Figure 5: Ratio of for the 3rd and the 1st harmonic of the
angular divergence (top) and the spot size (bottom). Undu-
lator length is normalized to the saturation length. Black,
red, green, and blue curve correspond to the values of the
emittance parameter ε̂ = 0.5, 1, 1.5, and 2, respectively.

contributions to the total power of the 3rd (5th) harmonic is
between 0.3 - 1.4% (0.07 - 0.16%). Contribution of higher
harmonics to the total power grows in the deep nonlinear
regime, and may constitute substantial amount depending
on quality of the electron beam [19].

Figure 4 shows distributions of the radiation intensity in
the far and near zone for the 1st, 3rd, and 5th harmonic.
Data correspond to the value of the emittance parameter
ε̂ = 0.5, radiation wavelength 0.1 nm, and rms size of the
electron beam σ = 5 μm. SASE FEL is optimized to max-
imum gain and operates in the saturation regime. Intensity
distributions shrink for higher harmonics. For the 3rd har-
monic both ratios of the widths of intensity distributions
(angular and spot size) are about 0.6. Analysis of the emit-
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Figure 6: FWHM angular divergence of the radiation for
SASE1 (top) and SASE3 (bottom) FELs operating in the
saturation versus bunch charge and operating wavelength.
Electron energy is 17.5 GeV. Numbers on contour lines
denote units of μrad. Red dashed curve shows minimum
of the radiation wavelength at the undulator length of 165
m. Parameters of the electron beam are presented in Ta-
ble 1. Focusing beta function is optimized for minimum
gain length.

tance parameter space ε̂ = 0.5 − 2 (see Fig. 5) shows that
ratio of the widths of the distributions for the 3rd and the
1st harmonic is in the limits 0.55 ± 0.05. For the time of
preparation of this manuscript simulations for the 5th har-
monic are in the progress. Preliminary results indicate that
at the values of ε̂ ∼ 0.5 spot size and angular divergence
shrink further, and constitute about 50% of the values for
the fundamental harmonic.

SUMMARY
Application of similarity techniques provides not only

an elegant way for deeper insight into FEL physics. We
demonstrated here that with proper normalization of pa-
rameters spatial properties of the radiation from x-ray FELs
are simple functions of the only diffraction parameter B
(see Eq. (4)). Diffraction parameter itself can be easily
calculated for the whole parameter space of the European
XFEL compiled in Table 1. As an example of application
of presented formulae we conclude our paper with the plots

for angular divergence of the radiation from SASE FELs
at the European XFEL operating at the nominal energy of
17.5 GeV (see Fig. 6). Angular divergence of the 3rd har-
monic shrinks to about 60% of the divergence of the fun-
damental harmonic.
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ON DISRUPTION OF THE FUNDAMENTAL HARMONIC IN SASE FEL
WITH PHASE SHIFTERS

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

Abstract
A method to disrupt the fundamental harmonic with

phase shifters installed between undulator modules (while

keeping the lasing at the third harmonic undisturbed) was

proposed in [1]. If phase shifters are tuned such that the

phase delay is 2π/3 (or 4π/3) for the fundamental, then

its amplification is disrupted. At the same time the phase

shift is equal to 2π for the third harmonic, i.e. it continues

to get amplified without being affected by phase shifters.

We note that simulations in [1] were done for the case of a

monochromatic seed, and the results cannot be applied for

a SASE FEL. The reason is that in the latter case the am-

plified frequencies are defined self-consistently, i.e. there

is frequency shift (red or blue) depending on positions and

magnitudes of phase kicks. This leads to a significantly

weaker suppression effect. In particular, we found out that

a consecutive use of phase shifters with the same phase

kicks 2π/3 (as proposed in [1] is inefficient, i.e. it does not

lead to a sufficiently strong suppression of the fundamental

wavelength. In the present report we propose a modifica-

tion of phase shifters method that can work in the case of a

SASE FEL.

INTRODUCTION
When the saturation is achieved at the fundamental fre-

quency, the nonlinear harmonic generation occurs, i.e. the

radiation of the bunched beam at odd harmonics of the un-

dulator [2–7]. This radiation has a relatively low power (for

the 3rd harmonic it is on the order of a per cent of the sat-

urated power of the fundamental wavelength), and its rela-

tive bandwidth is about the same as that of the fundamen-

tal [8]. Intensity of harmonics is subjected to much stronger

fluctuations than that of the fundamental frequency [4,8,9].

Linear amplification of a harmonic does not proceed due to

a strong impact of the saturation at the fundamental mode

on the longitudinal phase space of the electron beam.

If, however, we disrupt the lasing at the fundamental fre-

quency such that it stays well below saturation, then the

third harmonic lasing proceeds up to saturation resulting in

a significant intensity (about 30 % of the saturated power of

the fundamental mode in 1D limit), narrow relative band-

width (also about 30 % of that at the fundamental in 1D

case). In other words, the brilliance can be by two or-

ders of magnitude higher than in the case of nonlinear har-

monic generation (for the 5th harmonic the improvement

can reach three orders of magnitude). Intensity fluctuations

of a harmonic are about the same as those at the funda-

mental wavelength of a SASE FEL since statistics is the

same. Moreover, if the fundamental harmonic is strongly

suppressed in the undulator, the users of X-ray facilities do

not need filters which are in most cases required if one uses

nonlinear harmonic generation. Note that the filters sup-

press the fundamental wavelength but may also partially

suppress harmonics. Thus, harmonic lasing up to its sat-

uration has decisive advantages over nonlinear harmonic

generation, so one should have good methods to disrupt

the fundamental mode.

DESCRIPTION OF THE METHOD
A method to disrupt the fundamental harmonic (while

keeping the lasing at the third harmonic undisturbed) was

proposed in [1]. The undulators for X-ray FELs consist

of many segments. In case of gap-tunable undulators,

phase shifters are foreseen between the segments. If phase

shifters are tuned such that the phase delay is 2π/3 (or

4π/3) for the fundamental, then its amplification is dis-

rupted. At the same time the phase shift is equal to 2π for

the third harmonic, i.e. it continues to get amplified without

being affected by phase shifters. However, the simulations

in [1] were done for the case of a monochromatic seed, and

the results cannot be applied for a SASE FEL. The rea-

son is that in the latter case the amplified frequencies are

defined self-consistently, i.e. there is frequency shift (red

or blue) depending on positions and magnitudes of phase

kicks. This leads to a significantly weaker suppression ef-

fect. In particular, we found out that a consecutive use of

phase shifters with the same phase kicks 2π/3 (as proposed

in [1]) is inefficient, i.e. it does not lead to a sufficiently

strong suppression of the fundamental wavelength. In a

realistic 3D case, the radiation is diffracted out of the elec-

tron beam, and the density and energy modulations within

this frequency band are partially suppressed due to emit-

tance and energy spread while the beam is passing the sec-

ond part of the undulator (although the suppression effect

is often small). We propose here a modification of phase

shifters method that can work in the case of a SASE FEL.

We define phase shift in the same way as it was done in [1]

in order to make our results compatible with the previous

studies. For example, the shift 2π/3 corresponds to the ad-

vance1 of a modulated electron beam with respect to elec-

1In a phase shifter (like a small magnetic chicane) the beam is, obvi-

ously, delayed with respect to electromagnetic field. One can, however,

always add or subtract 2π, so that the shift is kept between 0 and 2π.

Therefore, a delay in the phase shifter by 2π/3 corresponds to the phase
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tromagnetic field by λ1/3. In the following we assume that

a distance between phase shifters is shorter than the field

gain length of the fundamental harmonic. Our method of

disrupting the fundamental mode can be defined as a piece-

wise use of phase shifters with the strength 2π/3 and 4π/3.

For example, in the first part of the undulator (consisting of

several segments with phase shifters between them) we in-

troduce phase shifts 4π/3. A red-shifted (with respect to a

nominal case without phase shifters) frequency band is am-

plified starting up from shot noise2. In the following sec-

ond part of the undulator we use 2π/3 phase shifts, so that

the frequency band, amplified in the first part, is practically

excluded from the amplification process.

Instead, a blue-shifted frequency band is amplified in the

second part of the undulator, starting up from shot noise.

Then, in the third part we change back to 4π/3 phase

shifters, having the residual modulations in the electron

beam and diffracted radiation from the first part as initial

conditions for the red-shifted frequency band. Then one

can change to the fourth part with 2π/3 phase shifts, and

so on. A more thorough optimization can also include a

part (or parts) of the undulator with zero phase shifts. As

a result of these manipulations, the bandwidth of the FEL

radiation strongly increases, while the saturation is signif-

icantly delayed. The efficiency of the method strongly de-

pends on the ratio of the distance between phase shifters

and the field gain length of the undisturbed fundamental

mode. The smaller this ratio, the stronger suppression can

be achieved after optimization of phase shifts distribution.

For example, when the ratio is about 0.5, one can relatively

easy increase the ”effective” gain length by a factor of 2.

PHASE SHIFTERS METHOD IN 1D
MODEL

It was suggested in [1] that the fundamental mode can

be disrupted by introducing consecutive phase shifts 2π/3
while the third harmonic is amplified without interruptions

up to saturation. However, the simulations in [1] were done

for the case of a monochromatic seed. We would like to

check if this method also works in the case of a SASE FEL,

using the same 1D model as in [1], and similar normaliza-

tion procedure. For example, the reduced longitudinal co-

ordinate ẑ in our notations [10] corresponds to z̄ in [1].

We define phase shift in the same way as it was done

in [1] to make the results compatible. For example, the

shift 2π/3 corresponds to the advance of a modulated elec-

tron beam w.r.t. electromagnetic field by λ1/3. In Fig. 1 we

present the simulation of SASE FEL with the set of phase

shifters considered in [1]: phase shifts are equal to 2π/3
at the positions ẑ = 4, 5, 6, ... . One can see that this set

does not provide a sufficient disruption of the fundamental

shift of 4π/3 according to the definition in [1], and vice versa.
2A magnitude of the red shift is defined by the condition that the phase

shift, −2π/3 in the considered case, is compensated by the following

phase advance in the undulator section between the phase shifters. Also

sidebands (with a smaller gain) can be amplified for which an additional

phase shift in the undulator section is 2π or a multiple of it.
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Figure 1: Normalized power of the fundamental harmonic

(solid) and of the third harmonic (dash) versus normalized

undulator length for a SASE FEL. Phase shifts are equal to

2π/3 at the positions ẑ = 4, 5, 6, ..., 14, as suggested in [1].

The undulator parameter is large, K � 1. Definitions of

the normalized parameters can be found in [10].

mode so that it reaches saturation not allowing the third har-

monic to achieve high intensity level (although it is some-

what larger than that in the case without phase shifters).

Note that starting with phase shifts earlier, at ẑ = 1, or us-

ing them more often does not bring a significant improve-

ment of the situation. Better results are achieved if one

uses 4π/3 shifts, but this is also not sufficient for a sure

suppression of the fundamental harmonic and obtaining an

ultimate performance of the third harmonic. The main dif-

ference of a SASE FEL with a seeded FEL amplifier is that

in the former case the amplified frequency band is defined

self-consistently, i.e. the mean frequency is shifted depend-

ing on magnitude and positions of phase shifts.

One can try to use a sequence of phase shifters 2π/3,

4π/3, 2π/3, 4π/3 ... [11] but this is a less efficient method

than the one described in Section 4.1, namely a picewise

use of phase shifts 2π/3, 4π/3, and 0. In the latter case we

can achieve a desirable situation as one can see from Fig. 2.

Indeed, the third harmonic saturates while the fundamental

mode stays well below saturation.

If, however, we apply a modified method described in

Section 4.1, namely a picewise use of phase shifts 2π/3
and 4π/3, we can achieve a desirable situation as one can

see from Fig. 2. In this case the third harmonic saturates

while the fundamental mode stays well below saturation.

DISCUSSION
We can simply generalize the method to the 5th har-

monic lasing (higher harmonic numbers we do not discuss

in this paper). One can introduce a piecewise combination

of some of the phase shifts 2π/5, 4π/5, 6π/5, or 8π/5
(for the fundamental frequency). In this case also the third

harmonic will see the disrupting shifts, while the fifth har-

monic will not be affected. If the number of phase shifters

is sufficient, the fundamental mode and the third harmonic
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Figure 2: Normalized power of the fundamental harmonic

(solid) and of the third harmonic (dash) versus normal-

ized undulator length. Phase shifts are equal to 4π/3 at

the positions ẑ = 1, 2, 3, 8, 9 and 2π/3 at the positions

ẑ = 4, 5, 6, 7, 10, 11. The undulator parameter is large,

K � 1.

can be strongly suppressed so that the fifth harmonic can

reach saturation.

We have considered the case when a distance between

phase shifters is shorter than the field gain length of the

fundamental frequency. If the distance is essentially larger,

the phase shifts can still be used to delay the saturation of

the fundamental but typically the suppression effect is not

sufficiently strong. However, a combination of these rare

phase shifts with intra-undulator spectral filtering can be

efficient enough.
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COHERENCE PROPERTIES OF THE ODD HARMONICS OF THE
RADIATION FROM SASE FEL WITH PLANAR UNDULATOR

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

Abstract
We present analysis of coherence properties of odd har-

monics radiated from a SASE FEL with planar undula-

tor. Nonlinear mechanism of harmonic generation is under

study. Temporal and space correlation functions, coherence

time and degree of transverse coherence are calculated by

means of numerical simulations with the code FAST. Sim-

ilarity techniques have been used to derive general coher-

ence properties of the radiation from optimized x-ray FEL

operating in the saturation regime.

INTRODUCTION
We consider free electron laser (FEL) amplifier - device

in which electron bunch amplifies electromagnetic radia-

tion during single pass of an undulator. The FEL collec-

tive instability in the electron beam produces an exponen-

tial growth (along the undulator) of the radiation and the

modulation of the electron density on the scale of undu-

lator resonance radiation wavelength. Amplification pro-

cess in a Self Amplified Spontaneous Emission (SASE)

FEL [1] starts from the shot noise in the electron beam.

When the electron beam enters the undulator, the presence

of the beam modulation at frequencies close to the reso-

nance frequency initiates the process of radiation. The fluc-

tuations of current density in the electron beam are uncor-

related not only in time but in space, too. A big number

of transverse mode is excited. TEM00 mode with highest

gain dominates when undulator length progresses. Coher-

ence time and degree of transverse coherence grow in the

exponential amplification stage, and reach maximum val-

ues near the saturation point. Saturation length is limited

from nine to eleven field gain length for VUV and x-ray

FELs which fundamentally define coherence properties of

the radiation [2–6]. Poor longitudinal coherence also af-

fects transverse coherence [2, 3].

Radiation from SASE FEL with planar undulator con-

tains visible contribution of odd harmonics. Parame-

ter range where intensity of higher harmonics is defined

mainly by nonlinear beam bunching in the fundamen-

tal harmonic has been intensively studied in refs. [7–16].

Comprehensive studies of nonlinear harmonic generation

have been performed in [16] in the framework of the one-

dimensional model. General features of harmonic radia-

tion have been determined. It was found that coherence

time at saturation falls inversely proportional to harmonic

number, and relative spectrum bandwidth remains constant

with harmonic number. In this paper we extend studies

of higher harmonics taking into account diffraction effects.

We consider parameter range when intensity of higher har-

monics is mainly defined by nonlinear harmonics gener-

ation mechanism. The results have been obtained with

time-dependent, three-dimensional FEL simulation code

FAST [17] performing simulation of the FEL process with

actual number of electrons in the beam. Using similar-

ity techniques we present universal dependencies for the

main characteristics of the SASE FEL covering all prac-

tical range of optimized X-ray FELs. Present studies are

limited with the third harmonic.

OPTIMIZED XFEL
Design of the focusing system of XFEL assumes nearly

uniform focusing of the electron beam in the undulator, so

we consider axisymmetric model of the electron beam. It

is assumed that transverse distribution function of the elec-

tron beam is Gaussian, so rms transverse size of matched

beam is σ =
√
εβ ,where ε = εn/γ is rms beam emittance

and β is focusing beta-function. In the case of negligibly

small effects of the space charge and energy spread, oper-

ation of the FEL amplifier is described by the diffraction

parameter B and the betatron motion parameter k̂β : [18]:

B = 2Γσ2ω/c , k̂β = 1/(βΓ) , (1)

where Γ =
[
Iω2θ2sA

2
JJ1/(IAc

2γ2
zγ)

]1/2
is the gain param-

eter. When describing shot noise in the electron beam, one

more parameter appears, the number of electrons in the vol-

ume of coherence: Nc = I/(eωρ), where ρ = cγ2
zΓ/ω is

the efficiency parameter. The following notations are used

here: I is the beam current, ω = 2πc/λ is the frequency

of the electromagnetic wave, θs = Krms/γ, Krms is the

rms undulator parameter, γ is relativistic factor, γ−2
z =

γ−2+θ2s , kw = 2π/λw is the undulator wavenumber, IA =
17 kA is the Alfven current. Coupling factor is AJJ1 = 1
for helical undulator and AJJh = J(h−1)/2(K

2
rms/2(1 +

K2
rms))−J(h−1)/2(K

2
rms/2(1+K2

rms)) for planar undula-

tor. Here Jn are the Bessel functions of the first kind, and

h is harmonic number.

Target value of interest for XFEL optimization is the

field gain length of the fundamental mode. For this prac-

tically important case the solution of the eigenvalue equa-

tion for the field gain length of the fundamental mode and

optimum beta function are rather accurately approximated

by [19]:

Lg = 1.67

(
IA
I

)1/2
(εnλw)

5/6

λ2/3

(1 +K2)1/3

KAJJ1

βopt � 11.2

(
IA
I

)1/2
ε
3/2
n λ

1/2
w

λKAJJ1
, (2)

It follows from (1) and (2) that diffraction parameter B and

parameter of betatron oscillations, k̂β are functions of the
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only parameter ε̂ for optimized x-ray FEL. As a result, sat-

uration characteristics of the SASE FEL written down in

the dimensionless form are functions of two parameters,

ε̂ and parameter Nc defining the initial conditions for the

start-up from the shot noise [3–5]. Dependence of charac-

teristics on the value of Ncis very slow, in fact logarithmic.

Properties of the third harmonic are also function of emit-

tance parameter ε̂. In the case when mechanism of non-

linear harmonic generation is dominating, dependencies on

the coupling factor can be explicitly isolated. This property

provides the possibility of universal description of charac-

teristics of higher harmonics.

GENERAL DEFINITIONS
The first-order transverse correlation function is defined

as

γ1(�r⊥, �r′⊥, z, t) = 〈Ẽ(�r⊥, z, t)Ẽ∗(�r′⊥, z, t)〉[
〈|Ẽ(�r⊥, z, t)|2〉〈|Ẽ(�r′⊥, z, t)|2〉

]1/2 ,

where Ẽ is the slowly varying amplitude of the amplified

wave. For a stationary random process γ1 does not depend

on time, and the degree of transverse is:

ζ =

∫ |γ1(�r⊥, �r′⊥)|2I(�r⊥)I(�r′⊥) d�r⊥ d�r′⊥
[
∫
I(�r⊥) d�r⊥]2

, (3)

where I(�r⊥) = 〈|Ẽ(�r⊥)|2〉. The first order time correla-

tion function, g1(t, t
′), is calculated in accordance with the

definition:

g1(�r, t− t′) =
〈Ẽ(�r, t)Ẽ∗(�r, t′)〉[

〈| Ẽ(�r, t) |2〉〈| Ẽ(�r, t′) |2〉
]1/2 , (4)

For a stationary random process time correlation functions

are functions of the only argument, τ = t− t′. The coher-

ence time is defined as τc =
∞∫
−∞

|g1(τ)|2 d τ . Normalized

coherence time is defined as τ̂c = ρωτc. Normalized FEL

efficiency is defined as η̂ = P/(ρWb) where P is radiation

power, and Wb = γmc2I/e is electron beam power. If

one traces evolution of the brilliance of the radiation along

the undulator length there is always the point, which we

define as the saturation point, where the brilliance reaches

maximum value [3].

PROPERTIES OF THE RADIATION
Simulations have been performed with three-

dimensional, time-dependent FEL simulation code [17]

tracing actual number of electrons In our simulation

procedure particles correspond to real electrons randomly

distributed in full 6D phase space. This allows us to avoid

any artificial effects arising from standard procedures

of macroparticle loading as we described earlier [3].

Simulations of the FEL process have been performed for

the case of a long bunch with uniform axial profile of

the beam current. Such a model provides rather accurate

predictions for the coherence properties of the XFEL,

since typical radiation pulse from the XFEL is much

longer than the coherence time. Calculations has been

performed with FEL simulation code FAST using actual

number of electrons in the beam. The value of parameter

Nc = 8 × 105 corresponds to the parameter range of

XFEL operating at the radiation wavelength about 0.1 nm.

Simulated range covers the value of emittance parameter ε̂
from 0.25 to 2.

Output of the simulation code are arrays containing com-

plex values of the radiation field amplitudes. Then we ap-

ply statistical analysis, and calculate physical values as it

has been defined in the previous section. Finally, applica-

tion of similarity techniques allows us to extract universal

parametric dependencies of the main characteristics of the

optimized XFEL.

We start with specific numerical example corresponding

to the value of ε̂ = 0.5. This operating point correspond

to maximum degree of transverse coherence which can be

achieved in SASE FEL [3, 5, 6]. Figure 1 shows slice of

temporal structure of the radiation pulse from SASE FEL

operating in the saturation regime. Already this specific

example brings a lot of physical information. We note that

spikes of all harmonics are well aligned in space illustrat-

ing an effect of nonlinear harmonic generation: higher har-

monics radiate only by those parts of the electron bunch

which has been effectively modulated by the fundamental

harmonic. We also notice that typical scale of the radiation

intensities of the 3rd (5th) harmonic is in the range of a per

cent (per mille) level with respect to the fundamental. Even

brief look on spike widths in Fig. 1 gives us an idea that co-

herence time of the 3rd harmonic is significantly less than

that of the fundamental harmonic. Spikes of the 5th har-

monics are shorter than those of the 3rd harmonics, thus

coherence time of the 5th harmonic should be even less.

Plots in Fig. 2 show evolution along the undulator of the

radiation power and brilliance. Longitudinal coordinate is

normalized to the saturation length of the fundamental har-

2πε/λ
Figure 1: Optimized XFEL. Temporal structure of the ra-

diation pulse in the saturation point for ε̂ = 0.5. Black,

red, and green lines refer to the 1st, 3rd, and 5th harmonic,

respectively.
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πε λ

πε λ

Figure 2: Optimized XFEL. FEL power and brilliance ver-

sus undulator length. All values are normalized to the val-

ues corresponding to the values at the saturation point of

the 1st harmonic. Black, red, and green lines refer to the

1st, 3rd, and 5th harmonic, respectively.

monic. Brilliance and power for harmonics are normalized

to the values corresponding to the saturation point of the

fundamental harmonic. We see that radiation powers of

all harmonics continue to grow after the saturation point of

the fundamental harmonic. Power growth of the 3rd and

the 5th harmonic is visibly faster than that of the funda-

mental. An important feature is also that brilliance of the

higher harmonics continue to grow as well after the satu-

ration point. Maximum brilliance of the higher harmonics

is reached in the deep nonlinear regime which is mainly

due to faster growth of the harmonic radiation power with

respect to the fundamental. This means that in parameter

range of ε̂ about 0.5 electron beam after saturation remains

relatively good amplification media for higher harmonics.

Contribution of higher harmonics into total radiation power

depends strongly on how long amplification process devel-

ops after the saturation point.

Plots in Fig. 3 show evolution along the undulator of the

coherence time and degree of transverse coherence. We

multiplied coherence time by harmonic number h to bring

all curves into scale. We find important feature that coher-

ence time in the saturation regime scales inversely propor-

tional to harmonic number. Also, relative spectrum band-

width Δωh/ωh remains constant for all harmonics. This

finding confirms the result obtained earlier in the frame-

ζ

πε λ

τ

πε λ

Figure 3: Optimized XFEL. Degree of transverse coher-

ence, ζ, and normalized coherence time, τ̂c versus undu-

lator length for ε̂ = 0.5. Black, red and green lines refer

to the 1st, 3rd and 5th harmonic, respectively. Coherence

time is multiplied for corresponding harmonic number h.

ζ

2πε/λ

Figure 4: Optimized XFEL. Degree of transverse coher-

ence ζsat in the saturation versus parameter ε̂ = 2πε/λ.

Black and red lines refer to the 1st, 3rd harmonic, respec-

tively.

work of one dimensional model [16]. Note that recent

measurements of the harmonic properties at FLASH and

LCLS [20, 21] are in good qualitative agreement with the

results reported here.

Figure 2 shows evolution of the degree of transverse co-

herence along the undulator. Note that we illustrate param-

eter space providing maximum degree of transverse coher-

Proceedings of FEL2012, Nara, Japan MOPD08

FEL Theory 67 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



2πε/λ

Figure 5: Optimized XFEL. Ratio of powers in the 3rd

(black line) and the 5th harmonic (red line) to the power

of the fundamental harmonic versus parameter ˆε = 2πε/λ.

SASE FEL operates at the saturation point.

ence in the fundamental harmonic (about 95%) for opti-

mized x-ray FEL. An important observation is that the de-

gree of transverse coherence for higher harmonics is visi-

bly less. There is nothing unusual in this result. Qualita-

tively it can be explained by general feature of frequency

multiplication schemes which also amplify noise progres-

sively with harmonic number [22]. Fundamental harmonic

already contains visible noise content resulting in reduced

degree of transverse coherence, and we can readily expect

more reduction for higher harmonics. An example of sim-

ilar physical behavior is degradation of longitudinal coher-

ence in high gain harmonic generation scheme [23].

As we already mentioned above, characteristics of the

optimized FEL in the saturation point depend on the only

parameter, ε̂. Figure 4 shows dependence of the degree of

transverse coherence for the 1st and the 3rd harmonic on

the value of emittance parameter. We see that maximum

values of the degree of transverse coherence correspond to

the values of ε̂ about 0.5. While coherence properties of

the fundamental harmonic do not change too much when

ε̂ increases to 2, we obtain their significant degradation for

the 3rd harmonic.

When we analyze expressions for the radiation power

we find that the dependencies for the ratios of the power

of higher harmonics to the fundamental become to be uni-

versal functions of emittance parameter when we factorize

them with factor A2
JJh/A

2
JJ1. Relevant plots are presented

in Fig. 5. For large values of the undulator parameter K
asymptotic values of A2

JJh/A
2
JJ1 are equal to 0.22 and 0.11

for the 3rd and the 5th harmonic, respectively. In the range

of emittance parameter from 0.25 to 2 contributions to the

total power of the 3rd (5th) harmonic is between 0.3 - 1.4%

(0.07 - 0.16%). Note that contribution of higher harmonics

to the total power grows in the deep nonlinear regime, and

may constitute substantial amount (See Fig. 2).

SUMMARY
In conclusion we make brief summary of our findings

related to the saturation regime. Degree of transverse co-

herence of higher harmonics is less than that of the fun-

damental. Coherence time for harmonics scales inversely

proportional to the harmonic number. Relative width of the

radiation spectrum is the same for all harmonics.
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NONLINEAR HARMONIC SELECTION IN AN FEL UNDULATOR SYSTEM 
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Abstract 
Both fundamental and higher order harmonics are 

produced within the synchrotron radiation emitted during 
the free electron laser (FEL) process. These harmonics are 
not always wanted and at times can be detrimental to the 
overall operation of the FEL; furthermore, they can have a 
negative effect on user operations. Thus, the ability to 
control the harmonics is an important area of research. In 
this paper we discuss some possible means of controlling 
the harmonics and use PERSEO simulations to reduce the 
5th harmonic of a test FEL system to acceptable levels. 

CONCEPT 

FEL Basics 
In an FEL’s undulator, the electron oscillations and its 

synchrotron radiation are phase matched, allowing energy 
exchange between the electrons and the EM radiation. 
This energy exchange causes the electrons to bunch at the 
resonant wavelength and subsequently emit coherently at 
this wavelength and its harmonics (Eqn. 1). 

 
λRn =

λund
2nγ 2

1+K
2

2( )
  (1) 

Here, λund  is the period of the undulator, K  is the 
normalized maximum field strength of the undulator 
magnet, 𝑛 is the harmonic number, γ  is the normalized 
electron beam energy, and λRn  is the output wavelength 
for harmonic number 𝑛 (𝑛 = 1 implies the fundamental).
K  can be interpreted in a different manner. It is the ratio 
of the maximum angle of oscillation of the electron beam 
within the undulator field, xmax , to the opening angle of 

the radiation,θr  (Eqn. 2). 

 
K =

xmax
θr

= xmaxγ
  (2) 

Harmonics 
The primary origin of harmonics generated by a single 

particle can be seen graphically in Figure 1. As 𝐾 gets 
larger than about 1, the radiation pulse gets richer in 
harmonics and more intense.  

The strengths of the on-axis fundamental and 
harmonics generated for a single electron traveling 
through an undulator have been calculated [1] and are 
directly proportional to the following function,  

Fn (K ) = n
2K 2

ξ 2 Jn−1
2

nK 2

4ξ
"

#
$
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&
'− Jn+1

2

nK 2

4ξ
"

#
$

%

&
'

(
)
*

+
,
-

2

n =1,3, 5,…( )         ξ = 1+K 2 2( )
 (3) 

where 𝑛 is the harmonic number and the 𝐽’s are Bessel 
functions. The function is plotted in Figure 2. It is 
clear that emission from a single particle is dominated by 
the harmonics for 𝐾 values larger than about 1.5. 

 
 

 

 
Figure 1: Graphical depiction of the impact of 𝐾 on the 
harmonic content of the synchrotron radiation. 

 
Figure 2: Strengths of the on-axis fundamental and 
harmonics as a function of 𝐾. 

In an FEL we have coherent emission of a large number 
of electrons. Consider the case of a train of single 
electrons spaced exactly at the resonant wavelength of the 
undulator/beam system. The phases of fundamental and 
harmonic fields generated from the electron train along 
the direction of propagation overlap perfectly and a 
coherent build up of the field occurs. Adding 𝑁 electrons 

Fn (K )
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to each of the original electrons in the train so that each 
one can be considered a microbunch of charge 𝑁𝑒 
increases the field in a coherent fashion. This would be 
the ideal final state of an FEL, each microbunch 
completely compressed onto a single point and each 
spaced precisely one resonant wavelength apart. 

In an actual FEL the electrons within a microbunch are 
spread over an optical period (Fig 3). This spreading 
introduces phase differences between the electrons and 
thus the coherence between every particle is not exact, 
and since for the harmonics the microbunch is spread over 
a larger phase range the degradation of coherent emission 
becomes worse for the harmonics. Note also that the 
microbunching is being driven by the fundamental; 
however, because the bunching has spatial harmonics 
there is significant coherent harmonic emission, but not 
nearly at the levels implied by single particle emission as 
shown in figure 1. Saturation of the emission of the odd 
harmonics are typically two to three orders of magnitude 
less than the preceding harmonic, and even though this is 
significantly lower than the fundamental, these levels can 
represent problems for high average power systems. 

 
Figure 3: Longitudinal phase space plot of the FEL 
microbunching including the computed sepratrices for the 
fundamental (red) and 3rd harmonic (blue). 

The harmonics can be a useful feature or can be 
harmful. In the former, one is able to generate 
wavelengths significantly shorter than the fundamental, 
and in the past it has been shown how to enhance the 
power contained in the harmonics [2-4]. However, 
harmonics can actually damage the downstream optics 
and/or interrupt user experiments, at times making them 
undesirable [5]. We have shown using multi-harmonic 
undulators how to reduce them [6]. Here we explore other 
methods. 

Cancellation of Harmonic Emission 
We have shown previously that it is possible to enhance 

the harmonic content of the FEL in order to reach higher 
harmonic powers at shorter wavelengths. In the past using 
optical materials (i.e. gratings) to separate out the 
unwanted harmonics was used but there is still a chance 
of damage and leakage, thus disrupting users. As a test 
case we explore reducing these higher harmonics. 

Deliberate, sudden phase shifts between the radiation 
and e-beam microbunching can damp out unwanted 
harmonics [7, 8]. Here, we will focus on cancellation of 
the 5th harmonic. Just prior to saturation we apply a phase 
shift of plus or minus π 5  (relative to the fundamental). 
This can be done by simply placing an appropriately sized 
drift between two undulator sections. As the beam is 
already microbunched it will once again begin to radiate 
coherently in the following undulator, and although there 
will be a small phase error between the fundamental 
radiation and the fundamental component of the 
microbunching, the growth of the fundamental, while still 
in the exponential regime, should not be significantly 
impacted. On the other hand, the shift places the 5th 
harmonic component of the microbunching exactly π  out 
of phase with the existing 5th harmonic radiation. The 
resulting emission from the microbunching thus cancels 
out the existing emission. 

Unfortunately, the new 5th harmonic radiation will 
initially cancel what is already there, but then will start 
growing again as the beam is still microbunched with a 
significant amount of harmonic content at the 5th 
harmonic. In addition, harmonic suppression based on 
phase shifts is effective if the harmonic field and the 
electron-bunching factor are perfectly phase matched 
before applying the shift. Saturation in an FEL amplifier 
occurs because of a phase de-synchronization. Therefore 
harmonic suppression relying on phase shifts becomes 
less effective at saturation, where the efficiency of the 
FEL is higher. 

From the basic theory the nonlinear harmonics of an 
FEL have a growth rate equal to 𝑛 times the fundamental 
growth rate, where 𝑛 is the harmonic number. We can 
accurately predict how much distance is required to cancel 
the existing radiation and how much it takes for the 5th 
harmonic signal to reach its original intensity. Then one 
applies another π 5  phase shift, this time with the 
opposite sign to the original one, thus allowing the beam 
to cancel once again the existing 5th harmonic radiation. 
This process can be repeated however many times as 
needed to allow the fundamental to saturate while keeping 
the 5th harmonic power low.  

Optimizing the Fundamental Emission 
A second possibility of reducing harmonic growth is to 

optimize the FEL for emission only at the fundamental. 
We can design an undulator system where the initial part 
has a high 𝐾 value and then a later section that has a 𝐾 
value of roughly 0.8 to 0.9, to reduce harmonics. 

Initially the FEL process would proceed as expected. 
Microbunching would occur at the fundamental and the 
harmonic content would grow and start radiating 
coherently. Near saturation but still at a point when the 
unwanted 5th harmonic strength is tolerably low , we 
switch to an undulator with a lower 𝐾 value. The 
fundamental would continue to grow; however, as there is 
no significant emission at the 5th harmonic, even though 
the beam has spatial 5th harmonic content there is little or 
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no harmonic emission as 𝐾 is at a value that harmonic 
emission is not significant and the fundamental dominate. 
The system then reaches saturation at the fundamental 
with harmonic levels much lower than for a single high 𝐾 
value undulator system. 

However, there is a price to pay. The gain lengths are 
significantly shorter at high K values. Switching to a 
lower K value implies a longer gain length and a longer 
undulator system. This can be minimized by keeping the 
K value large up to the point that the unwanted harmonic 
starts growing rapidly and then making the switch. 

Combining Both Methods 
Ideally we would start with a high 𝐾 value followed by 

an undulator of lower 𝐾 value, while still maintaining the 
resonant condition. At the same time the drift between the 
two sections could be chosen to provide a π n phase shift 
and stop the growth of the nth harmonic while possibly 
reducing the existing nth harmonic radiation. 

SIMULATION 
We set out to prove the above reasoning by use of 

simulations. While there are many different 
configurations for FELs, in these simulations, we will 
consider the case where we have an amplifier 
configuration, i.e., an external laser is used to seed the 
FEL process. 

PERSEO Description 
The PERSEO FEL-cad (MathCAD) library was written 

by one of the authors and allows the simulation of a wide 
variety of FEL configurations [9, 10]. Functions for the 
generation of phase space variables, for the solution of the 
pendulum-like equation and for manipulating the phase 
space in a number of devices are available. These function 
can be combined in order to model more complicated 
situations such as time dependent simulations, 3D 
simulations, oscillator FEL configurations, optical 
klystron, cascaded FELs, et cetera. A Mathcad Worksheet 
for 1D includes correction for the 3D filling factor and 
emittance induced inhomogeneous broadenings and 3D 
versions have been tested. PERSEO also includes higher 
order harmonics and startup from shot-noise. 

Simulation Results 
We performed the following set of simulations. 1) No 

phase shifts or K changes (Figure 4). 2) Same as 1; 
however, a phase shift is performed prior to the system 
reaching saturation. 3) Same as 1; however, multiple 
phase shifts are performed prior to the system reaching 
saturation. 4) Same as 1; however, the K value of the 
undulator is changed and made significantly smaller prior 
to the system reaching saturation. Nominal parameters are 
given in Table 1 for all simulations. 

Figure 4 shows the nominal case where the K value is 
held constant and there are no phase shifts. Typical 
behavior is seen and the 5th harmonic peak power 
saturating just over at a bit over 1 kW. 

 
Table 1: FEL Simulation Parameters 

Electron Beam Parameter Value 
Energy (MeV) 100 
Energy Spread (%) 0.15 
Norm. X/Y Emit. (mm mrad) 10.0 
Peak Current (A) 200 
Seed Laser Parameter Value 
Seed Wavelength (nm) 1040 
Peak seed Intensity (W/cm2) 400x103 
Peak seed Power (W) 1005 
Undulator Parameter Value 
Period (cm) 2.54 
K (nominal) 2.07 
Length (m) 5.7 
Wavelength (nm) 1040 
Photon Energy (eV) 1.2 
Periods 226 
Twiss beta (m) 0.765 

 

 
Figure 4: Nominal case. No phase shifts, no K variation. 
Black: Fundamental, Blue: 3rd Harmonic, Red: 5th 
Harmonic. Solid: Peak Power, Dashed: Energy. 

Figure 5 shows the case where a  phase shift is 
inserted just prior to saturation, i.e. at roughly 5 m. As 
expected, the 5th harmonic intensity drops quickly, but 
within about 2 gain lengths begins, once again, to rise 
rapidly. Saturation of the 5th harmonic now occurs at a 
slightly lower value than in the nominal case, but 
certainly not an order of magnitude or more. We attribute 
this slight reduction to the slight reduction seen on the 
fundamental caused by the  phase shift. 

We next tried multiple  phase shifts in an attempt 
to counter the growth of the 5th harmonic. The results are 
shown in Figure 6. As can be seen in the figure, even with 
judicious choice of the placement of the phase shifts it 
was not possible to push the 5th harmonic saturated power 
down by much more than was done with a single-phase 
shift. We attribute this to the fact that phase shifts of 
constant amplitude ( ) become less effective 
approaching saturation. In addition, the discreet nature of 
the phase shifts vs. the natural spread in phase of the 
spatial 5th harmonic of the beam may play a role. Even 
though one is successful in cancelling out radiation from a 

π 5

π 5
±π 5

±π 5
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part of the beam there are still others that can radiate 
coherently. 

 
Figure 5: Similar to the nominal case, but with a  

phase shift inserted at roughly the 5-m point. 
 

 
Figure 6: Similar to the nominal case, but with a π 5  
phase shift inserted at roughly the 5-m point and repeated 
±π 5  phase shifts inserted as per the text. 

 

 
Figure 7: Saturation is a magnitude of one order less than 
without phase shift 

In the final simulation we allow the FEL power to grow 
within the undulator, but prior to saturation, and at a 5th 
harmonic power level that is acceptably low, we make a 
sudden decrease in 𝐾 to a value of 1 and at the same time 
adjust the period to 5.31 cm to remain resonant with the 
fundamental. The results are shown in Figure 7.  The 5th 
harmonic power stops increasing following the decrease 
in 𝐾 while the fundamental power continues to grow 
albeit at a slower growth rate. Saturation of the 5th 

harmonic is now at a level at least 1 order of magnitude 
down from the nominal case. 

CONCLUSIONS 
Decreasing the power in the nonlinear harmonics of 

FELs can prove essential to applications that require high 
fundamental power but are susceptible to significant 
powers in the higher harmonics. In this case one needs to 
develop means to either remove the generated harmonics 
or to inhibit or reverse the harmonic growth process. We 
have devised two such schemes. One is to make periodic 
shifts in the relative phase between the beam and the 
resultant electromagnetic wave. The other is to stop 
further growth of the harmonics by decreasing the 𝐾 value 
of the undulator system. It was found that in the first case 
that one can have a small impact on the harmonics, but 
this method seems to be limited. In the second method 
one can stop further increase on the harmonics, but the 
expense one pays is in a slightly longer undulator 
necessary to reach full saturation of the fundamental. This 
second method is simple and appears to be able to limit 
the growth of the harmonics to acceptable values. 
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PUFFIN: A THREE DIMENSIONAL, UNAVERAGED FREE ELECTRON
LASER SIMULATION CODE

L.T. Campbell and B.W.J. McNeil
SUPA, Department of Physics, University of Strathclyde, Glasgow, UK

Abstract

The broadband, 3D FEL code Puffin is presented. The
analytical model is derived in absence of the Slowly Vary-
ing Envelope Approximation, and can model undulators of
any polarization. Due to the enhanced resolution, the mem-
ory and processing requirements are greater than equivalent
averaged codes. The numerical code to solve the system
of equations is therefore written for a parallel computing
environment utilizing MPI. An example simulation is pre-
sented.

INTRODUCTION

Most analytical and numerical models of the FEL use
the Slowly Varying Envelope Approximation [1] (SVEA)
on the radiation field. This assumes a slow temporal and
spatial evolution of the field envelope at the scale of the
radiation wavelength, and allows an averaging of the field
envelope and some electron phase-space parameters over at
least one radiation period, removing the need to model any
fast oscillatory terms at the radiation frequency. Most of the
commonly used multi-dimensional FEL simulation codes
(e.g. MEDUSSA [2], GINGER [3], GENESIS 1.3 [4] and
FAST [5]), are based on averaged SVEA models. While
these have been used successfully to model basic FEL op-
eration, and have been extensively benchmarked against
experiment, SVEA means that resolution of sub-resonant
wavelength scale processes are not possible. The particles
used to simulate the electrons are confined to localised re-
gions of one radiation period within the electron pulse, so
that transport of particles over many radiation wavelengths,
such as may occur as a result of the FEL interaction or
e.g. a pre-imposed electron energy chirp, cannot be mod-
elled easily. Furthermore, the correct simulation of electron
shot-noise is only valid for a limited radiation wavelength
range [6]. The minimum sampling period of the field en-
velope imposed by SVEA also limits the range of radiation
frequencies able to be modelled without numerical alias-
ing effects to ωr/2 < ω < 3ωr/2, where ωr is the radi-
ation resonant frequency [7]. Thus, using SVEA, it is not
possible to model effects with a broader bandwidth using
the same radiation field envelope. Such issues with SVEA
constrain the effective modelling of several more advanced
FEL methods including designs to achieve shorter radiation
wavelengths and pulse durations [8].

This paper presents what the authors believe to be the
first 3D unaveraged, broadband FEL computer simulation
code, named Puffin (Parallel Unaveraged Fel INtegrator).

The primary aim of this code is to provide a flexible re-
search resource that can be adapted to test new ideas and
methods for future FEL development. It is not intended, at
least initially, as a design tool for FEL facility development.

The radiation field is modelled using the Finite Element
method [9] and the electrons by a distribution of charge
weighted macroparticles that can model the effects of elec-
tron shot-noise across a broad frequency bandwith [6].
Electrons are not confined to localised regions of the beam
so that electron transport throughout the beam is correctly
modelled. The main approximations applied are the neglect
of the backward (counterpropagating) radiation field and
the paraxial approximation. Furthermore, space-charge ef-
fects in the electron beam are neglected.

The resulting parallelised numerical code is able to sim-
ulate both CSE and spontaneous emission arising from
electron shot-noise. The advantages are an enhanced and
broadband resolution of the radiation including a self-
consistent modelling of variable radiation polarisation. The
disadvantages are the increased computer memory require-
ments and processing time when compared to the averaged
numerical models.

In the following, the derivation of the final working
equations and subsequent numerical solution is outlined
and the operation of the code is demonstrated using dif-
ferent FEL configurations.

MATHEMATICAL MODEL
The electromagnetic field is given by:

E =
1√
2

(
êξ0e

i(krz−ωrt) + c.c.
)
, (1)

where the vector basis

ê =
1√
2

(x̂ + iŷ) (2)

and ξ0(x, y, z, t) = |ξ0(x, y, z, t)| exp(iψ(x, y, z, t)) is the
complex field envelope, with kr and ωr, the field wavenum-
ber and angular frequency respectively, of a resonant wave.

It is assumed the field propagates in vacuum and that
the paraxial approximation applies, so that ωr = ckr and
∂/∂z ≈ ∂/c∂t.

The undulator magnetic field is defined as:

Bu =
Bu
2

(
ueikuz + c.c.

)
(3)

where ku = 2π/λu is the undulator wavenumber, λu is the
undulator wavelength and Bu is the peak magnetic field
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of the undulator and the (generally non-unit) vector basis
is u = (uxx̂ + iuyŷ). The undulator polarisation is then
determined by ux and uy , which are the relative peak mag-
netic undulator field in x or y.

The FEL or Pierce parameter determines the strength of
the radiation/electron coupling in the 1-Dimensional limit
and is given by [10] ρ = (āuωp/4cku)2/3/γr. Here, e and
m are the charge magnitude and rest-mass of an electron,
c is the speed of light, ωp =

√
e2np/ε0m is the (non-

relativistic) electron beam plasma frequency, np is the peak
electron number density, āu = eB̄u/mcku is the RMS
undulator parameter and γr is the electron energy in units
of the rest-mass energy corresponding to the resonant FEL
wavelength λr.

Starting from the coupled Maxwell-Lorentz equations,
using the definitions of electromagnetic and undula-
tor fields and above, and defining dimensionless scaled
variables:-

p2j =
1− βzj
ηβzj

, η =
1− β̄z
β̄z

,

p̄⊥ =
u√

2mcāu
p⊥, A⊥ =

euāulg

2
√

2γ2rmc
2ρ
E⊥,

z̄ = 2kuρz, z̄2 = 2kuρ
β̄z(ct− z)
(1− β̄z)

,

x̄, ȳ =
x, y√
lglc

,

where u2 = u · u∗, lc = 1/2ρkr, and lg = 1/2ρku, gives
the final set of working equations as solved numerically by
the code:[

1

2

( ∂2
∂x̄2

+
∂2

∂ȳ2

)
− ∂2

∂z̄∂z̄2

]
A⊥ =

− 1

n̄p

∂

∂z̄2

N∑
j=1

p̄⊥jLjδ
3(x̄j , ȳj , z̄2j)

(4)

dp̄⊥j
dz̄

=
1

2ρ

[
iU∗ − ηp2j

f2k̄2β
A⊥j

]
−

u
√
η

2
√

2fk̄βρLj
×(

k̄2β(x̄j − iȳj) +
η

(1 + ηp2j)

(
dx̄j
dz̄
− idȳj

dz̄

)
dp2j
dz̄

∣∣∣
F

)
(5)

dp2j
dz̄

=
2ρ

u2η
L2
j

[
ηp2j(A

∗
⊥j p̄⊥j + c.c.)

− i(1 + ηp2j)f
2k̄2β(Up̄⊥j − c.c.)

]
+
dp2j
dz̄

∣∣∣
F

(6)

dz̄2j
dz̄

= p2j (7)

dx̄j
dz̄

=
2
√

2fk̄βρ

u
√
η

Lj<(p̄⊥j) (8)

dȳj
dz̄

= −2
√

2fk̄βρ

u
√
η

Lj=(p̄⊥j). (9)

Here, n̄p = lgl
2
cnp is the peak electron number density

at the start of the interaction in the scaling of (x̄, ȳ, z̄2),
U(z̄) = (ux cos(z̄/2ρ) + iuy sin(z̄/2ρ)), and

Lj ≡
γr

βzjγj
= γr

√√√√√ηp2j(2 + ηp2j)

1 + 2
ā2u
u2
|p̄⊥j |2

(10)

The equations (7..9) for the z̄-dependent electron co-
ordinates (x̄j , ȳj , z̄2j) are simply derived from the scaled
momentum-energy relations.

The scaled betatron wavenumber is given by k̄β =
āu/2fργr, where the scaling is with respect to that of ‘nat-
ural’ undulator focusing [11], when f =

√
2. For variable

f the external focusing may be artificially strengthened or
weakened. However, the undulator magnetic field (3) has
no transverse variation and so natural focussing is not in-
cluded in the model. Thus the term:

dp2j
dz̄

∣∣∣
F

= −k̄2β
(1 + ηp2j)

(
x̄j
dx̄j
dz̄

+ ȳj
dȳj
dz̄

)
1 + η

((dx̄j
dz̄

)2
+
(dȳj
dz̄

)2) . (11)

must be added in equations (5,6), to ensure the electron
energy remains constant over betatron period in the absence
of a radiation field.

The field equation (4) is derived by neglecting the back-
wards wave component of the radiation field [12]. In
the 1D Compton limit, ignoring focusing and diffraction
terms, equations (4-7) reduce to those of [6].

In scaled units the Rayleigh range for a Gaussian beam
of width of σxr is z̄R = krσ

2
xr/lg which, in the transverse

scaling above, may be written z̄R = σ̄2
xr/2ρ. By definition,

z̄R = πF where F is the Fresnel number for a gain length.
For the case of a matched beam, so that the emittance ε =
kβσ

2
xb, where σxb is the (constant) radius of the electron

beam and assuming the radiation beam radius is that of the
electron beam, the scaled Rayleigh range may be written:
z̄R = ε̄/2k̄β where, the scaled electron beam emittance
ε̄ ≡ 4πε/λr. Hence, the usual FEL emittance criterion
becomes: ε̄ = 2k̄β z̄R . 1

All variables above have been scaled with respect to pa-
rameters in the 1D limit. The work of [13] defines a set of
3D scaled parameters: the FEL parameter ρ3D = B1/3ρ,
where B = (2z̄R)3/2 is called as the ‘diffraction parame-
ter’. The scaling can be related to that used here via ‘1D’
Rayleigh range z̄R by B = (2z̄R)3/2. In a similar way
to the 1D scaling a 3D gain length was defined as l̃g =

λu/4πρ3D so that the diffraction parameter B = 2zR/l̃g .
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If the working equations of (4..9) above are scaled with
respect to ρ3D, i.e. the substitution ρ = ρ3D/

√
2z̄R is

made into all dependent and independent variables and
these variables redefined so that z̃ = 2kuρ3Dz etc., then
all equations remain identical in form (i.e. with ‘bars’ re-
placed by ‘tildes’ in the independent variables), with the
exception of the wave equation (4) which is slightly modi-
fied to become:[

1

2

(
∂2

∂x̃2
+

∂2

∂ỹ2

)
− ∂2

∂z̃∂z̃2

]
Ã⊥ =

− 1

Bñp

∂

∂z̃2

N∑
j=1

p̃⊥jLjδ
3(x̃j , ỹj , z̃2j). (12)

The 3D FEL parameter ρ3D is then dependent only upon
the longitudinal electron current, and the transverse be-
haviour becomes explicit in the equations via the B param-
eter. For a constant ρ3D, increasing the transverse radius
reduces the transverse electron density, increasing B and
reducing the field source and generation.

The numerical implementation in Puffin uses the equa-
tions written in terms of the 1D scaling (4-9), mainly to
allow easy comparison with 1D simulations and analysis.
As has been shown, solutions in the 3D scaling of [13] are
simply obtained using the relations discussed above.

NUMERICAL SOLUTION
The parallel numerical algorithm used for the solu-

tion of the working equations (4..9) has been developed
from [14, 15, 16]. The coupled equations are advanced
in z̄ by using the split-step Fourier method [17], in which
the radiation field is described by the method of finite ele-
ments [9] and the electrons are simulated by a distribution
of charge weighted macroparticles [6].

Puffin is written in FORTRAN 95, and uses the libraries
FFTW 2.1.5 [18], used for the Fourier transforms, and Su-
perLU DIST [19, 20] to solve the sparse linear system of
equations for the finite element description of the driven
wave equation. The initial electron beam and radiation field
parameters are read in from an input data file, and in the fu-
ture it is possible that Puffin will be modified to read in an
electron beam distribution output by an external accelera-
tor code. Data output is in the SDDS format [21], and the
post-processing in the following examples is performed us-
ing MATLAB. The code is parallelized using MPI [22] in
a method outlined in [12], and more detail will be given in
[23].

SIMULATION
In this section, a full 3D simulation demonstrating Self

Amplified Coherent Spontaneous Emission is presented.
An electron beam with a ‘top-hat’ current distribution

of 6 cooperation lengths long in z̄2 and a Gaussian current
distribution in x̄ and ȳ, is propagated through an undula-
tor of scaled length z̄ = 8 using the following parameters:

ρ = 5.56 × 10−3, ε̄ = 0.6, āu = 1.0, σp2 = 0.002, γr =
700, ux = uy = 1 and f =

√
2.

The top-hat electron pulse should emit strong coherent
radiation from its head and tail which have large current
gradients. In this high slippage/short pulse regime, the co-
herent emission from the rear of the electron pulse will
propagate through the electron pulse and be amplified. CSE
from the tail at the start of the undulator will propagate
through and be amplified by the whole of the electron pulse
by the end of the undulator.

The electron beam of scaled emittance ε̄ = 0.6 is
matched to the focusing channel with betatron wavenum-
ber k̄β ≈ 0.09. These parameters give a scaled Rayleigh
range (z̄R = z/lg) of z̄R ≈ 3.3.

The simulation results are shown in Figure 1 at propaga-
tion distances z̄ ≈ 4 and z̄ ≈ 8. The scaled power P and
the transverse intensity distribution I⊥ are plotted at two
fixed points in z̄2 for each propagation distance.

In the earlier plots through the interaction, at z̄ ≈ 4,
the electron pulse lies between 4 < z̄2 < 10. The radia-
tion between 0 < z̄2 < 4 is the CSE from the front edge
of the electron pulse, having propagated forward into free
space. The region from 6 < z̄2 < 10 is in the ‘slippage
region’, and here the CSE emitted by the rear of the elec-
tron pulse has begun to be amplified. The steady-state re-
gion 4 < z̄2 < 6, has an evolution dominated by electron
shot-noise as seen from the transverse plot of the intensity
within this region which still has a poor spatial coherence.
In contrast, the intensity near the peak of the amplified CSE
demonstrates a good spatial coherence.

Later in the interaction, at z̄ ≈ 8, greater field amplifica-
tion via the FEL interaction is observed. The electron pulse
now lies between 8 < z̄2 < 14, and the system is domi-
nated by CSE emitted from the tail of the electron pulse at
z̄2 = 14, propagating through and being amplified by the
electron pulse. The intensity at z̄2 = 4.7, which previously
exhibited poor spatial coherence, now has a good spatial
coherence. This is not due only to the onset of the SASE
transverse mode selection process, but is also due to the
initial noisy spontaneous emission being dominated by the
amplified CSE. The scaled intensity plotted near the peak
of the amplified radiation pulse, at z̄2 = 11.8, is more nar-
rowly focused than that at z̄2 = 4.7, which has undergone
a greater free space diffraction having propagated outside
of the electron pulse.

CONCLUSION

The FEL simulation code Puffin has been presented.
This is the first code which includes 3D modelling of the
radiation field and electron beam using an unavaraged sys-
tem of equations in a variably polarised, modular undulator.
The equations allow a broad bandwidth of radiation fre-
quencies up to a high harmonic of the resonant frequency to
be modelled using a single complex field variable. While a
relatively simple electron beam focusing channel has been
implemented, a more realistic FODO-type focusing lattice
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Figure 1: Upper plots: Scaled power P (z̄2) - the scaled intensity integrated over the transverse plane (x̄,ȳ), as a function
of window scaled position z̄2 for two propagation distances z̄ ≈ 4 and 8. Lower plots: Transverse slices of the scaled
intensity I⊥(x̄, ȳ) at different window positions in z̄2 with propagation distances corresponding to the upper power plots.

could be included by placing quadrupoles between undu-
lator modules, and modelling the variation in off-axis un-
dulator field components. Future work should also involve
the post-processing of data files which is currently not per-
fomed in parallel. The output data files are also too large to
be easily portable and would benefit from being analysed
‘on-site’ using local visualisation servers. These issues are
currently being reviewed.
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NONLINEAR EFFECTS IN FEL THEORY AND THEIR ROLE IN
COHERENT ELECTRON COOLING∗

Andrey Elizarov† , Vladimir Litvinenko, Stony Brook University, Stony Brook, NY 11794, USA,
BNL, Upton, NY 11973, USA

Abstract
The novel cooling technique, the coherent electron cool-

ing [1] relies on the amplification of the interaction be-

tween hadrons and electrons by an FEL. The linearity of

the amplification process is essential for operation of such

cooler. In this paper we propose a theoretical method of

taking into account nonlinear effects in computation of evo-

lution of charge perturbation in an FEL. This will allow to

explore the limits of the FEL gain with special attention to

the smearing of the phase caused by nonlinear and satura-

tion effects.

INTRODUCTION
The coherent electron cooling (CeC) is a realization of

the stochastic cooling where an electron beam copropagat-

ing with a hadron beam being cooled serves as a pick-up

and a kicker being amplified by an FEL on its way, the

schematic layout of the device is depicted in Fig. 1. Pick-

up or modulator stores the information about the hadron

beam as a perturbation of a charge density in the electron

beam, then this perturbation is amplified by an FEL, and

then goes to the kicker where its field accelerates slow mov-

ing hadrons and decelerates the fast ones. The detailed the-

oretical investigation of all these steps is required to build

a working device. Now the modulator section is described

in an infinite beam approximation in [2] and the study for

the finite realistic beam is started in [3]. In the CeC an FEL

is used in a nonstandard way, i.e. as an amplifier of the

electron density perturbation. This facet of the FEL theory

is not developed enough and we fill this gap in this article.

With the methods presented we plan to analyze possible

limitations of the FEL gain in the CeC device by nonlinear

effects and saturation. In the next two sections we discuss

1D model for a modulator and the simplest possible initial

conditions, i.e. electron density perturbation coming from

the modulator. We considered 1D model and cos-like con-

dition. The rest of the paper is devoted to possible ways to

compute an evolution of these perturbations in an FEL.

Figure 1: The scheme of the coherent electron cooler.

∗Work is supported by the U.S. Department of Energy.
† aelizarov@bnl.gov

1D MODULATOR
In 1D case the problem of a shielding of a hadron moving

along the trajectory y (t) = x0+ tv0 in an electron beam is

described by the following Maxwell-Vlasov system:

∂f1
∂t

+ v
∂f1
∂x

=
e

m0γ

∂U

∂x
· ∂f0
∂v

, (1)

∂2U (x, t)

∂x2
= − e

ε0
(n1 (x, t)− Zδ (x− y (t))) , (2)

the Maxwell equation can be solved via Fourier transform:

k2Ũ (k, t) =
e

ε0

(
ñ1 (x, t)− Z

∫
δ (x− y (t)) e−ikxdx

)
.

(3)

Using this solution the equation (1) can be transformed to

Ñ1 (k, s) = − e

ε0

∞∫
0

e−tst

∫
f0 (v) e

−ikvtdvdt×

×
⎛
⎝Ñ1 (k, s)− Z

∞∫
0

e−iky(t)−tsdt

⎞
⎠ , (4)

where Ñ1 (k, s) is a Laplace-Fourier image of n1 (x, t) ≡∫
f1dv. Assuming the cold electron beam we have

Ñ1 (k, s) = Zρ
e−ikx0

(s+ ikv0)
(
(s+ ikvc)

2
+ eρ

ε0

) . (5)

The inverse Laplace and Fourier transforms of this expres-

sion can be computed by Mathematica analytically, the ex-

pression is pretty bulky. It appears to be complex. Looking

back to initial equations and assuming complex f1 we see

that equation with Imf1 corresponds to equation without

external charge, while equation with Ref1 is the equation

with it. So as a solution we take

n1 (x, t) = ReF−1L−1{ Zρe−ikx0

(s+ ikv0)
(
(s+ ikvc)

2
+ eρ

ε0

)}.
(6)

INITIAL CONDITIONS
We change variables in (6) to the ones widely used in

FEL theory [4], namely we take z ≡ x as a new indepen-

dent variable and θ = kwz + ω
(
z
c − r

)
and get:

n1 (θ, z) = Re

∫ γ+i∞∫
γ−i∞

−iZρe−ikx0+ikz+( z
c− θ−kwz

ω )s

(s+ ikv0)
(
(s+ ikvc)

2
+ eρ

ε0

)dkds,
(7)
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and

n1 (ν, z) =

=
Zρ

2π
Re

∫
e−ikx0+ikz−iω

ν z( 1
c+

kw
ω )(

ω
ν − kv0

) (
eρ
ε0

− (
kvc − ω

ν

)2)dk, (8)

so

F (1) (ν, 0) =
Zρ

2π
Re

∫
e−ikx0(

ω
ν − kv0

) (
eρ
ε0

− (
kvc − ω

ν

)2)dk.
(9)

We also consider function of the form cos (ω0t+ ϕ),
changing variables to θ, z and setting z = 0 we have the

following initial condition:

F̃ (1) (θ, η, 0) = F
(1)
0 cos (αθ + ϕ) , α > 0 (10)

F (1) (ν, 0) = πF
(1)
0

(
e−iϕδ (ν − α) + eiϕδ (ν + α)

)
.

(11)

LINEAR CASE
Generally a 1D FEL is described by the following non-

linear system of Maxwell-Vlasov equations [4](
∂

∂z
− iΔνku

)
A (ν, z) = (12)

= −K [JJ ] jZ0

4γ0ω1

√
2π

∫ ∫
eiνθF̃ (θ, η, z) dθdη, (13)(

∂

∂z
+ 2kuη

∂

∂θ

)
F̃ (θ, η, z) +

eK [JJ ]

2γ2
0mc2

√
2π

×

×
∫

A (ν, z) e−iνθdν
∂

∂η
F̃ (θ, η, z) = 0. (14)

The Vlasov equation can be solved via method of the orbits

with the orbit θ(0) (z1) = θ+2kuη (z1 − z), sometimes we

use notation φ ≡ 2kuη, for the general nonlinear case we

have:

F̃ (θ, η, z) = F̃
(
θ(0) (0) , η, 0

)
− eK [JJ ]

2γ2
0mc2

√
2π

×

×
z∫

0

∫
A (ν, z1) e

−iνθ(0)(z1)dν
∂

∂η
F̃
(
θ(0) (z1) , η, z1

)
dz1,

(15)

linear approximation of this equation can be obtained by

setting F̃ (θ, η, z) = F̃ (0) (η) = n0δ (η − η0) in the in-

tegral. Solutions of the linearized system we will denote

F̃ (1) (θ, η, z) and A(1) (ν, z). Plugging the solution for the

linearized case into the Maxwell equation we have:(
∂

∂z
− iΔνku

)
A(1) (ν, z) = −K [JJ ] jZ0

4γ0ω1

√
2π

×

×
∫ ∫

eiνθF̃ (1)
(
θ(0) (0) , η, 0

)
dθdη+

+2πρ31

z∫
0

∫
A(1) (ν, z1) e

−iν2kuη(z1−z) ∂

∂η
F̃ (0) (η) dηdz1,

(16)

where ρ1 =
(
eK2 [JJ ]2 jZ0/

(
8γ3

0mc2ω12π
)) 1

3 , the first

term in the right hand side is a contribution of initial pertur-

bation. This equation can be solved via Laplace transform

giving for the Laplace image

Ā(1) (ν, s) =
−A(1) (ν, 0) + d1

∫ F (1)(ν,η,0)
s+2iνkuη

dη

−s+ iΔνku − 2πρ31
4iπνkun0

(s+2iνkuη0)
2

, (17)

where F (1) (ν, η, 0) is known initial perturbation and d1 =
K [JJ ] jZ0/ (4γ0ω1). Plugging this expression into the
solution of the Vlasov equation and doing some integra-
tions we get

F̃
(1)

(θ, η, z) = F̃
(1)

(
θ
(0)

(0) , 0
)
δ (η − η1)−

n0ρ
3
1

d1

∂

∂η
δ (η − η0)×

×
3∑

j=1

∫
1

ν
2
3

(
−A(1) (ν, 0) +

d1F (1)(ν,0)
sj+2iνkuη1

)
e−iνθ

(
e
sjz−e2iηkuνz

)
sj−2iηkuν dν

(2π)−1/2 ∏3
k=1, j �=k

(
sj/ν

1
3 − sk/ν

1
3

) ,

(18)

where sj are the poles of the expression (17), for sim-
plicity we take Δν = 0 and η0 = 0, in this case∏3

k=1, j �=k

(
sj/ν

1
3 − sk/ν

1
3

)
doesn’t depend on ν. This

expression has to be integrated over energies η, this is
straightforward because of the delta-functions, integration
over ν has to be computed numerically for the initial con-
dition (9) and can be done analytically for (11):

F̃
(1)

(θ, η, z) = F̃
(1)
0 cos

(
αθ

(0)
(0) + φ

)
δ (η − η1)−

− πn0

√
2πρ

3
1

3∑
j=1

∑
ν=±α

1

ν
2
3

e−sign(ν)iϕ

sj+2iνkuη1

e−iνθ
(
e
sjz−e2iηkuνz

)
sj−2iηkuν

∏3
k=1, j �=k

(
sj/ν

1
3 − sk/ν

1
3

) ×

× F
(1)
0

∂

∂η
δ (η − η0) , (19)

where A(1) (ν, 0) is assumed to be zero and η1 is energy

of initial mono-energetic perturbation. The electron den-

sity perturbation of the second order can be obtained in the

similar way, plugging first order perturbation into the ex-

pression (15), but this leads to an equation which is not

solvable by Laplace transform, at least without significant

simplifications.

NONLINEAR CASE VIA
EIGENFUNCTION EXPANSION

To treat the non-linear case we employ the Van-

Kampen method of expansion over the eigenfunctions. The

Maxwell equation and the Fourier transformed to ν-space

Vlasov equation in the first order can be written in the ma-

trix form: (
∂

∂z
− iM

)
Φ = 0, (20)

where

Φ =

(
A (ν, z)

F (ν, η, z)

)
, M =

⎛
⎝ Δνku i

K[JJ]jZ0
4γ0ω1

∫
dη

i
eK[JJ]

2γ2
0mc2

∂
∂ηF (0) (η) −2kuην

⎞
⎠ ,

(21)
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Introducing dot product

[Φ1,Φ2] = a1 (ν) a2 (ν) +

∫
f1 (ν) f2 (ν) dη, (22)

and defining adjoint functions and operator via[
M†Φ†1,Φ2

]
=

[
Φ†1,MΦ2

]
we have for them

Φ† =
(
A (ν, z) , F (ν, η, z)

)
, (23)

M† =

(
Δνk i eK[JJ]

2γ2
0mc2

∫
dη ∂

∂ηF
(0) (η)

iK[JJ]jZ0

4γ0ω1
−2kuην

)
(24)

Looking for the solution in this form:

Φ(1) ≡
(

A(1) (ν, z)

F (1) (ν, η, z)

)
= e−iμ

(1)
n z

(
A(1)

n

F(1)
n (η)

)
≡ e−iμ

(1)
n zΨn.

(25)

we have

F (1)
n (η) = −eK [JJ ]

2γ2
0mc2

(
∂

∂η
F (0) (η)

)
A(1)

n

i

μ
(1)
n − 2kuην

,

(26)

with condition Im
(
2νkuη − μ

(1)
n

)
< 0. Lets look at the

Maxwell equation:

(
−iμ(1)

n − iΔνku

)
A(1)

n = −K [JJ ] jZ0

4γ0ω1

∫
F (1)

n (η) dη,

(27)

plugging the density we have

(
−iμ(1)

n − iΔνku

)
A(1)

n = 2πρ31

∫ (
∂

∂η
F (0) (η)

)
×

×A(1)
n

0∫
−∞

ei(2νkuη−μ(1)
n )τdτdη, (28)

For the KV equilibrium distribution this equation reduces

to:

μ(1)
n +Δνku = 4πkuνρ

3
1n0

1(
μ
(1)
n − 2kuη0ν

)2 , (29)

which is the same as the equation for the poles of (17).

Similarly we can solve adjoint equation
(
μ† +M†)Ψ†n =

0. We have μ† = μ, A(1)
n

†
= A(1)

n and

F† (η) = −i
K [JJ ] jZ0

4γ0ω1

A(1)
n

μ
(1)
n − 2kuην

(30)

If we have non-trivial initial conditions the solution is the

following:

Φ (ν, z) =
∑
n

e−iμ(1)
n z

[
Ψ†n,Φ (0)

][
Ψ†n,Ψn

] Ψn ≡
∑
n

c(1)n (ν, z)Ψn,

(31)

where

[
Ψ†n,Φ (0)

]
= A(0) (ν)A(1)

n +

∫
F (0) (ν, η, 0)F (1)

n (η) dη,

(32)[
Ψ†n,Ψn

]
= A(1)

n

2
+

∫
F (1)

n (η)
†F (1)

n (η) dη = (33)

= A(1)
n +

8πiρ31n0kuνA(1)
n(

μ
(1)
n − 2kuη0ν

)3 (34)

The initial distributions we consider doesn’t depend on η,

so for them

[
Ψ†n,Φ (0)

]
= A(0) (ν)A(1)

n − 2iku
n0νA(1)

n F (0) (ν, 0)(
μ
(1)
n − 2η0kuν

)2 .

(35)

This method doesn’t give an equation for A(1)
n , it can be

considered as a parameter or can be found from previous
method. For the 3D case this method also works and gives

an integral equation for the A(1)
n (�x⊥), where �x⊥ is a trans-

verse coordinate.
For the second order plugging the solution of the Vlasov
equation into the Maxwell one we have:

(
∂

∂z
− iΔνku

)
A(2) (ν, z) = ρ31

∫ ∫
eiνθ

z∫
0

∫
A(2) (ν2, z2)×

× e−iν2θ
(0)(z2)dν2

∂

∂η
F̃ (1)

(
θ(0) (z2) , η, z2

)
dz2dθdη. (36)

And we have for the density:

F̃ (1)
(
θ(0) (z2) , η, z2

)
=

=
∑
n

∫
c(1)n (ν1, z2)F (1)

n (η) e−iν1θ
(0)(z2)dν1. (37)

Here we also look for solution in such form:

Φ(2) =

(
A(2) (ν, z)

F (2) (ν, η, z)

)
≡ e−iμ(2)

n z

(
A(2)

n

F (2)
n (η)

)
, (38)

plugging it and integrating over θ we have

(
−iμ(2)

n − iΔνku

)
A(2) (ν, z) = 2πρ31×

×
∫ z∫

0

∫
A(2) (ν2, z2) iν2 (z2 − z) e−iν2φ0(z2−z)×

×
∑
m

c(1)m (ν1, z2)F (1)
m (η) e−iν1φ0(z2−z)×

× δ (ν − ν1 − ν2) dν2dz2dν1dφ, (39)
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We assume that A(2) (ν, z) is governed by a single fre-

quency ν, this leads to ν1 = 0 and we have(
−iμ(2)

n − iΔνku

)
e−iμ(2)

n zA(2)
n = −2πρ31×

×
∫ z∫

0

e−iμ(2)
n z2A(2)

n iν (z2 − z) e−iνφ(z2−z)×

×
∑
m

c(1)m (0, z2)F (1)
m, ν=0 (η) dz2dφ, (40)

then we plug coefficients and eigenfunctions:

(
μ(2)
n +Δνku

)
e−iμ(2)

n z = −2πρ31
eK [JJ ]

2γ2
0mc2

2ku×

×
∫ z∫

0

e−iμ(2)
n z2iν (z − z2) e

iν2kuη(z−z2)×

×
∑
m

e−iμ
(1)
m, ν=0z2

[
Ψ†m,Φ (0)

][
Ψ†m,Ψm

]
∣∣∣∣∣∣
ν=0

(
∂

∂η
F (0) (η)

)
×

× A(1)
m

μ
(1)
m

dz2dη. (41)

As we see from (32) and (35) for ν = 0 the dot products

gives A(0) (0), which is often assumed to be zero. Plugging

this, doing Laplace transform, and integrating over φ we

get:

μ
(2)
n +Δνku

iμ
(2)
n + s

= 2in0νπρ
3
1

eK [JJ ]

2γ2
0mc2

2ku (−4kuν)×

×
∑
m

(2kuη0ν + is)
−3

i
(
μ
(2)
n + μ

(1)
m, ν=0

)
+ s

A(0) (0)
A(1)

m

μ
(1)
m

, (42)

and setting s = 0:

μ
(2)
n +Δνku

iμ
(2)
n

=
eK [JJ ]

γ2
0mc2η30kuν

∑
m

−n0πρ
3
1A

(0) (0)

μ
(2)
n + μ

(1)
m, ν=0

A(1)
m

μ
(1)
m

,

(43)

We can further simplify the expression assuming zero de-

tuning Δν = 0. For A(0) (0) = 0 we have pure oscillatory

solution μ
(2)
n = −Δνku. However we cannot set η0 = 0

to use simple solution for first order case, when we have

μ
(1)
m, ν=0 = 0, because we have η0 in denominator. To use

this simplification we can start from (41), integrating it over

φ we have

μ(2)
n = −2πρ31

eK [JJ ]

2γ2
0mc2

(2kuν)
2
A(0) (0)×

×
z∫

0

∑
m

eiμ
(2)
n (z−z2) (z − z2)

2
eiν2kuη0(z−z2)

A(1)
m

μ
(1)
m

dz2,

(44)

where we set Δν = 0, then we change integration variable

to τ = z − z2 and extend lower integration limit to −∞,

assuming that filed amplitudes grow exponentially [6]:

μ(2)
n = C

∑
m

A(1)
m

μ
(1)
m

0∫
−∞

ei(μ
(2)
n +ν2kuη0)τ τ2dτ, (45)

where Im
(
μ
(2)
n + ν2kuη0

)
< 0 and C is a coefficient in

front of the integral in (44), then we integrate

μ(2)
n = C

2i(
μ
(2)
n + ν2kuη0

)3

∑
m

A(1)
m

μ
(1)
m

, (46)

then we set η0 = 0:

μ(2)
n =

(
−i8πρ31eK [JJ ] k2uν

2A(0) (0)

γ2
0mc2

∑
m

A(1)
m

μ
(1)
m

) 1
4

.

(47)

The relation between this solution and equation (42) and

reasonable choice of s in (42) needs further analysis. An-

other possibility to deal with (41) is to set z equal to undu-

lator length, which seems physically reasonable.

SUMMARY
In this article we studied the evolution of the initial den-

sity perturbation in an FEL, namely, we derived explicit

formulas for the first order contribution and developed the

method to compute the second order corrections. Follow-

ing the similar procedure it is possible to compute the cor-

rections of all orders. We plan to use this to compute the

saturation effects in coherent electron cooler and estimate

the maximum possible amplification. The method can be

extended to the 3D case, as it was considered in [6], giv-

ing an integral equation for the field amplitude as a func-

tion of transverse radial coordinate. The difference from

the method from [6] is that they made a certain assumption

about higher order μn’s, while we derived an equation for

them.
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A GENERAL METHOD FOR ANALYZING 3-D EFFECTS
IN FEL AMPLIFIERS

Panagiotis Baxevanis, Ronald D.Ruth, Zhirong Huang
SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

Abstract
FEL configurations in which the parameters of the elec-

tron beam vary along the undulator become relevant when
considering new aspects of existing FELs or when explor-
ing novel concepts. This paper describes a fully three-
dimensional, analytical method suitable for studying such
systems. As an example, we consider a seeded FEL driven
by a beam with varying transverse sizes. In the context of
the Vlasov-Maxwell formalism, a self-consistent equation
governing the evolution of the radiation field amplitude is
derived. An approximate solution to this equation is then
obtained by employing an orthogonal expansion technique.
This approach yields accurate estimates for both the ampli-
fied power and the radiation beam size. Specific numerical
results are presented for two different sets of X-ray FEL
parameters.

INTRODUCTION
The standard approach for analyzing the physics of a

high-gain FEL in the linear regime is based on formulating
and solving the eigenmode problem for the system [1–4].
However, this method is only valid when the electron beam
parameters do not depend on the longitudinal position z. In
some important cases, this assumption is not satisfied [5].
In this paper, we develop an analytical technique that is ap-
plicable even when such a z-dependence is present and use
it to study an FEL that is driven by a mismatched or an
unfocused beam. For full details, we refer to [6].

THEORY
To begin with, let us assume that the FEL radiation is

generated as a relativistic, bunched electron beam passes
through a planar, parabolic-pole-face undulator with sym-
metric focusing. From Ref. [7], the 3-D single particle
equations of motion are

dx

dz
= p ,

dp

dz
= −k2

βx , (1)

dθ

dz
= 2kuη −

kr
2

[p2 + k2
βx2] , (2)

dη

dz
= κ1

∫ ∞
0

dνEν(x, z)e−i∆νkuzeiνθ + c.c. , (3)

where x is the transverse position, kβ is the total focus-
ing strength of the undulator system, θ = (ku + kr)z −
ωrt + [krK

2/(8kuγ
2
0)] sin(2kuz) is the electron phase,

λu = 2π/ku is the undulator period, λr = λu(1 +
K2/2)/(2γ2

0) = 2π/kr = 2πc/ωr is the resonant wave-
length, γ0 is the average Lorentz factor, K is the undulator
parameter, η = (γ − γ0)/γ0 is the relative energy devi-
ation, ν = ω/ωr is the scaled frequency, ∆ν = ν − 1,

Eν is the complex amplitude of the radiation field, κ1 =
eKJJ/(4γ2

0m0c
2) (e and m0 are the electron charge and

mass, JJ = J0[K2/(4 + 2K2)]−J1[K2/(4 + 2K2)]) and
c.c. stands for complex conjugate. Up to the onset of sat-
uration effects, the operation of the FEL is accurately de-
scribed by the following set of coupled, frequency-domain,
linearized Vlasov-Maxwell equations:

∂fν
∂z

+p
∂fν
∂x
−k2

βx
∂fν
∂p

+ iθ′fν = −κ1Eνe
−i∆νkuz ∂f0

∂η
,

(4)(
∂

∂z
+
∇2
⊥

2ikr

)
Eν(x, z) = −κ2e

i∆νkuz

×
∫
d2p

∫
dηfν(η,x,p, z) , (5)

where fν =
∫
dθf1e

−iνθ/(2π) is the amplitude of the
perturbation f1 to the distribution function of the elec-
tron beam, f0 is the background distribution, κ2 =
eKJJ/(2ε0γ0) and θ′ = dθ/dz is given by Eq. (2). More-
over, the unperturbed distribution f0 - which we take to
be θ-independent - evolves according to the zeroth-order
Vlasov equation

∂f0

∂z
+ p

∂f0

∂x
− k2

βx
∂f0

∂p
= 0 (6)

and its normalization is given by
∫
d2p

∫
d2x

∫
dηf0 =

Nb/lb, where lb and Nb are, respectively, the length of one
bunch and the number of electrons it contains. We note that
this analysis dose not include space charge or shot noise
effects.

Equation for the amplitude of the radiation field
The general solution of Eq. (4) is

fν = fν(z = 0) exp

(
−idθ
dz
z

)
(7)

− κ1
∂f0

∂η

∫ z

0

dζEν(x̄, ζ)e−i∆νkuζ exp

(
i
dθ

dz
ξ

)
dζ ,

where ξ = ζ − z and x̄ = x cos(kβξ) + (p/kβ) sin(kβξ).
One can also show that Eq. (6) admits solutions of the form
f0 = f0(η,x cos z̄ − (p/kβ) sin z̄,xkβ sin z̄ + p cos z̄),
where z̄ = kβz0, z0 = z − ze and ze is a constant. We
choose a background distribution given by

f0 =
Nb

(2π)
5/2
lbσ2σ′2ση

exp

(
− η2

2σ2
η

)
×

exp

(
kβΓ sin(2kβz0)

2σ′2
xp −

k2
β [1 + Γcos2(kβz0)]

2σ′2
x2

−1 + Γsin2(kβz0)

2σ′2
p2

)
, (8)
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where Γ = σ′
2
/(σ2k2

β)−1 is the mismatch parameter. The
above expression corresponds to a mismatched beam with
a round, Gaussian profile. The oscillating electron beam
size is σe(z) = σ[1 + Γsin2(kβz0)]1/2. In this paper, we
will only consider the case in which the electron beam is
initially unmodulated, so fν(z = 0) = 0. Substituting
Eq. (7) into Eq. (5), performing the integration over η and
changing the momentum integration variable from p to x̄,
we obtain an integro-differential equation for the radiation
field amplitude Eν :

∂Eν
∂z

+
∇2
⊥Eν

2ikr
=

∫
d2x̄

∫ z

0

dζΛ(x, x̄, z, ζ)Eν(x̄, ζ) ,

(9)
where

Λ(x, x̄, z, ζ) = −4iρ3k3
u

πσ′2
ξe−i∆νkuξ−2σ2

ηk
2
uξ

2

× (10)

exp

(
−
k2
β [1 + ikrσ

′2ξ + Γsin2(kβζ0)]

2σ′2sin2(kβξ)
x2

−
k2
β [1 + ikrσ

′2ξ + Γsin2(kβz0)]

2σ′2sin2(kβξ)
x̄2 +

k2
β

σ′2
×

(1 + ikrσ
′2ξ) cos(kβξ) + Γ sin(kβz0) sin(kβζ0)

sin2(kβξ)
xx̄

)

with ζ0 = ζ−ze - we recall that z0 = z−ze and ξ = ζ−z -
and

ρ =

(
K2JJ2

16γ3
0 k

2
uσ

2

I

IA

)1/3

(11)

is the Pierce parameter [7], expressed in terms of the
peak current I = eNbc/lb and the Alfven current IA =
4πε0m0c

3/e ≈ 17 kA.

Expansion method
Our goal is to obtain a solution to Eq. (9) that is consis-

tent with a specified initial amplitude Eν(x, z = 0). The
method we adopt is based on expanding the field ampli-
tude in terms of a complete set of orthogonal basis func-
tions. The basis we employ consists of generalized Gauss-
Laguerre transverse modes

ψnm(x, z) =

(
n!

(n+ |m|)!

)1/2
(√

2r

w

)|m|
× L|m|n

(
2r2

w2

)
ψ00(x, z)eimφe−i(2n+|m|)u , (12)

where (r, φ) are polar coordinates in the transverse plane,
(n,m) are integers with n ≥ 0 and L|m|n are the associated
Laguerre polynomials. Here,

ψ00(x, z) =

(
krβ1

π

)1/2
1

z − iβ
exp

(
ikrr

2

2(z − iβ)

)
(13)

is the fundamental basis mode - defined through a complex-
valued function β = β1 + iβ2 = β(z) - while w =

(2/(krβ1))
1/2 |z − iβ| and u = tan−1 ((z + β2)/β1) are,

respectively, the spot size and Gouy phase associated with
it. The basis elements described above satisfy the orthonor-
mality condition 〈ψnm | ψpq〉 ≡

∫
ψ∗nmψpqd

2x = δnpδmq
and reduce to the standard vacuum modes of paraxial op-
tics when β is a constant. For simplicity, we assume that the
external seed consists of a finite number of vacuum Gauss-
Laguerre modes with the same azimuthal index m and -
constant - basis parameter βs. In view of the axial symme-
try of the problem, we seek a solution with an eimφ angular
dependence. The expansion for the field amplitude is then

Eν(x, z) = εν

∞∑
n=0

Cnm(z)ψnm(x, z) , (14)

where Cnm are chosen to be dimensionless and εν is a con-
stant. Inserting Eq. (14) into Eq. (9) yields an infinite set of
coupled evolution equations for the expansion coefficients:

dCnm
dz

= (2n+ |m|+ 1)
iCnm
2β1

dβ2

dz

+
√
n(n+ |m|)Cn−1,m

2β1

dβ

dz

−
√

(n+ 1)(n+ |m|+ 1)
Cn+1,m

2β1

dβ∗

dz

+

∫ z

0

dζ

∞∑
p=0

Cpm(ζ)Λnmpm (z, ζ, β, βζ) (15)

where

Λnmpm (z, ζ, β, βζ) = (−1)p+n+1

× 8iρ3k3
u

D

(p+ n+ |m|)!
(n!p!)

1/2
[(p+ |m|)!(n+ |m|)!]1/2

×
(
β1ζ

β1

) |m|+1
2 (z − iβ)

n+|m|

(ζ − iβζ)p+|m|
(ζ + iβ∗ζ )

p

(z + iβ∗)
n

× ξe−i∆νkuξ−2σ2
ηk

2
uξ

2 (X − Y )
p
(X − 1)

n

Xp+n+|m|
dpb|m|

ap+|m|

× 2F1 (−p,−n;−p− n− |m| ; J) . (16)

In the relations given above, 2F1 is a Gaussian hypergeo-
metric function, βζ ≡ β(ζ) and β1ζ ≡ β1(ζ) = Re[βζ ].
Moreover,

a = 1 + Γsin2(kβz0) + ikrσ
′2
(
ξ − sin2(kβξ)

k2
β(ζ − iβζ)

)
,

(17)

d = a− 2krσ
′2β1ζsin

2(kβξ)

k2
β |ζ − iβζ |

2 , (18)

b = (1 + ikrσ
′2ξ) cos(kβξ) + Γ sin(kβz0) sin(kβζ0) ,

(19)

Y =
β1ζ

β1

|z − iβ|2

|ζ − iβζ |2
b2

ad
. (20)
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Defining

D1 = −ikrσ′
2
sin2(kβξ)/k

2
β (21)

+ [1 + Γsin2(kβz0) + ikrσ
′2ξ](ζ − iβζ) ,

D2 = krσ
′2ξ − i[1 + Γsin2(kβζ0)] (22)

+ k2
β(

1

krσ′
2 + iξ)(1 + Γ + ikrσ

′2ξ)(ζ − iβζ) ,

we also have D = (iD1 + (z + iβ∗)D2)/(2β1), D3 =
D1/(z− iβ), X = D/D3 and J = 1−Y/((X −Y )(X −
1)). For a monochromatic input signal, the amplified power
and radiation beam size are given by

P (z) = P0

∞∑
n=0

|Cnm(z)|2 =

∫
I(x, z)d2x (23)

and

σ2
r(z) =

∫
r2I(x, z)d2x

2
∫
I(x, z)d2x

=

(
w2

4

)
× (24)

1
∞∑
n=0
|Cnm(z)|2

{ ∞∑
n=0

(2n+ |m|+ 1)|Cnm(z)|2−

2 Re[e2iu
∞∑
n=1

√
n(n+ |m|)Cn−1,m(z)C∗nm(z)]

}
,

where P0 is the input power and I ∝ |Eν |2 is the
intensity of the radiation. We note that we have set
εν = (

∫
d2x|Eν(x, 0)|2)1/2 so that

∑∞
n=0 |Cnm(0)|2 = 1.

From the above, it is evident that numerically solving an
appropriately truncated version of the set of Eq. (15) can
lead to valuable quantitative information about the FEL ra-
diation. To proceed, we need to specify the basis func-
tion β(z). By choosing β(z = 0) = βs, we ensure that
Cnm(0) = 0 for all n > M , where M is the maximum
radial index of the seed modes. Thus, it is reasonable to ap-
proximate the field amplitude using the first M + 1 modes
in the expansion of Eq. (14) (0 ≤ n ≤ M ). To improve
the accuracy of our calculation, we follow a self-consistent
approach in which the basis function evolves in correlation
with the expansion coefficients [8]. If we select β so that√

(M + 1)(M + |m|+ 1)
CMm

2β1

dβ

dz

+

∫ z

0

dζ

M∑
p=0

Cpm(ζ)ΛM+1,m
pm (z, ζ, β, βζ) = 0 , (25)

it can be shown that the coefficient of the next order mode
(ψM+1,m) vanishes identically. Eq. (25), along with a trun-
cation of Eq. (15), define our approximation scheme.

NUMERICAL RESULTS
To illustrate our method, we have used two different FEL

parameter sets, both of which correspond to hard X-ray
machines (Table 1). Set 1 roughly describes the current

Table 1: Undulator and electron beam parameters

Parameter Set 1 Set 2

Undulator parameter K 3.7 0.5
Undulator period λu 3 cm 0.5 cm
beam energy γ0mc

2 14.31 GeV 2.21 GeV
Resonant wavelength λr 1.5 A◦ 1.5 A◦

Peak current I 3 kA 3 kA
Energy spread ση 10−4 10−4

Normalized emittance γ0ε 0.5 µm 0.5 µm
Matched beta βm = 1/kβ 30 m 13.78 m
Matched beam size σm 23.14 µm 39.89 µm
ρm (for σ = σm) 5.4× 10−4 2.3× 10−4

External focusing Yes No

operating parameters of the LCLS while Set 2 refers to a
machine with lower beam energy and more ambitious un-
dulator specifications. For Set 1, we consider two configu-
rations: one with a matched electron beam (Γ = 0) and
one for which the beam is underfocused, with ze = 0,
σ/σm =

√
2.5 and Γ = σ4

m/σ
4 − 1 = −0.84. In both

cases, we assume a Gaussian seed with the following pa-
rameters: input beta β(z = 0)/βm = 0.38 + i0.21, detune
ν̂m = ∆ν/(2ρm) = −0.38 and input power P0 = 2 kW.
In Figs. 1-3, we show the comparison between the re-
sults obtained with our technique and GENESIS simula-
tion data. In the linear regime, the theoretical results are in
good agreement with simulation, even though only a sin-
gle Gaussian mode has been used in obtaining the former.
Including higher order modes in our calculation makes the
comparison with simulation even more favorable. In the
case of the matched beam, our analytical solution almost
exactly reproduces the variational value for the fundamen-
tal FEL growth rate in the exponential-gain region. For Set
2, we explore two distinct cases: we either assume a con-
ventional undulator that relies solely on natural focusing
or consider a device with the same K and λu but with no
focusing. The second option can refer to an RF undula-
tor, where the transverse defocusing effect is typically very
weak. The case with no focusing can be treated by the for-
malism we have developed by taking the limit kβ −→ 0.
The resulting analytical expressions refer to an FEL that is
driven by a coasting beam with a single waist at z = ze. We
choose the waist beta function βe ≡ σ/σ′ to be equal to the
natural value of 13.78 m, which is fairly close to the opti-
mum beta for these parameters. We then use our method
to study the influence of the waist position upon the total
FEL gain for an undulator length Lu = 2.5βe = 34.45 m
and compare the results with the total gain for the case
of a beam that is matched to the conventional undulator.
For all these runs, we have assumed a Gaussian seed with
β(z = 0)/βm = 0.92 + i0.91 and ν̂m = −0.94. The
data obtained - again using a single mode approximation -
are shown in Fig. 4. From the latter, we conclude that one
can recover as much as 93% of the gain for the matched
beam when ze = 1.25βe = 0.5Lu, i.e. by placing the
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Figure 1: FEL gain G(z) = log[P (z)/P0] for a matched
(blue curves) and a mismatched beam (red curves) - LCLS
parameters. Both analytical results (solid curves) and sim-
ulation data (dashed curves) are shown.
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Figure 2: Normalized growth rate for a matched and a mis-
matched beam (same legend as in Fig. 1). The black line
refers to the growth rate of the fundamental FEL mode.

waist of the unfocused beam in the middle of the undulator
segment.

CONCLUSION

An expansion method has been developed for solving
the initial value problem of an FEL with variable electron
beam parameters, taking full account of 3-D effects. We
have used this technique in the study of various aspects of
the operation of a high gain FEL that is driven by a beam
with varying transverse sizes. The results obtained are in
good agreement both with simulation and with the theo-
retical prediction for the special case of a matched elec-
tron beam. The ability to describe the radiation field with a
small number of expansion modes makes this method po-
tentially useful for parameter studies in the linear regime.
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Figure 3: Scaled radiation beam size for a matched and a
mismatched electron beam (same legend as in Fig. 1).

−0.5 0 0.5 1 1.5 2 2.5 3
10

12

14

16

18

20

z
e
 /β

e

G
(L

u
)

Figure 4: Total gain vs scaled waist position (blue mark-
ers) for an FEL driven by an unfocused beam (Set 2 pa-
rameters). Also shown is the gain for a matched beam (red
dashed line).
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THEORETICAL STUDY OF SMITH–PURCELL FREE-ELECTRON 
LASERS 
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Abstract 
We present an analytical theory for small-signal 

operation of a Smith–Purcell free-electron laser with a 
finitely thick electron beam travelling close to the surface 
of a grating. The dispersion equation is derived from a 
self-consistent set of small-signal equations describing the 
dynamics of beam-wave interaction. By solving the 
dispersion equation carefully, we reveal that the growth 
rate of the field amplitude holds a finite value at the 
Bragg point, which is different from previous theoretical 
predictions. 

INTRODUCTION 
It is believed that a compact, tunable, and coherent 

radiation source in the THz domain could be developed 
using the principles of Smith–Purcell free-electron lasers 
(SP-FEL)[1-5]. The principle of the beam-wave 
interaction above an open grating was established in Refs. 
[1-3], where the authors assumed a uniform electron beam 
filling the entire space above a lamellar grating and 
derived the dispersion relation for the evanescent wave on 
the surface of the grating. The authors pointed out that the 
device operates as a backward-wave oscillator (BWO) 
when the interaction with an electron beam occurs on the 
downward slope of the dispersion relation and as a 
travelling-wave tube (TWT) when the interaction occurs 
on the upward slope [2,3]. From their theory, they 
predicted that the spatial growth rate would be 
proportional to 3131 

gvI , where I  is the beam current 

and dkdv g   is the group velocity of the surface 

wave, and that the growth rate diverges at the Bragg 
point, where the group velocity vanishes. In evaluating 
the start current of the SP-FEL, all the authors followed 
the methods that have been used for analyzing BWOs. 
Almost the same boundary conditions were used in Refs. 
[2-4] to establish the equations determining the start 
current for SP-FEL. One condition, namely, the field 

vanishes at the downstream end of the grating, is used.  
However, we know that it is possible for the surface 

wave to interact with the electron beam even at the Bragg 
point, so the prediction that the growth rate diverges at the 

Bragg point cannot be true. Also, the behavior that occurs 
at the ends of a grating, which will be addressed later, and 
the effect of this behavior in determining start current 
implies that the condition of a vanishing electromagnetic 
field at the downstream end is less reasonable. Therefore, 
it is necessary to reexamine the theoretical analysis.  

DISPERSION 
In the Cartesian coordinate system, the electrons 

initially move in the z direction with velocity 0v  in the 

vacuum above a lamellar grating along the 
trajectories dsxs  , and are coupled with the TM 
mode of an electromagnetic wave. The grating is ruled 
parallel to the y direction, and it has a period length L , 
groove width A , and groove depth H . The grating is 
assumed to be a perfect conductor, which means that the 
losses from the surface current can be ignored. The 
component of magnetic-flux density above the grating 

yB  can be expanded in the form                 
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wave equation is obtained below: 
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Following the methods using in Ref.[2,3], it is 
straightforward to get the dispersion equation 
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Figure 1: Dispersion relation of the surface wave. 

Figure 2: Spatial growth rate. 
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In the absence of an electron beam, p  vanishes and the 

dispersion equation is simplified as 
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The grating parameters used in this paper are set to be 
L=173μm, A=62μm, H=100μm, and the period number of 
73. Using these parameters, the dispersion relation is 
obtained by numerically solving Eq. (4), and the result is 
shown in Fig. 1, which shows that the operating point 

( 00 ,k ) of the laser is where beam line k  intersects 

the dispersion curve. It also shows that for electrons with 
energy of 90 keV, the intersection occurs on the 
downward slope. We carried 44  p  in the 

expansion of Eq. (4), which showed good convergence. 
We know that a surface mode consists of the 

superposition of an infinite number (  ..p ) of 

spatial harmonics, and that those with positive pk carry 

energy flow forward, while those with negative 
pk  carry 

energy flow backward. From the dispersion equation, we 
can calculate the average power carried by each harmonic 
with the average power  

         



0 ,, *

2

1
pypxp HEdxS ,     

SPATIAL GROWTH RATE 
Usually, Eq. (3) can be simplified as discussed below. 

We know that only the zeroth space harmonic can 
synchronize with the electron beam; thus, it is reasonable 
to only consider 

0 p  near the operating point (
00 , k ). 

Also, if the beam density is small enough, 
0 p

 can be 

expanded in powers of small magnitude 
2

0
3

2

)( kv
b


 , 

where 22
pb   . Then, Eq. (3) can be simplified to be 

01                          (5) 
where 
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and )0()(
0

n
p   is the nth derivative of 

0 p  at 0. Note 

that the beam density should satisfy the conditions 

1 b  and 1)( 22
0

32 kvb   in the 

simplifying process. 
Next, we can expand   at the operating point 

(
00 , k ). If we take the first order of expanded powers, 

Eq. (3) can be written as 
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where ),(' 00 k  is the derivative k  at ( 00 , k ). 
From the above equations, obtaining the spatial growth 
rate is straightforward: 
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Eq. (6) shows that the growth rate diverges at the Bragg 
point where ),(' 00 k  vanishes. However, this is not 

due to the actual physics that occurred there but is instead 
due to the rough mathematical calculation. If we take into 
account more terms of expansion, the growth rate would 
have a finite value at any point on the dispersion curve. 
We try to attain better precision with fewer terms of 
expanded powers. In this paper, we expand   and  up 

to the second order; thus, Eq. (5) should be rewritten as 
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This equation can be numerically solved to obtain k , 
and )Im( k would be the spatial growth rate . Eq.(7) has 
six solutions. One of them that has the maximum 
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Figure 3: Temporal growth rate and start current. 

imaginary part indicates the mainly growing mode, and 
the other solutions can be neglected.  

We assume that the electron beam fills a region of 
width d=24μm. Beam height above the grating and the 
beam energy are assumed to be s=30μm and Eb=90 keV, 
respectively. In these calculations, the beam current is 
fixed to I 1 mA, and we have the relation 

2
000

2 cdmIeb   , where 0m  is the electron mass, 

d  is the thickness and width of the electron beam. The 
results are shown in Fig. 2, where the spatial growth rate 
is a function of beam energy. As is shown in Fig. 2, 
according to the previous theory, the growth rate diverges 
when the electron beam energy reaches 124 keV, i.e., the 
Bragg point; in contrast, our theory gives a finite value.  

START CURRENT AND TEMPORAL 
GROWTH RATE 

In our theory, the mechanism of beam-wave interaction 
should occur like this: the zeroth order space harmonic 
interacts with the electron beam moving in the z direction 
and the whole harmonics are amplified during the 
interaction; at the downstream end, the 0p  harmonics 

go out the grating (where they are partially reflected and 
partially diffracted; however, we ignore these reflections 
in the present theory), while the 0p  harmonics are 

retained. Note that they are retained but not reflected, 
because 0p  harmonics intrinsically move in the –z 

direction; energy carried by 0p  harmonics are 

reapportioned among the whole harmonics to satisfy the 
boundary condition on the surface of a grating; in 
addition, at the upstream end, 0p  harmonics are 

retained, and they start the second round trip. Because the 
zeroth and –1st order harmonics hold most of the energy of 
the surface wave and because they are faster than the 
other space harmonics, it is reasonable to consider only 
these two harmonics in the following analysis. 

We define the total power flow of the whole space 

harmonics as 





p

ptotal SS . The ratio of a given 

harmonic to the total power flow is written 
as totalpp SS . Thus, the condition for device to 

start oscillating should be 101
2   e ,                                     

where   is the total length of a grating. From the no-
beam dispersion equation, we can calculate 

p  at 

operating point ),( 00 k ; thus the required spatial 

growth rate for starting oscillation can be acquired. Then, 
we can work out the start current with the help of Eq. (7).  
  In a round trip, the fields are amplified only when the 
zeroth order harmonic moves forward with the electron 
beam; therefore, the gain of the field can be written as a 

function of time et
t

e
))ln(

2

1
( 10  

, where et is the 

effective time. In addition, we know that the energy is 

brought back to the upstream end mainly by the –1st order 

harmonic, so the relation between effective time et  and 

real time t  can be easily worked out as 
01

01

vv
vv

t e 






 . 

Here, pv  is phase velocity for a p th order harmonic and 

also the energy velocity of the harmonic. Finally, we get 
the temporal growth rate as 
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.             (8) 

Using the parameters mentioned above, we calculated the 
temporal growth rates as function of beam current, and 
the result is given in Fig. 3, where the start current is also 
shown.  

 

CONCLUSION 
In conclusion, by carefully processing the dispersion 

equation, we find that the growth rate does not diverge 
near the Bragg point, which is more reasonable than the 
previous theory. We develop a simple method to evaluate 
the start current based on the power flow of space 
harmonics, and also provide a way to convert spatial 
growth rate to temporal growth rate. 
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INJECTOR OPTIMIZATION FOR A
HIGH-REPETITION RATE X-RAY FEL
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Gregory Penn, Ji Qiang, Matthias Reinsch, Fernando Sannibale, Marco Venturini

Lawrence Berkeley National Lab, Berkeley, CA, 94704

Abstract
In linac driven free electron lasers, the final electron

beam quality is constrained by the low energy (<100 MeV)

beam dynamics at the injector. In this paper, we present

studies and the optimized design for a high-repetition (> 1
MHz) injector in order to provide a high brightness elec-

tron beam. The design effort is also extended to multiple

modes of operation, in particular different bunch charges.

The effects of space charge and low energy compression

on the electron beam brightness are also discussed for the

different modes.

INTRODUCTION
The Next Generation Light Source (NGLS) is a pro-

posed fourth generation soft xray FEL facility at Lawrence

Berkeley National Lab, based on a high repetition rate, su-

perconducting linear accelerator. In this paper, we present

the beam dynamics studies and optimization results for the

NGLS injector, defined as the low energy (< 100 MeV)

part of the accelerator. For this, a photoinjector based on a

VHF frequency electron gun is used. The constraints im-

posed by the high repetition rate (> 1 MHz) lead to a de-

sign that includes compression at low energy, in addition to

the emittance compensation process used in other facilities.

A schematic of the injector, showing only the com-

ponents directly affecting the beam dynamics studies, is

shown in Fig. 1.

Figure 1: Conceptual design of the high rep. rate injector.

Injector Beamline
The basis of the photoinjector setup is a normal con-

ducting electron gun, operating at a continuous wave (CW)

mode at 186 MHz. A more detailed description of the in-

jector subsystems is given in [1]. For our current purposes

of beam dynamics optimization, the electron gun is defined

by the on-axis z component of the electric field. In con-

trast to higher frequency and lower repetition rate systems,

the peak value of Ez at the cathode is limited to 20 MV/m,

which is sufficient to guarantee good transverse beam emit-

tance. The cathode-to-anode gap of the gun is 4 cm, leading

to a final beam energy of 750 keV at the gun exit.

∗Corresponding authos:cpapadopoulos@lbl.gov

Using a load-lock system, different cathodes can be

used, as described in [1]. In our simulations, we assume

an initial distribution compatible with a Cs2Te cathode,

that is we assume an initial emittance given by εnx[mm −
mrad] = ce[mrad] ∗ σx[mm], where σx is the rms beam

size at the cathode and ce a factor experimentally measured

to be 0.8 [2] and conservatively estimated to be 1 in the

simulations.

Downstream of the gun, 2 solenoids are present in order

to perform the emittance compensation process [3]. In ad-

dition to those, a bucking coil is present behind the cathode,

in order to cancel any residual magnetic field on the cath-

ode, which would lead to an effective emittance growth.

Also present, is a single cell normal conducting cavity at

1.3 GHz. This is used at 0 crossing in order to compress

the beam longitudinally.

In addition to this, the simulations follow the beam

across the first 7 TESLA cavities of the linac, correspond-

ing to 1 cryomodule and about 100 MeV of energy gain.

The energy gain in the TESLA cavities is limited to 16

MV/m, in order to minimize the cost of the cryoplant and

the generation of dark current. The simulations show that

this limit is sufficient to accelerate the beam and manipu-

late it longitudinally while maintaining the six dimensional

brightness.

Beam Dynamics Considerations
In the case of the VHF electron gun, the relativistically

correct transit time t across the gap is given by the for-

mula t =
√
(d/c)2 + 2d/a, where d is the gap length, c

the speed of light and a = eE/m is the acceleration of

an electron of charge e, mass m under and electric field E,

assumed to be constant. We can thus estimate the transit

time to be t �0.2 ns, a value much smaller than the pe-

riod of the RF field given by τRF = 1/187MHz �5.35ns.

Comparing these time scales, we can see that the dynam-

ics in our case are conceptually closer to a DC gun than an

LCLS-type cavity with RF frequency � 2.85 GHz.

The other dynamically important quality of the gun is the

peak field at the cathode. In order to minimize dark current

and power dissipation requirements this is kept at the rela-

tively low value of 20MV/m. This is sufficient for keeping

the transverse emittance low, but requires longer bunches

in order to overcome the space charge limit, as well as to

minimize transverse space charge effects that may dilute

the beam quality.

This constraint leads to low beam current at the injector,

unless some compression is done at low energy. For this

reason, we employ the single cell buncher at 0 crossing, in
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order to perform ballistic compression [4] and also dephase

the TESLA cavities from the maximum acceleration phase,

in order to perform velocity bunching [5].

A full discussion of the emittance compensation process

and the low energy compression methods mentioned above

is beyond the scope of this paper, but for our current pur-

poses we note that for standing wave linacs, the laminarity

condition assumed in the theory extends up to the energy

γ =
√
2/3 Ipeak/(I0εn,thγ

′), where Ipeak is the peak cur-

rent, I0 = 17kA the characteristic current, γ′ = eE/(mc2)
and εn,th is the component of the emittance due to factors

other than space charge. For our case, this number is be-

low 90 MeV for all the currents under study, and hence we

expect the emittance to be ”frozen-in” at the injector exit,

as indeed is shown in simulations. In addition, the longi-

tudinal compression is also ”frozen-in” as the relativistic β
factor of the beam approaches 1.

SIMULATIONS AND OPTIMIZATION
PROCEDURE

The simulation code used to model the low energy ef-

fects, including space charge and β < 1 effects, is ASTRA

[6], which has been widely used and extensively bench-

marked against experiments as well as other simulation

codes. The initial transverse distribution of the bunch is ra-

dially symmetric in transverse positions (x− y), and gaus-

sian in the transverse momenta (px − py), as is expected in

the case of photoemission from a cathode illuminated by a

transversely uniform laser. For the longitudinal component

of distribution, a distribution with variable time duration, a

plateau in the range of 10s of ps and a rise/fall time of 2 ps,

is assumed for the emission time, whereas a gaussian dis-

tribution is assumed for the longitudinal component of the

momentum. Again, this is compatible with the laser system

employed.

The process of optimizing the injector operating point

depends on a multitude of parameters that influence the

final results in a nonlinear way, especially since ballistic

compression, velocity bunching and emittance compensa-

tion are performed simultaneously. The approach taken

during the injector design is based on [7] and [8], which use

mutliobjective genetic algorithms for the optimization pro-

cess. For this class of optimizers, the results comprise of a

population of solutions, ordered according to their relative

merits as defined by the user. This population of solutions

is called the Pareto optimal front and allows the comparison

of the offsets and advantages of different injector solutions

a posteriori, without biasing the initial optimizer choices.

Optimization Objectives
Since NGLS is designed to be a user facility, the ultimate

goal will be to optimize the properties of the xray beam at

the user end. In order though to isolate and understand the

effects of the injector dynamics, we take an intermediate

approach and optimize the electron beam at the exit of the

injector.

The first such objective we choose is the transverse, nor-

malized emittance, which affects the performance of the

FEL process [9]. The radial symmetry of the components

relevant to beam dynamics is kept at all stages in the injec-

tor, and thus we can assume for design purposes a radial

symmetry in the beam as well. Hence the x component of

the emittance can be chosen as an objective, without loss

of generality.

In addition to the transverse emittance, another impor-

tant quantity affecting the FEL process is the longitudinal

beam quality, quantified by the longitudinal beam emit-

tance. In the case of relatively high charges, such as the

nominal 300 pC case, both experiments and simulations

show that a laser heater that increases the uncorrelated en-

ergy spread is required in the downstream linac in order to

suppress microbunching [10]. Hence, since the longitudi-

nal emittance is spoiled downstream on purpose, it is not a

suitable optimization objective.

On the other hand, the microbunching instability is

driven by magnetic compression in the downstream linac,

and hence can be minimized if the linac compression ratio

is reduced. Since the requirements at the undulator mag-

nets on the user end call for specific pulse length and peak

current, we choose the longitudinal rms bunch length as an

optimization parameter.

Another set of constraints imposed by the downstream

linac dynamics is defined by the correlated energy spread.

Due to the ballistic and velocity bunching used in the injec-

tor, as well as the compression using magnetic chicanes in

the downstream linac, an almost linear correlation between

position z and energy E is imprinted on the beam by de-

phasing the RF fields in the buncher and TESLA cavities.

Ideally this correlation should be linear, but the sinusoidal

nature of the RF fields, imprints second order correlations

as well. That is, the dominant correlations in longitudinal

phase space can be described by E(z) = E0 + az + bz2.

Since a laser heater of finite energy acceptance is used

in the downstream linac, the linear part of the correlation

needs to be kept minimal for efficient operation of the

heater. Additionally, second order terms can degrade the

final beam quality after magnetic compression, and hence

also need to be minimized. Third harmonic cavities have

been successfully used to remove such second order corre-

lations [10], and by dephasing the accelerating cavities we

can also remove the linear component of the correlation.

Hence, these issues can be addressed by manipulating the

dynamics of the downstream linac. On the other hand, no

method has been proposed so far to remove correlations of

order higher than second, and the longitudinal beam quality

is effectively degraded when such correlations are present,

for example due to longitudinal space charge.

In order to isolate these higher order correlations, a new

figure of merit is used, namely the reduced RMS energy

spread of the beam after removing the first and second or-

der correlations. Quantitatively, this is done by calculating√
< E2

H.O. >, where EH.O.(z) = Eold(z)−E0−az−bz2.

In this equation, Eold(z) is the initial energy of the particles
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as a function of longitudinal position z, and E0 + az+ bz2

is the least-squares fit to Eold(z).
The knobs available for optimizing the injector are the

gradients and phases of the buncher and the first two

TESLA cavities, required for compression and the emit-

tance compensation process. In the case of the gun cav-

ity, only the phase is varied and the gradient is kept at its

maximum allowable value. In order to remove the linear

chirp, we also allow the phases of the last 2 TESLA cavi-

ties to vary. In addition to the RF knobs, the strength of the

solenoids is also changed, as required for emittance com-

pensation. Finally, the initial transverse size and longitudi-

nal bunch length are also varied by the optimizer. This is

allowed through the shaping of the laser system [1].

OPTIMIZATION RESULTS
Nominal Charge Beam

From simulations of the downstream linac and the FEL

process [11], as well as the dynamics considerations of the

injector as described in the previous section, the nominal

beam charge for NGLS is set at 300 pC. The result of the

optimization process is, as mentioned, the Pareto optimal

front, a 1 dimensional curve in the 2 dimensional objec-

tive space of transverse emittance and longitudinal bunch

length. For the nominal bunch charge, this is shown in

Fig. 2

Figure 2: Pareto front for the 300 pC nominal charge.

Quantities plotted at the exit of the injector (15 m from the

cathode, energy > 90 MeV)

One of the solutions represented in Fig. 2 is shown in

Fig. 3, where we plot the current profile, slice emittance

and the longitudinal phase space of the beam at the exit

of the injector. In addition to this, the longitudinal phase

space is plotted after removing the first and second order

correlations, as described in the previous section.

Another solution for the nominal 300 pC bunch charge

is plotted in Fig. 4. In this case, in order to minimize the

deleterious high order correlations, less compression is per-

formed and the beam current is reduced by a factor of more

than 2, while keeping the emittance at similar levels. This

Figure 3: High compression solution for 300 pC bunch

charge

is achieved by shifting the compression to the single cell

buncher and operating the TESLA cavities on crest.

Figure 4: Low compression solution for 300 pC bunch

charge. Compare with Fig. 3

Low Charge Mode

In addition to the nominal charge of 300 pC, a smaller

charge of 30 pC may be of interest for users NGLS. The

choice of the lower bunch charge is based on the successful

operation of a similar mode for the LCLS [10]. In this case,

the emittance and the bunch length decrease significantly,

as expected. From operational experience at the LCLS, the

laser heater in the downstream linac is not required in this

case, leading to a simplified operation of the machine.

As before, a genetic optimizer is employed for the low

charge optimization, with the resulting pareto front shown

in Fig.5 Although the optimization for this mode is still in

progress, one initial solution is shown in Fig. 6.
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Figure 5: Pareto front for the low charge (30 pC) operating

mode

Figure 6: Solution for 30 pC at the exit of the injector

CONCLUSIONS

We present the results of the beam dynamics optimiza-

tion for a high repetition rate photoinjector. Two solutions

for the nominal charge of 300 pC are presented, with a rel-

atively high and low peak beam current at the exit of the

injector. This is done in order to minimize high order lon-

gitudinal correlations that may be deleterious downstream.

In addition to this, initial results for a lower bunch charge of

30 pC are shown, with the expected reduction in emittance.

Downstream linac simulations are presented elsewhere [12]

for cases similar high compression 300 pC case presented

here. In the case of the low compression 300 pC charge

and the 30 pC charge, additional linac and FEL studies are

required.

In Table 1, we show the final normalized emittance

(100% and 95%), the peak current, the final energy and the

rms energy spread EH.O. due to high order correlations,

calculated as discussed previously.

Table 1: Final Properties of the Optimized Beams

300 pC 300 pC 30 pC

(high compr.) (low compr.)

εnx (mm-mrad) 0.688 0.68 0.218

εnx95 (mm-mrad) 0.517 0.48 0.156

Ipeak (A) 62 24 8

Ef (MeV) 92.53 106.4 111.8

EH.O. (keV) 17.4 3.5 3.7
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Abstract
A new regime of the free-electron laser arises when the

recoil of the electron due to its scattering in the wiggler and
laser field cannot be neglected any more. In such a quan-
tum free-electron laser the discreetness of the momenta
becomes visible and leads to novel effects. We present a
quantum mechanical theory in this domain.

INTRODUCTION
Classical electrodynamics combined with classical sta-

tistical mechanics are sufficient [1] to describe today’s free-
electron laser (FEL) devices. However, new developments
in accelerator and laser physics raise hope for the experi-
mental realization of a quantum free-electron laser (QFEL).
In this paper we outline a theory of the QFEL guided by
techniques of quantum optics developed in the context of
the one-atom maser [2]. For an earlier and different ap-
proach towards the QFEL we refer to [3][4].
We start by recalling the Hamiltonian [5] correspond-

ing to a one-dimensional, single-particle description of the
FEL in the co-moving Bambini-Renieri frame where the
electrons move with a non-relativistic velocity. Based on
the classical free-electron laser (CFEL) and introducing
recoil effects by hand we illustrate the emergence of the
quantum mechanical regime of the FEL from the pendu-
lum equation. Moreover, a perturbation theory in which
these effects are fully taken into account illustrates in a
vivid way the characteristic features of the QFEL. Here, the
electron can emit or absorb only a single photon leading to
a two-level dynamics. In this way we obtain an analytically
solvable model for the QFEL. The resulting gain function
confirms the applicability of the two-level QFEL model.
Finally, we establish the key experimental requirements for
realizing a QFEL device. Our conditions are in agreement
with the ones put forward in [4].

QUANTUMMODEL OF FEL
The interaction of a single electron in the FEL with the

wiggler field and the emitted laser field, when described in
the co-moving Bambini-Renieri frame where the frequen-
cies ω = ck of both fields coincide, is determined [5] by
the Hamiltonian Ĥ ≡ ĤF + ĤI consisting of the free part

∗ p.preiss@hzdr.de

ĤF ≡ p̂2

2m
+ h̄ω

(
â†LâL + â†WâW

)
(1)

and the interaction part

ĤI ≡ h̄g̃
(
â†LâWe−i2kẑ + âLâ

†
Wei2kẑ

)
(2)

with the coupling strength g̃. The creation or annihilation
operators â†L or âL and â†W or âW of the laser and wig-
gler field, respectively, obey the familiar commutation re-
lation [âj , â

†
j ] = 1, where j = L and W. Moreover, ẑ

and p̂ denote the position and momentum operator of the
electron in the Bambini-Renieri frame obeying [ẑ, p̂] = ih̄
and m ≡ me(1 + a20) represents the shifted mass of the
electron where a0 is the wiggler parameter, k ≡ 2π/λ the
wave number of the laser and wiggler field with wavelength
λ and me the rest mass of the electron. The exponential
e±i2kẑ in Eq. (2) indicates a shift in the momentum of the
electron by the recoil q ≡ 2h̄k when one photon of the
wiggler scatters into the laser field or vice versa.
In the interaction picture Ĥ transforms into

Ĥ
(I)
I ≡ h̄g

(
â†Le

−i2kẑe−i2k(p̂−q/2)t/m + h.c.
)

(3)

where we have used the semiclassical approximation â†W ≈
âW ≈ √

nW for the wiggler field.
Assuming circularly polarized vector potentials

ÂL ≡ AL

(
eâLe

−i(ωt−kẑ) + h.c.
)

(4)

and
ÂW = AW

(
eâWe−i(ωt+kẑ) + h.c.

)
(5)

for the laser field, and the wiggler field in Weizsäcker-
Williams approximation of strengths AL and AW, respec-
tively, and polarization vectors that obey the relation e2 =
e
∗2 = 0, we obtain the coupling constant

g =
e20
h̄m

ALAW
√
nW (6)

with the elementary charge e0.
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CFEL VERSUS QFEL
The Hamiltonian of the CFEL in the low gain regime

which follows from Ĥ in the Schrödinger picture when we
turn all operators into c-numbers and neglect the number
nL of photons of the laser in Eq. (1) reads

Hcl ≡ p2

2m
+ 2h̄g

√
nL cos(2kz). (7)

Using the Hamilton equations ż = ∂Hcl/∂p and ṗ =
−∂Hcl/∂z the dynamics of the ponderomotive phase φ ≡
2kz + π is determined by a pendulum equation

φ̈+Ω2 sinφ = 0 (8)

with frequency Ω =
√
8k2h̄g

√
nL/m, in agreement with

[1] where Eq. (8) is derived in the laboratory frame.

2h̄k

0
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Figure 1: Transition from the classical to the quantum FEL
illustrated in phase space: In the classical regime the tra-
jectories of the FEL are continuous. In the quantum regime
the discreetness of the momentum states manifests itself
and the trajectories become discontinuous.

By definition the classical theory lacks the possibility of
including the recoil of the electron and we have to intro-
duce it by hand as illustrated in Fig. 1. Indeed, due to en-
ergy and momentum conservation in the emission or ab-
sorption process of a laser photon the momentum of the
electron changes by ±2h̄k. Hence, the motion of the elec-
tron in phase space cannot be continuous as predicted by
the pendulum equation (8). Discrete momentum states oc-
cur as indicated in Fig. 1 when the recoil is not negligible
any more. The regime of the QFEL is reached when only
two distinct momentum states are allowed in phase space.
This condition reduces to q > pmax where the maximally
achievable momentum pmax is determined by

p2max

2m
= Hsep = 2h̄g

√
nL. (9)

Here Hsep is the energy of an electron moving along the
separatrix of the classical HamiltonianHcl.
The QFEL condition q > pmax finally translates into the

condition

α ≡ 2h̄g
√
N

q2/2m
< 1 (10)

for the QFEL parameter α with the maximal photon num-
ber N .

REACHING THE TWO-LEVEL LIMIT
The distinction between the CFEL and QFEL stands out

most clearly in the diagonal elements Wn(t) of the den-
sity matrix of the laser field describing its photon statistics.
Indeed, their time dependence [6]

Wn(t+ τ) =
∑
l

Wl(t)
∣∣∣〈n, p0 + (l − n)q |Û(τ)| l, p0〉

∣∣∣2
(11)

follows from the time evolution operator

Û(τ) ≡ T

⎡
⎣exp

⎛
⎝− i

h̄

τ∫
0

dt Ĥ
(I)
I

⎞
⎠

⎤
⎦ (12)

with the Dyson time-ordering operator T and the interac-
tion time τ of the electron with the field. The states | n, p〉
are the eigenstates of the photon number operator â†LâL of
the laser field and the momentum operator p̂, and p0 de-
notes the initial momentum.
Evaluating Û up to second order in g and using the

coarse-grain derivative the master equation reads

Ẇn = r(gτ)2
[
(n+ 1)S2

+Wn+1 + nS2
−Wn−1

− (
(n+ 1)S2

− + nS2
+

)
Wn

]
,

(13)

where we have introduced the electron injection rate r ≡
Nel/τ [6] and the functions

S± ≡ sin (k(p± q/2)τ/m)

k(p± q/2)τ/m
(14)

crucially determine the dynamics of the photon statistics.
Indeed, for

kqτ

m
> 1 (15)

the functions S± are well separated as indicated in Fig. 2.
In this case each momentum of the electron is connected to
the emission or absorption of a single laser photon. Start-
ing with an initial momentum p0 ≈ q/2 only an emission
driven by a non-vanishing value of S− will occur. After the
emission of one photon the electron recoils by an amount
q and the probability of emitting another photon becomes
approximately zero.
We note that the condition (15) was already obtained

in [7] by performing perturbation theory in the classical
regime. However, in our approach the recoil is fully taken
into account.
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S2
−S2

+

0 1
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1
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0
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p/q

Figure 2: Separation of momentum domains correspond-
ing to absorption and emission of laser photons defining
the QFEL illustrated here for kqτ/m = 8. Due to the re-
coil giving rise to well-separated functions S± the electron
cannot absorb or emit more than one laser photon.

RABI OSCILLATIONS IN THE QFEL
An analytically solvable model for the QFEL illustrated

in Fig. 3 and based on only two momentum states emerges
from the superposition

|Ψ(t)〉 ≡ ψe(t) |e〉+ ψg(t) |g〉 (16)

of the dressed excited state |e〉 ≡ |n0, p0〉 and the dressed
ground state |g〉 ≡ |n0 + 1, p0 − q〉 with the initial number
of photons n0 in the laser field.

p

|e〉

|g〉

q
2

0

−q
2

2h̄k
2h̄k

Figure 3: Two-level model of the QFEL: Whereas in an or-
dinary laser the states of the medium are determined by the
internal degrees of freedom, in the FEL this role is played
by the momentum states. In the limit of the QFEL the well-
separated functions S± ensure that mainly the two momen-
tum states |q/2〉 and |−q/2〉 of the electron take part in the
lasing process corresponding the creation of a laser pho-
ton at the expense of a wiggler photon giving rise to a total
momentum change of 2h̄k.

We choose the initial momentum p0 ≈ q/2 of the elec-

tron as to minimize the phase in the second exponent in
Eq. (3). Thus, we start in the regime where S− determines
the interaction in the FEL and other momenta correspond
to rapidly oscillating phases provided condition (15) is sat-
isfied.
In the spirit of the rotating wave approximation we as-

sume that the phases ∼ kq/m are larger than the cou-
pling strength g√n0 which leads us again to the condition
α < 1. This argument is another justification of the two-
level ansatz (16) for the QFEL.
Inserting Eq. (16) into the Schrödinger equation

ih̄
d

dt
|Ψ〉 = Ĥ

(I)
I |Ψ〉 (17)

yields coupled equations of motion for the amplitudes ψe

and ψg with the solutions

ψe(t) = eiδt/2
[
cos(λt)− i

δ/2

λ
sin(λt)

]
(18)

and
ψg(t) = −ie−iδt/2 g

√
n0 + 1

λ
sin(λt), (19)

where we have introduced the detuning parameter δ ≡
2k(p0 − q/2)/m.
Therefore, the dynamics of the QFEL consist of Rabi

oscillations between the dressed states |g〉 and |e〉 with the
QFEL frequency

λ ≡
√
g2(n0 + 1) + (δ/2)

2
. (20)

Starting with p0 ≈ −q/2 also leads us to a two-level
system with Rabi oscillations between |g〉 ≡ |n0, p0〉 and
|e〉 ≡ |n0 − 1, p0 + q〉 with amplitudes ψ̃e and ψ̃g . The
detuning is now given by δ̃ ≡ 2k(p0 + q/2)/m and the

Rabi frequency reads λ̃ ≡
√
g2n0 +

(
δ̃/2

)
.

QFEL GAIN CURVE
The classical gain curve of the FEL in the small signal

regime is given by Madey’s theorem [8]. In our model we
express the gain function

G ≡
∞∑

n=−∞

nPn(n0, p0) (21)

in terms of the probabilities Pn for scattering n photons
from the wiggler into the laser field, or vice versa in case
of negative values of n.
The QFEL model given by (16) yields the gain function

GQFEL(τ) =

⎧⎪⎪⎨
⎪⎪⎩
|ψg(τ)|2 for p0 ∈ (0, q)

−
∣∣∣ψ̃e(τ)

∣∣∣2 for p0 ∈ (−q, 0)

0 else

(22)

for the interaction time τ .
It is interesting to compare this expression and
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GPT ≡ n0(gτ)
2
(S2
− − S2

+

)
+ (gτ)2S2

− (23)

obtained with the help of Eq. (13) in perturbation theory
up to second order in g, to the gain function determined
by a simulation of the evolution of the transition proba-
bilities Pn. Here, we take into account the dressed states
|n0 + l, p0 − lq〉 with |l| ≤ 5. In Fig. 4 we compare the
so-calculated gain functions for α = 0.2 and the param-
eters n0 = 10, k = γ2π/λW with γ = 100 and wig-
gler wavelength λW = 10−6m. Here, we set the maxi-
mal photon number N = n0 + 5 and the interaction time
τ = π/2g

√
n0 + 1 corresponding to half of the Rabi oscil-

lation at resonance p0 = q/2. This figure clearly demon-
strates the validity of our two-level model for the QFEL.

GQFEL

GPT

Gsimulation

0�

1
2�1 1

2 1

�2

�1

0

1

2

p/q

G

Figure 4: Confirmation of the two-level model of the QFEL
by numerical simulation of the gain function for a small
QFEL parameter α = 0.2.

EXPERIMENTAL REQUIREMENTS
A comparison of the parameters of our model with the

corresponding quantities of the classical theory [1] con-
nects the QFEL parameter

α = 4

(
γmc

h̄kL
ρFEL

)3/2

(24)

with the Pierce parameter [10]

ρFEL =
1

2γ

(
Jeλ

2
Wa20

IA2π

)2/3

. (25)

Here, Je and IA = 17.045 kA denote the peak current
density of the electron beam and the Alfvén current, re-
spectively, together with the dimensionless energy γ ≡
E/mec

2 of the electron and the wave number kL = 2π/λL

of the emitted radiation. We note that in terms of these
quantities the QFEL condition (10) translates into the one
proposed in [3].
Assuming a laser wiggler with wavelength λW and in-

tensity I0 we obtain the dimensionless wiggler parameter

a0 = 0.85 × 10−9λW [μm]I
1/2
0 [W/cm2] [9] and further-

more kL = 4γ2kW/(1 + a0)
2. Hence, the QFEL condi-

tion (10) takes the form

Je <
γ6

λ7
W

6.938× 10−19AWm3

I0
[
1 + 7.2× 10−11W−1λ2

WI0
]3 (26)

connecting the key experimental quantities Je, γ, λW and
I0.
Further requirements, for instance on the emittance of

the electron beam pointed out in [4], are in full accordance
with this model.

SUMMARY
In conclusion, we have developed a theory of the QFEL.

Starting from the classical pendulum equation we have de-
rived the QFEL condition and have shown the characteristic
two-level dynamics. We have obtained the gain functions
in three different ways and have demonstrated the applica-
bility of our QFEL model. Moreover, we have established
the crucial experimental requirements for realizing a QFEL
device.
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SATURATION IN FREE ELECTRON LASER WITH QUADRUPOLE WIGGLER AND 

AXIAL MAGNETIC FIELD  

P. Yahyaee, A. Kordbacheh, IUST, Tehran, Iran

Abstract 
In this paper, we study the nonlinear evolution of a helical 

quadrupole wiggler FEL, in Raman regime and in the 

presence of space-charge field. By using Maxwell’s 

equations and nonwiggler averaged equation of motion of 

electron beam, a set of nonlinear first-order differential 

equations describing the evolution of the helical 

quadrupole FEL is derived in the slowly varying 

amplitude and wave number approximation and solved 

numerically by the Runge–Kutta method. The beam is 

cold and propagates with a relativistic velocity. The 

amplitude of wiggler field increases adiabatically from 
zero to a constant level. To focus the electron beam, we 

apply an axial magnetic field. Finally, the results of 

helical quadrupole wiggler are compared to an equivalent 

dipole wiggler.  

INTRODUCTION 

There are two principle directions for FEL development 
activities. One is to generate high coherent X-ray pulses, 

and the other is to generate high average power at infrared 

wavelength. A FEL which works at millimeter 

wavelengths has many applications such as 

telecommunication and measurement of solid state 

materials and semi conductor’s properties.  

In order to generate a quadrupole wiggler magnetic 

field, one can use a helical winding of four wires, with a 

current flow in in two wires in one direction, and in the 

oder two wires in the opposite direction. First works on 

quadrupole wiggler FEL were done by Levush et al. [1]. 
They proposed this kind of wiggler and showed that it can 

represent a new concept to obtain high power, coherent 

radiation in millimeter and sub millimeter regime. They 
examined the near axis orbit properties of a quadrupole 

wiggler without an axial guide field but including the 

effects of space charge and showed that it had improved 

beam stability when compared to a dipole wiggler. The 

effect of an axial guide field on the nonlinear stage of the 

dipole wiggler FEL interaction studied by Freund [2] 

Antonsen et al. [6] examined the nonlinear theory of a 

quadrupole free-electron laser when the betatron 

frequency is close to the mismatch frequency and found 

that it can reduced the three-dimensional equations to an 

integrable one-dimensional equation. CHANG et al. 
examined the characteristics of a Compton regime 

quadrupole magnetic wiggler for a FEL amplifier 

neglecting space charge effects. They showed that 

Optimum efficiencies for the quadrupole case occur for 

lower beam voltages, larger guide radii, and shorter total 

wiggler lengths than for a comparable dipole case [7].   

The purpose of this study is to consider a FEL with a 

helical quadrupole wiggler in Raman regime at millimeter 

wavelengths.  

This code is based on the equations in which the space-

charge effect is presented and then, there are some 

additional terms in the equations to show this effect. This 

is an improvement of CHANG et al. Formulation in 

which this effect is neglected [7]. In fact, we modified 
Freund et al. formulation [2], to examine the evolution of 

radiation amplitude for a helical quadrupole wiggler and 

finally we compare its results with an equivalent helical 

dipole case. 

FIELDS STRUCTURE AND POTENTIAL 

EQUATIONS 

The idealized, one dimensional helical quadrupole 

wiggler magnetic field may be described as [7] 
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Where wB  refers to the wiggler amplitude which 

presents an adiabatic injection of the electron beam and 

wwk  /2 is the wiggler wave number. 

 

Figure 1: Quadrupole wiggler configuration  

In addition to the wiggler filed, an axial magnetic field 

is used to focus the beam, 

zeB00 B                                                                     (3)  

The vector and scalar potentials of radiation and space 

charge may be in the form of [2], [5] 
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Where )(zk  is the wave number of radiation and )(zk is 

the wave number of the space charge wave. 

ELECTRON ORBIT DYNAMICS 

In order to derive the dynamics of electrons, the 

relativistic equation of motion is used, [2] 
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E and B are electric and magnetic field due to A and 

  which may obtain from Maxwell equations as follow: 
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Substituting Eq. (4) and Eq. (5) into Eq. (9) and Eq. (10), 

yields  
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βpu  mc/ and changing integration parameter from t  

to z according to the relation
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td

d  , the three 

components of Eq. (8) will be as: 
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Differential equations which describe the evolution of 

 and   are 
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electrons motion where  
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WAVES DYNAMICS 

To complete the formulation, the equations which 

describe the evolution of waves should be considered. By 

selecting Coulomb gauge, Maxwell equations can be 

written as  
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Where J is nonlinear current density which may be 

written as an average over entry time 0t [4],  
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And   is the nonlinear charge density which is given by 

Eq. (22) when zv is removed. By substitution Eq. (23) in 

Maxwell Eq. (20), a set of first order coupled nonlinear 

differential equations are derived for a , k and  , 

where  is the growth rate of radiation. These equations 

are as follow: [5] 
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Eq. (21) and Eq. (22) yield  
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Here, the average operator is defined over the initial 

ponderomotive phase 00 t  as 

     00
2
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 d                                           (29) 

Where ponderomotive phase is zwk  . 

NUMERICAL PROCEDURE 

Equation (13)-(19) together with equation (24)-(29) 

constitute a set of 7N+6 nonlinear and self consistent first 

order differential equations which governing the 

interaction evolution of the waves and electrons’ motion 

and maybe solved numerically by the first order Runge- 

Kutta method where N is the number of electrons. It is the 

initial phase that appears in the averaging operator and 

discretizes the electrons. The integrations over the beam 

cross section are done with Simpson’s method to 

discretizes electrons. The initial condition for phase 

distribution of electrons is  200  .The common 

parameters, which are used, correspond to a situation in 

which 6.2/0   , 05.0/  w , the relativistic factor 

5.3 , and an entry taper of 10wN  wiggler periods. 

Wave numbers of the vector and scalar potential are 
chosen to satisfy the dispersion relation for a circularly 

polarized electromagnetic wave [5], 
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In the presence of axial magnetic field and the dispersion 

relation for the negative energy space-charge wave  

  00 zbzk  
                                                 

(31) 
 

Since the steady-state amplifier model is considered, 

the initial amplitude of the vector potential can be 

selected arbitrarily to represent the amplitude of the 

injected signal which is selected to be
710)0( za  

and the initial value of the growth rate (logarithmic 

derivative), is chosen to be zero at the entrance to the 
wiggler, as mentioned in [2]. However, the scalar 

potential must be found from Eq. (28). 

In Fig. 2, the evolution of radiation amplitude is plotted 

along wiggler length. With the specific values we 

considered for this problem, saturation takes place around 

2.21z and saturation amplitude is 0107.0a in this 

case. 
In continue, the evolution of radiation amplitude is 

compared for dipole and quadrupole wigglers. In Fig. 3, 

radiation amplitude is plotted for dipole wiggler (dashed 

line) and quadrupole wiggler (solid line) for normalized 

frequency 1.12 corresponding to .3mm It is seen 

that saturation takes place at 05.48z with 

00349.0sata for dipole wiggler and 8.35z with 

00282.0sata for quadrupole wiggler. For this case, 

using dipole wiggler is more effective to increase 

saturation amplitude. 

 

 

Figure 2: Evolution of the radiation amplitude vs. axial 

position for a quadrupole wiggler for 6.2/0   , 5.3

05.0/  w . 

In Fig.4, the evolution of radiation amplitude along z  

direction is plotted for normalized frequency 9.6 for 

dipole (dashed line) and quadrupole (solid line) wigglers.  

 

 

 

Figure 3: Evolution of the radiation amplitude vs. axial 

position for a quadrupole wiggler (solid line), and dipole 

wiggler (dashed line) for 6.2/0   , 05.0/  w  , 5.3 .

1.12  
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In this case, the saturation point is at 1.42z for dipole 

wiggler where 0058.0sata , and for quadrupole 

wiggler, saturation takes place at 2.21z correspond to

0107.0sata . As it is seen, quadrupole wiggler is 

more effective to increase saturation amplitude in this 

case. 

But according to the results of two different 

frequencies, quadrupole wiggler has reduced saturation 

length in both cases. 

 

 

Figure 4: Evolution of the radiation amplitude vs. axial 

position for a quadrupole wiggler (solid line), and dipole 

wiggler (dashed line) for 6.2/0   , 05.0/  w  , 5.3 9.6  

CONCLUSION 

A new nonlinear configuration to describe the evolution 

of radiation amplitude for a helical quadrupole wiggler 

FEL in the presence of space-charge effect is investigated 

at millimeter wavelengths. The results showed that by 
applying a quadrupole wiggler, the saturation length may 

be decreased. It is also found out that this kind of wiggler 

is suitable for longer wave lengths in comparing with 

dipole wiggler and may extremely increase the saturation 

amplitude. Three dimensional formulation and shorter 

wavelengths will be considered in future studies.  
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DETAILED MODELING OF SEEDED FREE-ELECTRON LASERS

S. Reiche – Paul Scherrer Institute, Villigen, Switzerland
M. Carlà – Università degli Studi di Firenze, Florence, Italy

Abstract

Seeding schemes for Free Electron Lasers have mostly a

strong impact on the electron distribution by either a con-

version of an energy modulation into a current modulation

with high harmonic content (HGHG seeding) or an over-

compression of this energy modulation to induce energy

bands (EEHG seeding) or smear out any bunching in the

electron beam (self-seeding).

Most codes follow an approach using thin electron slices,

which are carefully generated to provide the correct shot-

noise but which also prevents them from mixing and re-

sorting the macro-particle distribution. The FEL code Gen-

esis 1.3 has been modified to allow resolution of each indi-

vidual electron. Using this approach the correct shot noise

at all frequencies is provided and permits re-binning of the

particles to the 3D radiation grid at any time. The results

for self-seeding and HGHG seeding are discussed.

INTRODUCTION

Most FEL programs, such as Genesis [1] and Ginger

[2], run with less particles than the number of electrons

to be simulated for fast and efficient calculations. To sim-

ulate the correct shot noise in the electron distribution they

rely on quiet loading algorithms [3] to suppress the inher-

ent fluctuation in the macro particle distribution and to ran-

domize the particle positions in a controlled manner. A

common approach is to group macro particles into ”beam-

lets” [4], where the group is evaluated as a whole when

used in the source term of the Maxwell equation.

However these codes are required to keep these beam-

lets together at the same grid location of the radiation field.

While this is fully sufficient for single pass SASE FEL

simulations strong electron beam manipulations can spread

electrons over many wavelength. Most prominent are ad-

vanced methods such as echo-enabled harmonic genera-

tion [5] and the debunching effect in a self-seeding scheme

[6]. The beamlets cannot be split, redistributed over the

radiation grid and then recombined with other macro par-

ticles. Therefore both schemes cannot be modeled self-

consistently with the existing codes.

On the other hand it has to be noted that for X-ray FELs

the number of electrons per radiation wavelength is rela-

tively low (e. g. a 3 kA beam contains only 1500 electrons

per wavelength at 1 Å) and lies within the capability of FEL

simulation codes which progress sequentially through the

electron beam keeping only a few radiation slices in mem-

ory at any time. A direct representation of each individual

electron would simplify the preparation of the particle dis-

tribution a lot. Therefore Genesis 1.3 has been modified to

model all electrons.

This paper describes the simulation strategy to resolve

each individual electron in the bunch and the adaptation in

the algorithm to sort particles after some radical changes in

the particle distribution such as magnetic chicanes or con-

version to a higher harmonic. Based on the modified code,

sample problems for self-seeding [7] and HGHG FELs [8]

are calculated and discussed in the following sections.

SIMULATION STRATEGY
Because Genesis propagates electron slices sequentially

through the undulator the sorting among slices cannot be

integrated directly into the source code. Instead the elec-

tron distribution is dumped after the first stage and an ex-

ternal program sorts and rebins the electrons to generate a

new particle file, which is then imported into Genesis for

the second stage of the FEL. The sorting program utilizes a

parallel computer using MPI, which allows to hold the en-

tire particle distribution of about 40 GByte of size in mem-

ory. Because the sorting in the longitudinal position is a

one dimensional problem the MPI algorithm is structured

very similar to the bubble sort algorithm [9]. The very effi-

cient algorithm is briefly described in the following.

All nodes are arranged in a 1D topology, where each

node corresponds to a slice in the longitudinal bunch frame.

Each node reads a section of the particle distribution and

splits them into three distributions: particles which are lo-

cated ahead of the given time-window, particles behind the

time window and particles which fall into the time-window.

The particles, which are not in the correct time window,

are then exchanged with adjacent nodes, pushing them in

the correct direction within the 1D topology. Each node

gathers particles from two neighbor nodes and the sorting

process is repeated until each node indicates that no more

electrons need to be transmitted. Then each node bins the

electrons within its time-window into the individually radi-

ating slices and writes out the particle distribution.

It is foreseen that in a future release Genesis will hold the

entire particle distribution in memory. Then the algorithm,

described above, can be integrated into the code for a single

execution of a multi-stage FEL.

SELF-SEEDING
The simulations for self-seeding are modeled after the

layout of the SwissFEL hard X-ray FEL beamline Aramis
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[10], using a diamond crystal to generate the seed signal

of the second stage. The electron bunch has a charge of

10 pC, a peak current of 1.5 kA, an RMS energy spread of

350 keV and a slice emittance of 0.15 mm mrad. For the

studies in this paper we simplified the effect of the crystal

and replaced the radiation input of the second stage with

a constant seed of 1 MW. This allows us to see the effects

from the beam transport more clearly.

Shot Noise in the Second Stage
All self-seeding models assume that the chicane after

the first stage removes any induced bunching and that the

bunch can be considered fresh when entering the second

stage. The effect of a chicane with an R56 = 16 μm is

shown in Fig. 1. The current bunching profile at the exit

of the first stage (blue curve) is significantly reduced at the

entrance of the second stage (red curve) and any visible

coherence over the cooperation length of about 100 nm is

removed.

Table 1: Fluctuation of the Bunching at Entrance of

Second

1st stage < |b|2 >
√

< Δ|b|2 >
5 modules 3.20 · 10−4 3.20 · 10−4

6 modules 3.19 · 10−4 3.19 · 10−4

7 modules 3.26 · 10−4 3.31 · 10−4

For a truly fresh bunch the fluctuation in the bunching

is given by the number of electrons n per wavelength with

< |b|2 >= 1/n and
√

< Δ|b|2 > = 1/n. In the case con-

sidered the number of electrons is n = 3125. Table 1 lists

the mean values and standard deviation at the beginning of

the second stage for different number of modules in the first

stage.

The removed bunching corresponds quite well to the

properties of a fresh bunch. Only for 7 modules in the first

stage a slight enhancement is noticeable, which is only vis-

Figure 1: Bunching at exit of first stage and entrance of

second stage (blue and red line, respectively).

ible if the particles are sorted before being injected into the

second stage. In this case the first stage exhibits saturation

effects already and electrons are pushed by up to 50 wave-

lengths due to the R56 of the chicane.

FEL Performance

The performance of the self-seeded FEL is shown in

Fig. 2 for different lengths of the first stage. A length of

7 modules brings the first stage close to saturation. Each

module less reduces the extracted power of the first stage

by a factor of about 5.4. The growth of a SASE FEL has

been superimposed in the plot but shifted in longitudinal

position for better comparison of the growth rates.

0 5 10 15 20 25 30 35
106

107

108

109

1010

z [m]

<
 P

 >
 [W

]

SASE
5 Modules

6 Modules

7 Modules

Figure 2: FEL power along the second stage for various

lengths of the first stage. The SASE performance has been

shifted in position for better comparison.

The operation with only 5 modules in the first stage –

namely extracting at a power level 30 times less than the

saturation power – shows no difference in the growth rate

for the second stage. However any longer first stage has the

penalty that the growth rate in the second stage is reduced.

This is caused by the induced energy spread of the SASE

process in the first stage beyond a level where it affects

the FEL performance in the succeeding stage. However it

is remarkable that even a beam, which has reached satura-

tion, can amplify a seed signal (see green curve in Fig. 2).

This amplification is driven by slices of the electron beam,

which are located between spikes of the SASE process in

the first stage. The quality of these slices is sufficient for

FEL amplification.

Although the seed is fully coherent and the local bunch-

ing has been reduced to the shot noise level an echo effect

of the SASE profile is carried over into the second stage.

Instead of being flat the profiles at saturation are spiky and

very similar to a SASE pulse. However all those spikes are

correlated in phase and the spectrum is significantly nar-

Stage for Various Length of First Stage
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rower than a SASE spectrum. When comparing the bunch-

ing at the end of the first stage (blue curve in Fig. 1) with

the radiation profile (blue curve in Fig. 3) the spikes in the

bunching correlate strongly with the gaps in the radiation

profile.

This modulation in the profile is caused by the modula-

tion of the electron bunch in energy and energy spread with

a characteristic scale of the SASE cooperation length. The

R56 of the chicane is sufficient to remove the bunching but

isn’t strong enough to wash out the energy modulation. For

the case of 6 modules in the first stage the average power

is well below saturation power but the peaks of the SASE

spikes exhibit larger amplitudes and can reach, in their peak

values, the saturation power level. The electrons at those

spike locations have been shifted away in energy from the

resonant condition and suffer reduced growth rates in the

second stage due to detuning effects [11]. Hence the ap-

pearance of holes in the radiation profile even in the case of

a perfectly coherent seed signal. This imposes a limitation

on any post-saturation tapering [12] because the variation

in the radiation amplitude causes detrapping of the elec-

trons in the radiation field bucket when the field slips along

the bunch and the growth in the radiation field stops.

As for any FEL amplifier the performance of the FEL

can be enhanced by applying a detuning and taper to the

undulator field of the second stage. In particular the aver-

age energy loss of the SASE FEL process in the first stage

needs to be compensated by preserving the resonant con-

dition. It works in particular well for the case of 7 mod-

ules, where almost the entire electron bunch is shifted out

of the FEL resonant bandwidth. The enhancement in the

radiation power at the undulator exit is about a factor of 10,

while it is about a factor of 3 and 2 for 6 and 5 modules,

respectively.

HIGH GAIN HARMONIC GENERATION
Harmonic generation, such as the HGHG and the Echo-

enabled Harmonic Generation (EEHG), are difficult to

model because it requires changing the longitudinal reso-

Figure 3: Radiation profile at saturation for 5, 6, and 7

module in the first stage (red, blue and green line, respec-

tively).

lution in the conversion process. The ideal solution would

be to rebin the electron distribution into the radiation slices

of the higher harmonics. The internal degrees of freedom

in the macro particle distribution, expressing the bunching

at the higher harmonics (e.g. bn for the nth harmonics),

need to be transformed into fundamental bunching factors

at the harmonic wavelength (e.g. n samples of b1 to cover

the same length scale) when slicing the distribution. The

problem is typically avoided by keeping the same sampling

rate as the fundamental wavelength and treating the particle

distribution as the average over n slices [13].

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

4

8

12

16

s [mm]
I [

kA
]

Figure 4: Current profile for a HGHG seed signal of 50 nm,

converted to 1 nm.

A related problem is that in this approach slices do not

mix. This is in particular a problem for echo-enabled har-

monic generation, where in the harmonic process electrons

are shifted by many wavelengths of the fundamental signal.

Studies such as jitter in the drive laser amplitude and phase

become impossible to model.

As in the self-seeding simulation the problem is trivial-

ized when all electrons are represented. The particle distri-

bution can easily be sliced into finer slices during the con-

version process. The bunching and the current is resolved

on a finer scale as shown in Fig. 4 for a harmonic conver-

sion to the 50th harmonic.

The HGHG simulations use a continuous beam with a

current of 2 kA and then transmitted through a chicane to

convert to the final harmonic of 1 nm. The current profile

exhibits strong current spikes above 10 kA while a lot of

slices have a beam current of around 1 kA. The coherent

radiation field from the spikes slips from one current spike

to the next over 50 undulator periods while imprinting its

signal onto the lower current part between the spikes. It

seems intuitive that the FEL should amplify the radiation

with an effective current much less than 2 kA. However the

growth of the radiation field (red curve in Fig. 5) agrees

quite well with the standard solution of averaging over 50

slices (blue curve) with an average current of 2 kA. A lower

current (green dashed line) differs significantly from the

detailed simulation.

While no significant difference is found between the es-

tablished methods and the more exact approach, presented
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here, the one-one simulation allows for other studies, such

as phase tolerances in EEHG simulations. One aspect,

which hasn’t been included in the simulation is the effect of

the longitudinal space charge arising from the huge current

spikes in the HGHG process. This might impose a practi-

cal limit in the HGHG process, which cannot be modeled

in the ’slice-average’ methods.

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

z [m]

P
 [G

W
]

Figure 5: Time-dependent simulation of the second stage

in a HGHG configuration, operating at the 50th harmonics

(red curve). For comparison the slice-averaged results are

shown for nominal current (blue curve) and reduced current

(green dashed line).

ECHO-ENABLED HARMONIC
GENERATION

We applied the capability of resolving each individual

electron to simulate seeded FELs based on echo-enabled

harmonic generation [5]. In contrast to HGHG, where the

electrons are typically kept within the same slice of the

seeding wavelength, EEHG applies a more violent mixing

of electrons among different slices. The current solution

of folding the macro particles back into the same slice [14]

might work but imposes some severe limitations. Studies

such as phase and amplitude variation in the seed signal

cannot be done with the standard approach.

Instead of sorting the particles after the first stage of a

multi stage FEL (see sections above) we decided for the

sake of simplicity to generate directly the phase space dis-

tribution in a Monte-Carlo approach of rejection and accep-

tance. We randomly select a coordinate in the longitudinal

phase space and transforms the coordinates back to its orig-

inal position before the first modulator of the EEHG seed-

ing section. There we evaluate the probability in the den-

sity function and compared it with a random number from a

uniform distribution. If the random number is smaller than

the probability the particle location will be accepted to fill

the phase space distribution.

We used the same beam parameters as in the HGHG

simulation but for a conversion from 250 nm to 1 nm. In

this ideal EEGH configuration we observed several effects:

First, the bunch profile is elongated due to the large value

of energy modulation and R56 of the chicanes. Second,

neighbor harmonics fall also within the FEL bandwidth and

are amplified as well. Third, the effective spacing between

bunched slices is longer than the slippage over one gain

length. The FEL profile exhibits superradiant features, ris-

ing to larger peak values of up to 20 GW, about 5 times

larger than the saturation level of an FEL with a perfectly

monochromatic seed. Extensive studies will follow to an-

alyze the impact of amplitude and phase error in the seed

signal and the operation with seed pulses shorter than the

electron bunch.

CONCLUSION
With the growing capacity and execution speed of mod-

ern computers the number of macro particles can be in-

creased till each electron in the bunch is resolved. This triv-

ializes the problem of the shot noise and other limitations in

FEL codes, preventing macro particles to be redistributed

after they have moved out of the time window of a given

radiation slice. This allows for a higher degree of mod-

eling, in particular for advanced schemes such as EEHG,

HGHG and self-seeding, which are pushing the limits of

most time-dependent codes, which were developed mostly

for single pass SASE FELs.

As typical example using this extended ability of mod-

eling, the paradigm that a magnetic chicane refreshes the

electron distribution is not fully valid for all aspects. While

the local bunching is indeed washed out the residual vari-

ations in energy and energy spread yield a spiky radiation

profile despite having a fully coherent seed signal. While

the impact on the spectral brightness is negligible it im-

poses a limitation for any post-saturation taper mechanism

to enhance the efficiency of the FEL.
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DARK CURRENT STUDIES FOR SWISSFEL

F. Le Pimpec, R. Zennaro, S. Reiche, A. Adelmann
Paul Scherrer Institut, 5232 Villigen, Switzerland

B. Grigoryan
CANDLE Yerevan, Armenia

Abstract
Activation of the surrounding of an accelerator must be

quantified and those data provided to the official agencies.

This is a necessary step in obtaining the appropriate autho-

rization to operate such accelerator. The SwissFEL, being a

4th generation light source, will produce more accelerated

charges, which are dumped or lost, than any conventional

3rd generation light source, like the Swiss Light Source.

We have simulated the propagation of a dark current beam

produced in the photoelectron gun using tracking codes like

ASTRA and Elegant for the current layout of the Swiss-

FEL. Detailed experimental study have been carried out at

the SwissFEL test facilities at PSI (C-Band RF Stand and

SwissFEL Injector Test Facility), in order to provide nec-

essary input data for detailed study of components using

the simulation code OPAL. A summary of these studies are

presented.

DARK CURRENT SIMULATIONS FOR
SWISSFEL

The dark current is initially generated by field emission

from the photocathode, in an RF gun, and around the irises

of the cavities for all accelerating RF structures. The di-

rection of propagation of the electrons obviously depends

on the RF phase and the efficiency of propagation depends

of the type of cavity, traveling or standing wave (TW, SW).

Impinging electrons to the surrounding walls of the cav-

ity will produce secondaries which can also be transported

along the beam line and add to the dark current.

ASTRA Simulations
We have simulated the dark current of the SwissFEL [1]

S-band standing wave photogun to the end of the second

4 m long S-band traveling wave structure, by using the

tracking code ASTRA [2]. The initial electron bunch was

produced by using the SwissFEL nominal bunch, spread-

ing its dimension in time and space. The emission time

was limited to 120 ps which is only covering one RF bucket

±60◦ around the on-crest phase. We turned off the space

charge option. The dark current is in reality emitted at some

threshold and at every RF bucket. This simple approxima-

tion is sufficient as every other dark current bucket propa-

gating downstream of the RF gun will be transported identi-

cally by the machine optics. From the initial 300 k particles

of the bunch, ∼22% are lost on the cathode. The losses on

the walls (in percent) are quantified along the first 13 m of

the machine using the remaining ∼234 k particles, Fig.1.

Only 9.7% of those remaining particles reach the begin-

ning of the third S-band accelerating structures. As shown

in Fig.1, more than 90% of the bunch is lost before even

reaching the first S-band structure with a ∼7 MeV kinetic

energy. The 9.7% remaining particles are concentrated in

the core of the initial bunch. The output distribution was

reused as an input for the elegant tracker [3] starting from

the beginning of the third S-band structure.
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Figure 1: Histogram of the particle losses at the walls of

the accelerator up to the end of the second S-band cavity

(132 MeV)

Elegant Simulations

The leftover particles from the ASTRA simulation were

not numerous enough to do a proper elegant simulation.

We have multiplied the input distribution by cloning ev-

ery particle with a small change in their positions and mo-

menta. We hence produced 2.2 million particles. The track-

ing was done using the SwissFEL Elegant model which in-

cludes the physical apertures of the machine and by adding

collimators toward the end of the Aramis beam line [1].

The space charge and wake field options were turned off.

Fig.2 (bottom plot) and Fig.3 show the location where par-

ticles are lost and with which energy and energy spread.

The energy spread for the lost particles is small, less than

1%, as can be seen by the small error bars displayed in

the bottom plot of Fig.2. Losses are concentrated before

the first bunch compressor (s∼50 m) and at the second

bunch compressor (s∼200 m), as shown by Fig.3. No other

losses are recorded after the second bunch compressor. The

transverse collimators placed at the end of the machine

(s > 400 m) induce dark current losses only for apertures
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smaller than 2 mm in radius.
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Figure 2: Top: Energy gained by the reference particle up

to the end of the Aramis beam line. Bottom: Average en-

ergy and the standard deviation of the energy of the lost

particles along the machine.
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Figure 3: Histogram of the particle losses at the walls of the

accelerator up to the end of the Aramis beam line (6 GeV)

Further simulations were carried out to find out the ef-

fects of different acceleration schemes on losses, due to po-

tential SwissFEL operation conditions. The case presented

in Fig.2 and 3 uses the full acceleration in LINAC 3 [1]

up to ∼6 GeV. The other acceleration mode are to accel-

erate the beam in the LINAC 2 to 3 GeV and then decel-

erate to 2.1 GeV : a) before LINAC 3 and b) at the end of

LINAC 3. One last scenario is to accelerate in LINAC 3 to

3.5 GeV and then decelerate at the end of it to 2.1 GeV.

The outcomes of those different simulation schemes are

identical to the case presented here. They show no dif-

ferences in losses when using collimators of 2 mm radius

aperture. Small Differences arouse for collimator sizes be-

low the 2 mm radius.

Finally, we used elegant to track back some potential

dark current produced by the TW C-band RF structures [4].

In a TW structure the RF capture phase exists only in the

direction of propagation of the RF wave. Due to the design

of our C-band structure, we do not expect any dark cur-

rent above a few MeV traveling upstream of the LINAC. In

elegant reversing the linac model will also reverse the di-

rection of propagation of the RF hence allowing captures of

an upstream propagating electron beam. Despite this lim-

itation, we find that no dark current produced by the last

C-band structure of LINAC 3 makes it back to the begin-

ning of the machine for an initial electron energy below

25 MeV. This energy exceed by far the energy gained by

electrons accelerated through 2 or 3 cells in a structure.

OPAL Simulations
The preceding simulations have been carried out by us-

ing a blown up bunch based on the initial SwissFEL bunch.

In order to use a more adequate bunch distribution, we

have used the dark current module from OPAL [5], turn-

ing off the secondary electron emission switch. We have

tested the emission and propagation of a dark current beam

using a Fowler-Nordheim (FN) threshold for emission of

40 MV/m and a FN enhancement factor β of 80. For the

component simulation, we have used the actual layout of

the SwissFEL injector test facility gun, labeled CTF3 in

Fig.4 [6]. The CTF3 gun is a two and a half cell SW RF

structure. The RF peak field at t=0 ps is 100 MV/m on

axis. For every picosecond the RF phase changes by 1◦.

The electrons are created at first on the cathode side and on

the downstream side of the irises and electrons start prop-

agating downstream of the beam line. 180◦ later the elec-

trons are created in the upstream side of the irises and start

propagating upstream (toward the cathode). Fig.4 shows a

snapshot at t=545 ps of the propagation of the electrons.

The 6D phase space output of the simulation can be used

as an input for the OPAL or elegant trackers. The modi-

fied module also handle TW structures. We are planning to

simulate the dark current production and propagation from

an actual C-band test structure [4].

Figure 4: Propagation of the dark current in a SW photo-

gun. The electron propagates upstream toward the cathode

and downstream toward the exit of the gun.
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EXPERIMENTAL RESULTS AT VARIOUS
SWISSFEL FACILITIES

Dark Current at the SwissFEL Injector
In order to provide proper inputs for the simulation we

measured the dark current produced by the injector RF pho-

togun (CTF3), and by the 4 m long S-band TW structure.

Its propagation along the beamline was also studied [6].

The CTF3 gun produces around 6 nC of dark current at

nominal power (100 MV/m accelerating gradient). The

charge is measured using the wall current monitor (WCM)

located downstream of the gun. A second WCM is avail-

able downstream of the bunch compressor (BC). The emis-

sion of dark current in the gun is FN driven, as shown by the

left plot in Fig.5. Using equation.1 in [7], we have extracted

the FN enhancement factor β = 78 for such structure, Fig.5

(right plot).
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β =
6.83 · 103 × Φ

3
2

k2
(1)

Where Φ = 4.65 eV is the work function, and k2 is the

slope of the fit. Warm RF cavities with β of ∼50 are usually

consider good structures.

In order to determine the energy spread of the dark cur-

rent we have used two techniques. In one case, we have

varied the input power at the gun and looked at the beam at

the screen located at the dump of the energy spectrometer.

In the other case, we swept the beam on the screen using

the spectrometer dipole at nominal power. We measured

a threshold for dark current at 4.3 MeV and a maximum

energy of 7.2 MeV. The dark current energy on the low-

est end could be lower than the measured 4.3 MeV, but we

could not detect any electrons neither on the WCM nor on

any scintillating screens of the beamline. The dark cur-

rent emitted by the gun (6 nC) increased by a couple of nC

over time (months). The transmission of this dark current

through the injector accelerator (5%) is in agreement with

elegant simulation (6%, Fig.3).

We have tried to observe the dark current emitted solely

by the TW S-band structures, running at 28 MW of in-

put power (17 MV/m), on the upstream and downstream

screens of each structures. No dark current was detected.

A gamma ray spectrometer, facing the second S-band struc-

ture at a distance of 1 m and then 30 cm, showed no signal

during the S-band operation. From these series of experi-

ments, we concluded that the dark current measured down-

stream of the bunch compressor came solely from the gun

dark current.

Offline radiation measurement performed at the injec-

tor were in qualitative agreement with the ASTRA results.

Online radiation measurement shows a significant dose rate

(mSv/h) at the entrance of the first and fourth TW S-band

structures and at the entrance of the bunch compressor. The

dose rate at the entrance of the BC is respectively four and

two times higher than the dose rate measured at the first

and fourth S-band structures. This seems contradictory to

the simulations results, but one has to take into considera-

tion the energy of the particles at the BC and at the entrance

of the first S-band structure.

Nevertheless, in the overall the above results are in quali-

tative agreement with Elegant simulation results performed

using the SwissFEL injector layout [1].

Dark Current of a C-band Test Structure

The main acceleration of the SwissFEL will be provided

by C-band structures with an RF klystron pulse of 350 ns

flat top and an on-axis maximum gradient of 28 MV/m [1].

It is of importance to test not only the quality of the me-

chanical production of such structures, but also their RF

properties [4]. Two small prototypes have been RF tested,

with a repetition rate of 10 Hz for the first structure and

100 Hz for the second one. Their dark currents were mea-

sured using the two Faraday cups (FCs) installed at each

end of the beamline Fig.6. For the coming structures an In-

tegrated Current Transformer (ICT) [8] will be installed in

the beamline.

Figure 6: C-Band TW structure test stand, showing a fara-

day cup at each end of the beam line and an ICT.

We did not record any dark current on either the up-

stream or downstream FCs by running the C-band cavity

for hours at an accelerating gradient of 38 MV/m, hence

10 MV/m above the design value, and with a 350 ns RF
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flat top pulse. This amounts for ∼51 MW of input power.

The second C-band structure is currently RF tested with

a flat top pulse already exceeding 500 ns. In both cases,

dark current were solely detected on the faraday cups dur-

ing breakdowns. The use of an X-ray scintillator [9], placed

1 m away from the structure, proves that it exists dark cur-

rent inside the structure. Using the NIST [10] database, we

determined that photons > 300 keV can make it through

40 mm of Cu. At 38 MV/m on axis field, an electron in 1

cell (2 cm) can acquire up to 750 keV. The X-ray signals

is well fitted by the use of an exponential function, as ex-

pected for dark current coming from field emission, Fig.7.
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Figure 7: X-ray signal in function of the Electric Field in-

side the C-Band TW structure. The curve shows a FN type

electron emission.

Using equation.1 and assuming that the integrated x-ray

signal is proportional to the dark current, we estimated that

the FN β is 68 (350 ns long pulse). This value is consistent

for the two structures tested. The evolution of the FN β
was also recorded after a major breakdown. β peaked to

150 and diminished to 65 after hours of conditioning.

CONCLUSIONS

In order to obtain the necessary official authorization to

operate SwissFEL, the production of radiation along the

machine must be quantified. We have produced a first set of

simulation results using ASTRA, elegant and OPAL as well

as carrying out measurements at two SwissFEL facilities.

The outcomes are :

* Like in many other facilities around the world, the

dark current is essentially produced by the SW pho-

togun.

* Most of the dark current is lost at the first S-band

structure.

* The remaining of it is mostly lost before the first

bunch compressor.

* Only a small fraction of the dark current, mainly its

core produced at the photocathode, goes to the end of

SwissFEL.

* The S-band do not produce any recordable dark cur-

rent nor X-rays when running at nominal power.

* At nominal power and pulse length, the C-band test

structures produce no measurable dark current, al-

though electrons are present in the structures (X-ray

signal).

* Radiation and dark current measurement results are in

qualitative agreement with simulation results.

Finally, we are continuing the dark current investigation

on subsequent C-band structures by installing an ICT closer

to the exit/entrance of the structure. We will run OPAL

using the C-band test structure geometry and use the X-

ray data to benchmark the simulations. From the radiation

measurements and simulations results, the SwissFEL lay-

out infrastructure (air vents and shielding) is undergoing

some modification.
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SWITCHYARD DESIGN: ATHOS

N. Milas∗ and S. Reiche, PSI, Villigen 5232, Switzerland

Abstract

The SwissFEL facility will produce coherent, ultrabright

and ultra-short photon pulses covering a wavelength range

from 0.1 nm to 7 nm, requiring an emittance of 0.43 mm

mrad or better. In order to provide electrons to the soft

X-ray beam line a switchyard is necessary. This beamline

will switch the electron bunch coming from the SwissFEL

linac, with an energy of 3.0 GeV, and transport it to Athos.

The switchyard has to be designed in such a way to guar-

antee that beam properties like low emittance, high peak

charge and small bunch length will not be spoiled. In or-

der to keep the switchyard as versatile as possible it can

work for a range of values of R56 from isochronous up to 6

mm, when the bunch is stretched by a factor two, and also

be able to transport the beam in the so called ”large band-

width” [1] mode. In this paper we present the schematics

for the switchyard, discuss its many modes of operation,

sextupole correction scheme and positioning of energy col-

limator for machine protection.

SWITCHYARD DESCRIPTION

The switchyard for SwissFEL [2] diverts the beam com-

ing from Linac 2, with an energy of 3.0 GeV, to thesoft

X-ray undulator (Athos beamline). At the Switchyard en-

trance a set of 3 fast resonant kickers [3] followed by a lam-

bertson magnet will deviate the second of the two bunches

accelerated in the Linac. This second bunch will then be

further transported towards Athos beamline while the first

bunch continues straight towards Aramis. In order to al-

low some flexibility in Athos and to accommodate possible

different working configurations, it is possible to setup the

switchyard for a range of values of R56.

The switchyard has a total length of 65 m and the sep-

aration between the Athos and Aramis beamlines is 3.75

m, with a net bending angle equal to zero, making the

two beamlines parallel to each other, as shown in Figure1.

This design has one triple-bend (TBA) and one double-

bend (DBA) achromat sections; and each section has a total

bending angle of 5 degrees. To make the full setup of the

switchyard easier, specially during commissioning, it was

divided into 4 sections, having each one a specific function:

Section 1 (TBA): The central dipole in the triple bend is

weaker and is situated in a high dispersive area, by chang-

ing the dispersion function in this magnet we can choose

the value of R56, making the sector go from isochronous

(no variation on the bunch length) to a value of R56 = 6

∗natalia.abreu@psi.ch

mm (relative to a bunch lengthening factor of 1.9).

Section 2: Since the kickers deviate the beam vertically

it is also required that in the switchyard the beam is brought

back to level with respect to the rest of the machine, this is

performed by a set of 2 vertical dipoles right after the triple-

bend. In this section also, 4 quadrupoles are responsible for

closing the vertical dispersion created by the kickers.

Section 3: The phase advance between the two bends

(TBA and DBA) is adjustable by changing the settings of

the quadrupoles in the transport line ( 5 quadrupoles af-

ter the second vertical dipole). The lattice functions on the

dipoles of the switchyard are set to the minimum value pos-

sible so that kicks due to coherent synchrotron radiation

(CSR) are minimized and by adjusting the phase advance

between them, we can compensate for the projected emit-

tance dilution caused by CSR. A de-chirper is also foreseen

to be installed in this section.

Section 4 (DBA): Finally, the second bend set is setup

in order to accommodate the energy collimators.

KICKER AND SEPTUM

SwissFEL will work in double bunch mode with a bunch

time separation of 28 ns and a repetition rate of 100 Hz. In

order to separate the beam for the soft x-ray beamline 3 res-

onant kickers will deflect the beam in the vertical direction

and a DC Lambertson magnet will separate it horizontally,

this setup has the advantage of introducing much less noise

on the beam but on the other hand creates vertical disper-

sion that must be taken care of in the switchyard.

Given the requirements of the undulators the maximum

orbit jitter acceptable due to pulsed elements at the switch-

yard is 0.05σx,y and for the Athos beamline, a maximum

acceptable projected emittance growth of 5%. In order to

estimate the shot-to-shot jitter for the kicker and lambert-

son we used the following expression

Δθrms

θ
<

0.05

θ

√
εN
βγ

(1)

where Δθ is the angle fluctuation, θ the total bending an-

gle, εN the normalized emittance, β the beta function at the

element position and γ the Lorentz factor. From this ex-

pression, and considering the most extreme case of 10 pC

operation [2], we find that ΔθK < 86 ppm and ΔθL < 3.5
ppm, for the kickers and lambertson respectively. Those

jitter requirements, specially for the kickers, are very tight

and are under study.
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Figure 1: Schematic layout of Athos Switchyard. (blue) horizontal dipoles and lambertson, (yellow) vertical dipoles, (red)

quadrupoles, (green) sextupoles.

LATTICE DESIGN AND EMITTANCE
CONTROL
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Figure 2: Lattice functions for the case with R56 = 4 mm.

The dashed line are the twiss functions for particles with

energy difference of δE = ±1.0%.

In order to evaluate emittances and beam size changes

throughout the switchyard, we have performed simulations

with an electron distribution at the entrance of the lambert-

son, which was obtained from a particle output from an

ELEGANT [4] simulation for the 200 pC case. For the

simulations of non-linear effects, the PTC module embed-

ded in the latest MADX [5] version was used. For simula-

tions of misalignments and the energy collimators we used

ELEGANT in order to take into account the CSR effects in

the dipoles. The initial normalized emittances of the beam

are εx = 0.47 mm.mrad and εy = 0.35 mm.mrad and a

bunch length of 8.6 μm. Figure 2 shows the twiss func-

tions for R56 = 4 mm and also the residual beta-beat for

δE = ±1.0%.

The non-linear effects observed in the switchyard are

mainly due to chromatic aberrations coming from the

quadrupoles and in order to correct it 2 sets of sextupoles

where placed in the bending sections. The corrections are

localized (closing dispersion and minimizing the beta-beat)

at the end of each bending section so as to minimize the

sextupole strengths. In Figure 3 we show and example of

the effects of the sextupoles for the setup with R56 = 4 mm.

In this case the offsets are almost completely cancelled and

there is just a small mismatch at the end of the beamline for

particles with an energy offset of 1%. This is not as good

for all possible values of R56, and we observed that the

residual offset can account for a projected emittance blow-

up of 1.5% in the nominal operation mode and up to 8% in

the large bandwidth mode.

(a) Horizontal
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Figure 3: Non linear effects present on the lattice. The

plots show the horizontal and vertical phase space for 0.1

and 1σ ellipses and for on energy particles (green dots) and

δE = ±1.0% (red and blue dots), (top) sextupoles off and

(bottom) sextupoles on.

The total effect of CSR on the emittance is not negligi-

ble (Figure 4), however the amount of projected emittance

growth can be minimized by changing the phase advance

between the two bending sets. Although the projected emit-

tance is very sensitive to the phase advances, the sliced

emittance is conserved along the whole switchyard.

MISALIGNMENTS: QUADRUPOLE AND
SEXTUPOLE

The misalignments of quadrupole and sextupole magnets

have no large impact on the emittance. For a Gaussian dis-

tribution of transverse misalignments, centered at zero and

with a rms of 50 μm, the maximum projected emittance

grow observed in simulations was 3% for the isochronous

lattice as shown in Figure 5. Although the projected emit-

tance does not change much, misalignments can excite be-

tatron oscillations, which can spoil the performance of the

undulators. For the misalignment distributions studied, the
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(a) Entrance of the lambertson

(b) End of the switchyard

Figure 4: Initial (a) and final longitudinal (b) phase space

for different values of R56. The CSR effects are visible in

all cases.

average rms spread of offsets at the end of the switchyard

is 400 μm and 1000 μm in horizontal and vertical planes

respectively. These offsets can be corrected by the use of

beam-based-alignment and the orbit feedback system [6].
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Figure 5: Vertical and horizontal normalized emittance for

case with all quadrupoles and sextupoles are random mis-

aligned (Isochronous lattice). For the displacements we

used a gaussian distribution with RMS width of 50 μm.

This represent the worse lattice in term of sensitivity to

magnets alignment.

COLLIMATION AND PROTECTION

The electron bunch deviated towards Athos will first pass

through a set of collimators to prevent damaging Athos

undulators. The initial design for the collimator, at the

Athos beamline, foresees a set of transverse collimators at

a FODO type lattice after the switchyard and a dispersive

energy collimator with variable gap located in the second

set of bends in the switchyard. Two sections of 3 m sepa-

rated by a phase advance of 90 degrees are reserved for the

energy collimators. The maximum dispersion in this sec-

tion is 0.2 m and in order to have a momentum acceptance

of 10σδ (or ± 1 %) the collimators gaps should be set to 2.8

mm. The energy collimator should also act as a protection

system in case failures in the RF section before the switch-

yard. Figure 6 shows the loss map for the beam particles

when each module of the last accelerating section of the

Linac a switched off. Each module adds about 50 MeV to

the beam and we only observe partical transmission of par-

ticles towards the Athos line when 1 module fails, in this

case 80% of the particles are lost in the collimators (Fig-

ure 6) and 20% (or 40 pC) are further transmitted. When

more than 1 module fails 100% of the particles are lost in

the region of the lamberston magnet.
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Figure 6: Loss map for the switchyard as we turn off, one

by one, the last four modules in Linac 2. In the plot the

coordinate system begins at the entrance of Linac 2, the

switchyard starts are s = 55 m.

CONCLUSION

We have presented the final lattice for the SwissFEL

switchyard. In this new setup the switchyard has the flexi-

bility to switch from isochronous to a condition with R56 =
6 mm. Studies on the kicker-lambertson constraints, non

linear effects, magnets misalignments and energy collima-

tion and protection were also carried out. These studies

shows that the effects of the switchyard on beam emittance

are minimal even for special modes of operation o f the

FEL (i.e. large bandwidth mode). With the lattice and

layout frozen, studies to include a de-chirper also in the

switchyard sections started and are under way.
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INVESTIGATION OF NON-RECTANGULAR RF PULSE INFLUENCE       
IN EMITTED ELECTRON BEAM OF THE THERMIONIC RF-GUN            

AT THE LINAC-BASED THZ FACILTY IN THAILAND  
  

K. Damminsek*, S. Rimjaem, Department of Physics and Materials Science,  
Faculty of Science, Chiang Mai University, Chiang Mai, 50200, Thailand 

 
Abstract 

An electron gun of a linac-based THz radiation source 
at the Plasma and Beam Physics (PBP) Research Facility 
at Chiang Mai University (CMU) in Thailand is a  
1-1/2 cell S-band standing wave RF cavity with an Os/Ru 
coating tungsten dispenser cathode. The electron current 
density of a few A/cm2 can be achieved from zero-field 
thermionic emission using this cathode type at a desired 
operating temperature. However, non-rectangular RF 
pulse shape has a significant influence on the acceleration 
of electrons inside the RF cavity, which leads to the 
properties of the output electron beam from a thermionic 
RF-gun. Numerical and experimental studies on the 
contribution of the effect have been carried out. Results of 
the investigations are presented and discussed in this 
contribution. 

INTRODUCTION 
A thermionic cathode RF-gun is widely used as a 

promising electron source for a linac-based accelerator 
due to its compact, economical and easy operation system. 
It can produce output electron bunches with higher 
brightness than DC electron guns with no additional 
buncher system. It also does not require an expansive high 
power laser system like in the case of a photo-cathode 
RF-gun. However, due to the high accelerating gradient at 
the cathode surface some fraction of electrons emitted late 
in the RF oscillating cycle feel a decreasing accelerating 
field and do not exit from the gun before the RF field 
reverses its direction. These electrons are decelerated 
back to hit the cathode at high energies leading to a 
serious disadvantage of the thermionic RF-gun called 
electron back-bombardment effect.  

For an RF-gun of a linac-based THz radiation source at 
the PBP facility, the electron back-bombardment limits a 
stable operation with an RF pulse length longer than a few 
microseconds. The RF pulse length has been shortened in 
order to reduce the influence of this effect to achieve a 
more stable beam operation. The drawback of the 
shortened RF pulse length at our facility is a non-
rectangular RF pulse shape. The influence of the non-
rectangular RF pulse on the electron beam properties have 
been investigated in order to improve the performance of 
the thermionic RF-gun and  to accumulate the information 
for the future upgrade of the RF system.  

 

THERMIONIC EMISSION IN RF-GUN 
The thermionic cathode of the RF-gun at the PBP-linac 

facility is a tungsten dispenser cathode with Os/Ru 
coating model 101207, which is commercially available 
from the HeatWaves Lab Company [1]. Pure tungsten has 
a work function of 4.5 eV. After the proper activation by 
heating the cathode to have a temperature above 1050 oC, 
the work function of the cathode material lowers from 4.5 
eV to 2.1 eV [2]. Applying an Os/Ru coating at the 
cathode surface leads to the lower work function of 1.9 eV. 
Specifications of the thermionic RF-gun at the PBP-linac 
facility are listed in Table 1. 

Table 1: Specifications of the Thermionic Cathode 

Parameter Value 

Emitting surface diameter 6            mm 

Os/Ru coating thickness 0.3-0.5    m 

Cathode work function 1.9         eV 

Emissivity at  =0.65 m 0.44        

Cold resistance at 20oC 0.54        

Hot resistance in operation 2.2-2.3    

Nominal filament power in operation 13.4-13.8 W 

Operating temperature ~950      oC 

 
When the electricity power is provided to the cathode 

filament the heat is transferred to the cathode. As a result, 
the cathode temperature increases (Fig. 1) leading to an 
increasing of the kinetic energy of electrons at the cathode 
surface to be higher than the Fermi energy and the work 
function of the cathode material. Then, the electrons 
escape from the cathode surface to become free electrons 
in the vacuum chamber of the RF-gun. At zero-field, the 
kinetic energy (KE) of electrons depends on the 
temperature (T) of the heating cathode as KE = (3/2)kT, 
where k is the Boltzmann constant. In experiment, the 
cathode surface temperature at various filament powers 
can be measured using a heated-wire comparative type 
optical Pyrometer. The measured results show that there 
is a proportional relationship between the filament power 
and the cathode temperature as showed in Fig. 1. In the 
measured range of cathode temperature between 770°C to 
1065°C, the kinetic energies of the free electrons are 0.22 
eV to 0.27 eV.  

____________________________________________  
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The electrons current flows through the cathode surface 
can be evaluated from Richardson’s law, which says that 
the current density for the thermionic emission relates 
with the work function (W) and the temperature (T) of the 
cathode material. This relation has shown in the following 
equation [3]:    

 

    2 exp We
j AT

kT

    
 

,  (1) 

where j is the current density of the emission,  A is 
Richardson’s constant for the cathode material, T is the 
temperature in Kelvin unit, e is the electron charge, W is 
the work function of cathode material and k is 
Boltzmann’s constant.  The cathode emission 
characteristics according to Richardson’s law and the 
calibration information provided from the HeatWaves Lab 
company are shown in Fig. 2. Both emission curves have 
been evaluated from measured cathode temperatures.  
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Figure 1: Relationship between the cathode filament 
power and the measured cathode temperature. 
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Figure 2: Emission current densities of the thermionic 
cathode as a function of the cathode temperature.  
 

The electric power (P) is slowly provided to the 
cathode filament and it can be calculated from the 
filament voltage (V) and the current (I) according to the 
relation P=VI. We can evaluate the electron current 
density at the cathode for any cathode temperature using 
two calibrations from the two curves in Fig. 2. The first 
calibration is to evaluate the current density from the 
measured cathode temperature and the calibration 

information provided from the HeatWaves Lab [1]. The 
second calibration is calculating the electron current 
density from the measured cathode temperature using the 
ideal thermionic emission formula from Richardson’s law 
in equation (1). Both characteristic curves are comparable. 

 

METHODOLOGY 

Setup and Measurements 

To investigate the influence of the RF pulse shape and 
the power on the electron beam characteristics, we used 
the measurement set up as shown in Fig. 3. which detailed 
information of the set up can be found in [4]. The RF 
pulse is measured using directional couplers and crystal 
RF detectors on the waveguide section prior the RF-gun. 
Typical waveforms of the forward and the reflected RF 
pulses are shown in Fig. 4. The difference of both RF 
signals defines the cavity wall loss and the beam power. 
The electron macropulses generating from the RF-gun 
were observed at the current transformer downstream the 
gun exit (CT1).  

                            

                             

Figure 3: Layout of the injector section of the linac-based 
THz source facility at Chiang Mai University.  

The maximum RF pulse length available at the PBP-
linac facility is 6  (FWHM). However, the longer the 
RF pulse the more electron back-bombardment. From the 
experience, the gun operation with an RF pulse longer 
than 4  (FWHM) was difficult to maintain the beam 
stability. To minimize the effect of the electron back-
bombardment, the RF pulse width was chosen to be about 
3  (FWHM). Since the RF pulse shape from the 
existing RF system has been optimized for the RF pulse 
length of 6 , the rise time of the 3  RF pulse does not 
reach the maximum power level. Therefore, the output RF 
pulse is non-rectangular shape as can be seen in Fig. 4. 
This leads to the different acceleration of each 
microbunch in the macropulse and therefore the large 
variation of electron bunch energies. 

In experiment, the electron beam energy is measured 
using the energy slits inside the vacuum chamber of the 
alpha magnet ( -magnet). The electron momentum (cp) 
is related to the maximum distance of the electron 
trajectory in x-direction (Xmax) as [5] 

CT1

CT2
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= 75.05   ,      (2) 

where  is the electron rest mass energy and g is the 
alpha magnet gradient. Electron current after exiting the 
alpha magnet is measured with the current transformer 
CT2 prior the linac section. The electron macro-pulses 
measured at CT1 and CT2 are shown in Fig. 4 together 
with the typical forward and reflected RF pulses. This 
experiment was done at the filament power of  
13.6 W corresponding to the cathode temperature of 
950°C. 
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Figure 4: Waveforms of the forward (Pf), reflected (Pre) 
RF pulses and the typical electron macro-pulses 
downstream the RF-gun (ICT1) and downstream the alpha 
magnet (ICT2). 
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Figure 5: Energy spectrum of electron beam measured at 
the CT2 for the cathode temperature of 945oC, 950oC and 
960oC. 

Figure 5 shows the measured time evolution of the 
electron energy spectrum measured with the energy slits 
of the alpha magnet. It can be seen that by operating the 
RF-gun at higher cathode temperature the macro-pulse 
length of the emitted electron beam is shorter than the 
electron pulse produced from the RF-gun operation at 
lower temperature. The maximum kinetic energy of the 
electron beam is also lower. This phenomenon indicates 
the back-bombardment and the beam loading effect inside 
the thermionic RF-gun. To study this phenomenon the 
beam dynamic simulations have been performed and the 
results are discussed in the following section. 

 
Simulated Kinetic Energy of Electron Beam 
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Figure 6: Waveforms of the RF pulses when the cathode 
heater off and the calculated accelerating gradient at the 
cathode (E1). 
 
   Figure 6 shows the waveforms of forward (Pf) and 
reflected (Pre) RF pulses when the cathode heater off.  
The value of  and  are measured directly at the 
directional coupler of the RF-gun. The difference of  
and  is defined the cavity wall loss (Pcy) and they have 
a relationship as following: = +    or   = −   . (3) 

Then, we can use the value of     to calculate the 
average accelerating gradient (E1) in the first cell of the 
RF-gun from = +   ,    (4) 

where E1 is the accelerating gradient at the cathode plane 
of the half-cell,  E2 is the accelerating gradient at the 
middle of the full-cell (E2=2E1), d1 is the effective length 
of the half-cell, d2 is the effective length of the full-cell, rs1 
is the shunt impedance of the half-cell  and  rs2  is the 
shunt impedance of the full-cell. Specifications of the RF 
cavity at the PBP-linac facility are listed in Table 2. These 
parameters are obtained from the numerical study using 
the code SUPERFISH [6]. 

Table 2: Specifications of the RF Gun Cavity 

Parameter Value 

Ration of accelerating gradient at the  

half-cell and the full cell  

1:2 

Effective length of  the half-cell 24.9     mm 

Effective length of  the full-cell 39.2     mm 

Shunt impedance of  the  half -cell 123.71 M   
/m 

Shunt impedance of  the  full-cell 96.56   M   
/m 
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Figure 7: Simulated maximum kinetic energy (KEmax) and 
emitted bunch charge of electron as a function of the 
average accelerating field at the cathode (E1).  

PARMELA simulations [7] were performed to 
investigate electron beam dynamics inside the RF-gun 
including effects of space-charge force. We assume that 
the cathode emits a uniform electron beam with a current 
of 2.9 A represented by 50,000 macroparticle per 2856 
MHz cycle of RF field. Each macroparticle represents a 
charge of 20.3fC which corresponding to 1.27 × 10  
electrons.  

In simulations, we used the value of the accelerating 
gradient (E1) to obtain the maximum kinetic energy of 
macroparticles that exit the RF-gun. Then, the values of 
E1 was varied with small step size. From the simulation 
result in Fig. 7, we found that at low level and high level 
of E1 the graph have different tend lines. Therefore, we 
divided the fitting curve of E1 into two ranges and use the 
resulting kinetic energy to estimate the maximum kinetic 
energy of electron bunches along the macropulse as 
shown in Fig. 7. 
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Figure 8: Measured electron macro-pulse downstream the 
RF-gun (ICT1) and the simulated maximum kinetic energy 
along the macro-pulse.   

It is seen in Fig. 8 that the peak of the kinetic energy of 
electron bunches along the macropulse is about 2-2.1 
MeV, which corresponds well to the maximum measured 
kinetic energy from the measurement of energy spectrum 
shown in Fig. 5. An example of particle distribution and 
histogram in energy-time phase space for a single bunch 
at the RF-gun exit with the maximum kinetic energy of 2 
MeV are shown in Fig. 9. 
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Figure 9: Particle distribution and histogram in energy-
time phase space for a simulated single bunch at the RF-
gun exit for the maximum beam kinetic energy of 2 MeV.  

 

CONCLUSION AND OUTLOOKS 
The numerical and experimental studies of the 

influence of a non-rectangular RF-pulse on electron beam 
properties have been carried out. Results of the 
investigation are presented and discussed in this 
contribution. The simulation result of the maximum 
kinetic energy of electron bunches along the macro-pulse 
show that the value of a peak kinetic energy in the macro-
pulse is close to the value obtained from the experiment. 
Using the results from PARMELA simulations together 
with the experimental data of the RF shape and power, we 
can estimate the maximum kinetic energy of electrons 
emitting from the RF-gun. Further investigation will be 
performed in order to accumulate the useful information 
for improving the RF system for the better performance of 
the thermionic RF-gun.  
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SIMULATION FOR NEW INJECTOR TEST FACILITY OF PAL-XFEL* 

M. Chae , I.S. Ko, POSTECH, Pohang, 790-784, S.Korea #

J  Hong, J.H Han, S.J. Park, PAL, Pohang, 790-784, S.Korea

Abstract 
For the preparation of PAL-XFEL, Injector Test 

Facility (ITF) has been constructed and required beamline 
components are being installed for the test of the injector 
system. ITF components include an RF gun, two 
accelerating columns, solenoids and basic diagnostic 
components such as spectrometers, quad scan system, 
BPMs, a wire scanner. Passing through the two 
accelerating columns an electron beam is accelerated up 
to 139 MeV with a charge of 200 pC and an emittance 
under 0.5 μm. For optimization of operation modes and 
precise diagnostics simulation for ITF beamline has been 
carried out with the ASTRA code. In this paper 
simulation results and discussion related to emittance 
measurements will be shown. 

INTRODUCTION 
ITF consists of an S-band 1.6-cell photocathode RF 

gun, two S-band accelerating columns, solenoids and 
diagnostic components. In particular, quadrupoles will be 
installed downstream of the 2nd accelerating column for 
quad scan. And also a laser heater system and an RF 
deflector for longitudinal phase space measurement will 
be installed next year. Assembling all components except 
the laser heater system and the deflector will be ready by 
the end of August. Beam commissioning will be started 
soon and the generation of a beam with an emittance 
under 0.5 μm is the first plan for this year. A schematic 
layout of the ITF beamline is shown in Fig. 1. 

 
Diagnostics for ITF 

Diagnostics for ITF will be conducted mainly in two 
energy regions, i.e. the Low Energy (LE) region with an 
energy of 6 MeV and the High Energy (HE) region with 
an energy of 139 MeV. Detailed diagnostic components 
are as follows: 
 LE dipole & HE dipole for energy measurement. 
 ICTs & Faraday cup. 
 BPMs & phase monitors. 
 quadrupoles for quad scan. 
 wire scanner. 
 RF deflector. 

 
Quad scans will be carried out by one HE quadrupole 

and two LE quadrupoles. The LE quadrupoles, HE 
quadrupole and screen are located at 9.15 m, 9.55 m, 
13.22 m and 15.86 m from the cathode respectively. Two 
LE quadrupoles are not mainly installed for quad scan and 

the locations of them are not optimized for quad scan. 
Thus additional quadrupoles will be installed upstream of 
the existing HE quadrupole if necessary. Detailed 
specification of the quadrupoles are listed in Table 1. 

 

Table 1: Specification of the Quadrupoles for Quad Scan 

Component effective length 
Max. quadrupole 

strength 

LE quadrupole 8 cm 7.21 /m2 

HE quadrupole 14.7 cm 27.97 /m2 

 

QUAD SCAN 
Quadrupole scan is mostly used for emittance 

measurement of a beam with high energy. It is non beam 
destructive way to measure and can be affected by the 
nonlinear field of the quadrupole thus the quadrupoles 
should be properly arranged, say, they should have 
enough drift space longer than their focal length. 

Let’s consider a beam transfer matrix as follows: 

11 12

21 22

m m
M

m m

 
  
 

   (1) 

This matrix is generally a product of various matrices 
describing drifts, quadrupoles, etc. In our case each 
element is the function of focal length, that is, the strength 
and effective length of quadrupole and distance between 
components of beam optics we consider and also we 
already know. For 2nd moments of a certain position of 
the beamline there exist beamsize which corresponds to 
certain focal length and distance. Therefore if someone 
measure at least three different beamsize corresponding to 
different beam optic functions 2nd moments in phase 
space can be calculated by numerical method. This can be 
expressed as follows [1],[2]: 

12 2 2
11(1) 11(1) 12(1) 12(1) (1)2

0 2 2 2
11(2) 11(2) 12(2) 12(2) (2)'

0 0
' 2
0 2 2 2

11( ) 11( ) 12( ) 12( ) ( )

2

2

2N N N N N

m m m m x
x

m m m m x
x x

x
m m m m x


   

     
          
          

   

   

(2) 

Here subscript stands for number of cases with 
different beam optics, that is, the number of combinations 
of quadrupoles with different strength or position. 
Calculation will be more accurate for more measurement 
conducted. From calculated 2nd beam moments 
normalized transverse beam emittance can be evaluated 
by a formula as: 

 ___________________________________________  
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(Grant No. 2008-0059842). 
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Figure 3: Simulation result with single quadrupole. 
Beamsize (top left) and phase advance (bottom left) at the 
position of the screen with different quadrupole strength. 
quadrupole strength values are -4/m2 to 4/m2 with 0.25/m2 
step from left to right. Beamsize after eliminating 
overlapped cases (top right) and its phase advance 
(bottom right). 
 

Current Quadrupole Setup 
Simulation with the current quadrupole setup has been 

carried out and the results are shown in Fig. 4. Plots on 
the left show results before elimination overlapped cases 
and plots on the right show results after elimination. 
Calculated emittance values are 0.745 μm and 0.244 μm 
respectively. After elimination emittance gets more 
accurate but there is still larger difference with simulation 
value 0.282 μm. Elimination condition was same as single 
quadrupole setup case. Quadrupole strength values are -
3.0/m2 to 3.0/m2 with 1.0/m2 scan step for all three 
quadrupoles, Q1, Q2 and Q3. 

 

 
Figure 4: Simulation result with current quadrupole setup. 
Beamsize (Top) and phase advance (Bottom) at the 
position of the screen with different quadrupole strength. 
The quadrupole strength values are -3/m2 to 3/m2 with 
1/m2 step from left to right. Beamsize after eliminating 

overlapped cases (top right) and its phase advance 
(bottom right). Interesting thing is that emittance 
calculation can be more accurate and it depends on 
elimination condition. If cases with phase advance less 
than 20 degrees and larger than 160 degrees are 
eliminated during matrix calculation evaluated emittance 
is 0.275 μm and it becomes much more accurate. 
 

CONCLUSION 
Transverse emittance in the horizontal direction has 

been calculated with beamsize values from ASTRA 
simulation. Relatively accurate results were evaluated 
even though not many cases were used for numerical 
calculation.  But it is verified again how to generate 
proper phase advance is main key according to this 
simulation. Smaller scan steps are also need to increase 
accuracy of emittance calculation. And calculations with 
a variety of error sources are needed for real measument. 
It is considered to use MAD to find proper optics to 
generate phase advance range we want. This study is still 
in progress. 
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LOW EMITTANCE INJECTOR DEVELOPMENT FOR THE PAL-XFEL
PROJECT∗

J.-H. Han† , J. Hong, I. Hwang, M. S. Chae, S.-J. Park, H.-S. Kang, I. S. Ko,
Pohang Accelerator Laboratory (PAL), Pohang, 790-784, Republic of Korea

Abstract
An injector for low emittance electron beam generation

as well as high repetition rate and more reliable operation is

under development at PAL. Here, we introduce the design

of the S-band photocathode gun using a coaxial coupler

for the PAL-XFEL project. The gun will be able to pro-

vide a low emittance electron beam for ultimate X-ray FEL

performance. Injector beam dynamics optimization using

this gun is shown. Various injector operating conditions

are studied numerically.

INTRODUCTION
The Pohang Accelerator Laboratory X-ray Free electron

Laser (PAL-XFEL) project [1] started in 2011. This project

aims at the generation of X-ray FEL radiation in the range

of 0.1 to 10 nm for users. The machine consists of a 10 GeV

linear accelerator and soft and hard X-ray undulator beam-

lines. The accelerator will operate at a repetition rate of

60 Hz. Building construction starts in September 2012.

The PAL-XFEL baseline injector [2] was designed for

satisfying the PAL-XFEL beam requirements. The base-

line injector adopts the GTF gun [3, 4] developed at PAL

over the last six years and two 3 m long S-band traveling-

wave tubes. The injector has been installed in the Injector

Test Facility (ITF) and first beam generation is foreseen in

September 2012. RF conditioning of the gun cavity and

accelerator tubes is being started. Numerical simulations

using the baseline injector shows 0.26 mm mrad normal-

ized transverse rms emittance at 200 pC are achievable [2].

The experimental target is 0.4 mm mrad as first phase. For

emittance measurements, three quadrupole magnets and a

screen will be used [5].

Transverse emittance of an electron beam has a crucial

role in hard X-ray SASE FEL. For the PAL-XFEL hard X-

ray case, a 50% emittance reduction will result in 30 to 50%

FEL power increase as well as 20 to 50% FEL saturation

length reduction depending on other parameters [6]. Even

though the baseline injector will fully satisfy the PAL-

XFEL beam parameter, a low emittance injector will allow

better FEL performance with reduced undulator length.

The low emittance injector has two major changes com-

pared with the baseline injector. The RF gun with a side

coupler is replace with a gun with coaxial coupler. Three

accelerator tubes will be used for acceleration instead of

two tubes in the baseline injector. Possible future installa-

∗Work supported by The Ministry of Education, Science and Technol-

ogy of the Korean Government
† janghui han@postech.ac.kr

tion of the low emittance injector in the PAL-XFEL main

linac will be also discussed.

LOW EMITTANCE GUN
The PAL-XFEL low emittance gun is similar as the Di-

amond S-band (2.998 GHz) gun which was developed for

high repetition rate operation and low emittance beam gen-

eration [7]. By adopting a coaxial RF coupler connected at

the gun exit as for the DESY PITZ gun [8], the gun solenoid

can be positioned at an optimum location for low emittance

and cooling water channels can fully surround the gun cav-

ity cylinder for maximizing cooling capacity and allowing

uniform temperature distribution over the gun body. With

an exchangeable photocathode plug, high quantum effi-

ciency cathodes can be used for reducing drive-laser power

requirement and a damaged cathode can be easily replaced

with a fresh one under ultra-high vacuum. Since the PAL-

XFEL gun should operate at 2.856 GHz, the Diamond gun

cavity was enlarged by about 5% and cooling channel was

adjusted. The first technical design is ready.

Figure 1: Low emittance gun cavity and solenoids. A cath-

ode exchange system is connected at the rear of the gun.

In this gun design, the center of the solenoid is at 0.105 m

from the cathode. For magnetic field compensation at the

cathode, a bucking solenoid is placed immediate upstream

of the gun.

Maximum repetition rate required for the PAL-XFEL

gun is 120 Hz even considering future upgrade [1]. At the

first gun design, no RF pick-up probed was included as for
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Figure 2: Layout of the low emittance injector consisting of an RF photocathode gun, focusing solenoids, and three

accelerating sections.

the Diamond gun. Since the average RF power dissipation

in the PAL-XFEL gun, 3 kW, is low, the cooling channel

may be simplified and RF pick-up probes can be imple-

mented. Work for a new technical design is ongoing.

INJECTOR OPTIMIZATION
The low emittance injector consists of the new gun, three

3 m long S-band constant-gradient traveling-wave struc-

tures, focusing solenoids, and a laser heater system. As

discussed in the previous section, the gun main solenoid

is placed at 0.105 m from the cathode, shifted upstream by

about 0.1 m compared to the baseline injector. By placing

the gun solenoid at that location, beam focusing by the gun

solenoid is made upstream compared to the baseline injec-

tor. At this new injector design the first accelerating section

is place at 1.7 m from the cathode. Focusing solenoids will

be mounted at the first two accelerating sections as for the

baseline injector. 200k macro particles are used for beam

tracking using the ASTRA code [9] and 2M macroparticles

were used for the final results.

A flat-top longitudinal laser pulse shape will be achieved

by stacking Gaussian pulses as shown in Fig. 3. Transverse

size of a laser pulse should be minimized in order to have a

small therm emittance. In numerical simulations using the

ASTRA code, 0.9 mm mrad thermal emittance per 1 mm

laser pulse radius is included. The transverse profile of a

laser pulse is assumed to be uniform.

t (ps)
-6 -4 -2 0 2 4 6

in
te

ns
ity

8 ps flat-top
4 ps flat-top
Gaussian

Figure 3: Longitudinal laser pulse profiles used for injector

beam dynamics simulations. 8 ps flat-top is achieved by

stacking 8 Gaussian pulses and 4 ps is by 4 pulses. As first

phase operation, a simple 1.5 ps rms Gaussian pulse may

be used.

Nominal Bunch Charge Case, 200 pC
Three operation options are studied with ASTRA simu-

lation. The nominal operation condition uses a 8 ps flat-

top laser pulse (configured with 8 Gaussian pulses) for

minimum transverse emittance. A 4 ps flat-top laser pulse

(with 4 Gaussian pulses) is used for short bunch genera-

tion. A Gaussian laser pulse is considered for initial opera-

tion without pulse shaping. The same injector setup is used

for all the operation options except for the laser beam size

and focusing solenoid field strength. The parameters of the

injector and simulation results are summarized in Table 1.
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Figure 4: Beam energy and bunch length evolution for the

200 pC nominal case using a 8 ps flat-top laser pulse.
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The energy and bunch length evolution of a bunch

though the injector is shown in Fig. 4 for the nominal con-

dition. The gun operates at 120 MV/m maximum field at

the cathode. The launch phase of a beam is −1◦ from

the phase generating the maximum energy gain though the

gun. In other words, the launch phase is 46◦ from the RF

0-crossing phase. Mild velocity bunching is applied at the

first accelerating section. The gradient of the first section is

relatively low (14 MV/m) to minimize beam emittance in-

crease caused by the RF field. The second and third accel-

erating sections have a 20 MV/m gradient and a 16◦ phase

for compensate the energy chirp produced by the first sec-

tion. The beam size and normalized transverse emittance

evolution is shown in Fig. 5.

The current profile and slice emittance of bunches for

the three options are shown in Fig. 6 and 7. The op-
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Figure 6: Current profiles of 200 pC bunches at the injec-

tor end for the three longitudinal profile options of cathode

laser pulses.
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Figure 7: Normalized transverse slice emittance of 200 pC

bunches at the injector end.

tion using a 8 ps laser pulse shows longer bunch length but

lower transverse emittance. The options using 4 ps flat-top

and Gaussian laser pulses show similar current profiles and

slice emittances. However, the projected transverse emit-

tance for the Gaussian laser pulse case is 35% larger than

the case for the 4 ps flat-top (see Table 1).

Low Bunch harge Case, 20 pC
Two operation options are studied using a 4 ps flat-top

laser pulse and a Gaussian laser pulse. The same injector

setup as for the 200 pC cases is used except for the laser

beam size and focusing solenoid field strength. The simu-

lated current profiles and slice emittances of 20 pC bunches

are shown in Fig. 8 and 9. The current profile and slice

emittance for the two options are similar, however the pro-

jected emittance for the Gaussian laser pulse case is 20%

larger than the case for the 4 ps flat-top (see Table 1). The

machine parameters and simulation results are summarized

in Table 1.
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Figure 8: Current profiles of 20 pC bunches at the injector

end.
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Figure 9: Normalized transverse slice emittance of 20 pC

bunches at the injector end.

POSSIBLE IMPLEMENTATION TO THE
PAL-XFEL MAIN LINAC

This low emittance injector has another 3 m long accel-

erating section compared with the baseline injector. Includ-

ing vacuum connection parts, 3.6 m more space is needed.

 C
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Table 1: Simulation arameters of the ow mittance njector for Flat-top (F) and Gaussian (G) Longitudinal Cathode

Bunch charge (pC) 200 200 200 20 20

Laser/cathode
Length (ps) 8 fwhm (F) 4 fwhm (F) 1.5 rms (G) 4 fwhm (F) 1.5 rms (G)

Rise/fall time (ps) 0.8 0.8 - 0.8 -

Rms beam size (mm) 0.12 0.18 0.18 0.06 0.06

Thermal emittance (mm mrad) 0.108 0.162 0.162 0.054 0.054

Gun
Peak field at cathode (MV/m) 120 120 120 120 120

Beam launch phase from 0-crosing 46◦ 46◦ 46◦ 46◦ 46◦

Max field of the main solenoid (T) 0.383 0.384 0.384 0.382 0.381

Accelerating section
Gradient of 1st section (MV/m) 14 14 14 14 14

Gradient of 2nd section (MV/m) 20 20 20 20 20

Gradient of 3rd section (MV/m) 20 20 20 20 20

Phase of 1st section from on-crest −67◦ −67◦ −67◦ −67◦ −67◦

Phase of 2nd section from on-crest 16◦ 16◦ 16◦ 16◦ 16◦

Phase of 3rd section from on-crest 16◦ 16◦ 16◦ 16◦ 16◦

Max field of the 1st linac solenoid (T) 0.064 0.070 0.070 0.056 0.058

Max field of the 2nd linac solenoid (T) 0.02 0.0 0.0 0.0 0.0

Electron beam, simulation
100% rms projected emittance (mm mrad) 0.133 0.203 0.276 0.060 0.073

Slice emittance at center (mm mrad) 0.120 0.177 0.179 0.056 0.056

Fwhm bunch length (ps) 7.6 5.1 5.2 3.4 3.4

Peak current (A) 28 43 41 6.3 6.1

Mean E (MeV) 139.4 139.4 139.4 139.4 139.4

In the current design of the PAL-XFEL linac, a 5 m long

space after the laser heater system is reserved for injector

beam diagnostics including an RF deflector and an emit-

tance measurement section. When the baseline injector is

replaced with this low emittance injector, the diagnostic

section may be simplified and the laser heater system can

be shifted downstream. Since the beam energy at the injec-

tor end, 139.4 MeV, is similar as for the baseline injector,

139.1 MeV, the same laser heater setup can be used with a

small tuning of the heater undulator gap.

SUMMARY AND FUTURE PLANS
The low emittance gun design and injector simulation

were described. The transverse emittance of the low emit-

tance injector is about 50% compared to that of the baseline

injector. Furthermore, the low emittance gun will allow

photocathodes to be replaced under ultrahigh vacuum. The

gun will be thermally more stable with improved water-

cooling channel.

A few operating options with 200 and 20 pC bunch

charges were numerically studied with the injector. Even

though the 8 ps laser pulse option shows the lowest emit-

tance case at 200 pC, a simple short Gaussian laser pulse

may be used at the first phase of injector operation. When

the cathode laser system is fully commissioned, the lowest

emittance option may be tried to generate a low emittance

electron beam for the PAL-XFEL linac.

The gun system is under preparation to be ready by

spring 2013. The first technical design of the gun is ready

but further optimization including RF probes is ongoing.

The gun system is planed to be tested at the additional

beamline in the ITF tunnel at the first phase.

REFERENCES
[1] J.-H. Han, H.-S. Kang, I. S. Ko, IPAC2012, p. 1735.

[2] J.-H. Han et al., IPAC2012, p. 1732.

[3] J. Hong et al., these proceedings, MOPD43.

[4] M. S. Chae et al, Phys. Rev. ST Accel. Beams 14 (2011)

104203.

[5] M. S. Chae et al., these proceedings, MOPD40.

[6] I. Hwang et al., these proceedings, TUPD03 .

[7] J.-H. Han et al., Nucl. Instr. and Meth. A 647 (2011) 17.

[8] F. Stephan et al., Phys. Rev. ST Accel. Beams 13 (2010)

020704.

[9] K. Floettmann, http://www.desy.de/∼mpyflo

P L E I

 Laser Pulse Shapes

MOPD41 Proceedings of FEL2012, Nara, Japan

124C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology I: Gun, Injector, Accelerator



MICROBUNCHING INSTABILITY STUDY FOR THE PAL-XFEL LINAC∗

J.-H. Han† , I. Hwang, H.-S. Kang,
Pohang Accelerator Laboratory (PAL), Pohang, 790-784, Republic of Korea

Abstract
PAL-XFEL is designed to generate X-ray FEL radiation

in a range of 0.1 and 10 nm for users. The machine consists

of a 10 GeV linear accelerator and five undulator beam-

lines. An electron beam is generated at a low emittance S-

band photoinjector and accelerated through an S-band nor-

mal conducting linac. Microbunching instability may occur

when the beam goes through magnetic bunch compressors

and beam spreaders. We show preliminary microbunching

instability simulation study for the PAL-XFEL linac.

INTRODUCTION
For the generation of fully coherent hard X-ray laser,

the PAL-XFEL linac will deliver a high brightness elec-

tron beam from the injector to the undulator beamlines [1].

Small transverse emittance and high peak current of an

electron bunch is essential for SASE FEL; however such

a high brightness beam may suffer from collective effects.

Microbunching instability may impair electron beam qual-

ity and make beam image measurements with screen dif-

ficult. The PAL-XFEL linac uses three magnetic chicanes

for bunch compression for flexible and independent opera-

tion of the soft and hard X-ray beamines [2]. Microbunch-

ing may amplify significantly through the chicanes. The

linac has a beam branch to the soft X-ray beamlines at the

3 GeV point from the 10 GeV main linac. The branch has a

large deflection angle, 3◦ + 3◦, therefore that is a potential

instability source. The electron beam spreaders for three

hard and two soft X-ray beamlines are also concerned.

In this preliminary study, the Elegant code [3] is used for

beam tracking through the linac including the chicanes. A

simplified laser heater model in Elegant is used for simula-

tion including a magnetic chicane, a small undulator and a

heat laser. The soft X-ray branch and the beam spreaders

are not considered yet in this study.

MODEL LAYOUT
A few model layouts of the linac were studied for beam

tracking including microbunching effect. One model show-

ing best electron beam shapes after the linac was chosen for

this simulation study. The model layout is shown in Fig. 1.

Beam Tracking with Laser Heater Off
Three initial beam distributions from the injector were

used for Elegant tracking simulation: A 200 pC nominal

∗Work supported by The Ministry of Education, Science and Technol-

ogy of the Korean Government
† janghui han@postech.ac.kr

Figure 1: Model layout of the PAL-XFEL linac used for

this simulation study.

bunch and a 20 pC low charge bunch from the baseline in-

jector [4] and a 200 pC nominal bunch from the low emit-

tance injector [5]. The simulation result using a 200 pC

bunch from the baseline injector is shown in Fig. 2 when

heater laser is off. For this simulation, 2M macroparticles

was tracked using 200 bins for longitudinal space charge

(LSC) and CSR calculation.

Figure 2: Time-energy phase space at the linac end for a

200 pC beam from the baseline injector. Heater laser is off.

Figure 3: Time-energy phase space at the linac end for a

20 pC beam from the baseline injector. Heater laser is off.
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A 20 pC bunch from the baseline injector was tracked

to generate maximum peak current at the linac end (see

Fig.3). A 200 pC bunch from the low emittance injector

was tracked with similar conditions as used for 200 pC case

(see Fig.4). As sown in the figures, strong microbunching

Figure 4: Time-energy phase space at the linac end for a

200 pC beam from the low emittance injector. No heater

laser applied.

pattern appears when heater laser is off. In these cases,

transverse emittance energy spread become large.

Beam Tracking with Laser Heater On
To minimize such instability, uncorrelated energy spread

of a beam may be increased by using a laser heater be-

fore the first bunch compressor. The laser heater system

designed for the PAL-XFEL linac consists of a magnetic

chicane for beam path deflection, a small undulator and a

heater laser. The chicane has four 0.1 m long bending mag-

nets. The chicane deflects the beam path by 30 mm from

the beam path of the main linac. The undulator has 10 peri-

ods with a 50 mm period length. The laser heater effect on

200 pC beams from the baseline injector is shown in Fig. 5.

Figure 6: Time-energy phase space at the linac end for a

200 pC beam from the baseline injector. A 60 kW heater

laser power was applied to increase the uncorrelated energy

spread to 10 keV at the injector end.

For the 200 pC bunch case using the baseline injector, a

heater laser power of 60 kW was modeled using the Elegant

code in order to increase the uncorrelated energy spread to

10 keV. The bunch was tracked through the linac and the

result is shown in Fig. 6. Such microbunching pattern ap-

peared in Fig. 2 damped down and the uncorrelated energy

spread becomes 10−4.
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Figure 7: Current distribution of a 200 pC beam at the base-

line injector end and at the linac end. The peak current is

26 A at the injector end and 3 kA at the linac end. The time

axis for the linac end is multiplied by 100 for the compari-

son of distribution pattern.
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Figure 8: Normalized horizontal slice emittance of a

200 pC beam at the baseline injector and linac ends. The

time axis for the linac end is mulitplied by 110.

The current profiles of a bunch at the injector and linac

ends are compared in Fig. 7 for the 200 pC case from the

baseline injector. The normalized horizontal slice emit-

tances are also compared in Fig. 8 at the injector end and at

the linac end. Only a little emittance increase is found.

For the 20 pC bunch case from the baseline injector, a

heater laser power of 2 kW was applied. The bunch was

tracked through the linac and the result is shown in Fig. 9.

The current profiles of a bunch at the injector and linac ends

are compared in Fig. 10 for the 20 pC case from the base-

line injector. The normalized horizontal slice emittances

are also compared in Fig. 11 at the injector and linac ends.

For the 200 pC bunch case from the low emittance in-

jector, a heater laser power of 100 kW was applied in or-

der to increase the uncorrelated energy spread to 10 keV.

The bunch was tracked through the linac and the result is
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Figure 5: Laser heater effect on beams at the injector end: 0 kW heater laser (left), 40 kW (middle) and 80 kW (right) are

applied in Elegant simulation.

Figure 9: Time-energy phase space at the linac end for a

20 pC beam from the baseline injector. A 2 kW heater laser

power was applied.
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Figure 10: Current distribution of a 20 pC beam at the base-

line injector end and at the linac end. The peak current is

4.2 kA at the linac end. The time axis for the linac end is

multiplied by 100; the fwhm length is about 10 fs.

shown in Fig. 12. A banana shape in time-energy phase

space exists and further optimization is to be done to avoid

this. The current profiles of a beam at the injector end and

at the linac ends are compared in Fig. 13 for the 200 pC

case from the low emittance injector. The normalized hor-

izontal slice emittances are also compared in Fig. 14 at the

injector and linac ends.
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Figure 11: Normalized horizontal slice emittance of a

20 pC beam at the baseline injector and linac ends. The

time axis for the linac end is mulitplied by 280.

Figure 12: Time-energy phase space at the linac end for a

200 pC beam from the low emittance injector. A 100 kW

heater laser power was applied to increase the uncorrelated

energy spread to 10 keV at the injector end.

SUMMARY
A preliminary study on microbunching instability using

a model of the PAL-XFEL linac was carried out using the

Elegant code. Strong instability of a bunch at the linac end

could be reduced using a laser heater system. The electron

bunch parameters at the linac end satisfy the requirements

for SASE operation of PAL-XFEL.

Horizontal distortion of a bunch caused by CSR kick

could be reduced arranging the last two chicanes to have
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Figure 13: Current distribution of a 200 pC beam at the

low emittance injector end and at the linac end. The peak

current is 3.2 kA at the linac end. The time axis for the

linac end is multiplied by 100.
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Figure 14: Normalized horizontal slice emittance of a

200 pC beam at the low emittance injector and linac ends.

The time axis for the linac end is mulitplied by 100.

horizontally opposite deflection direction.

Further optimization of the PAL-XFEL linac layout for

better beam parameters is to be continued. More detailed

study including 3D space charge effect and 3D CSR will be

carried out.
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NEW RF-GUN DESIGN FOR THE PAL-XFEL∗

J. Hong† , J.-H. Han, S.-J. Park, H.-S Kang, K. Gil, PAL, Pohang, Kyungbuk
M. S. Chae, I. S. Ko, POSTECH, Pohang, Kyungbuk

Abstract
We are developing an S-band photocathode RF-gun for

the X-ray free electron laser (XFEL) at the Pohang Accel-
erator Laboratory (PAL). This RF-gun is a 1.6-cell RF-gun
with dual-feed waveguide ports and two pumping ports.
We have done the complete RF and thermal analysis of a
new gun. The new RF-gun is designed to operate at a max-
imum field gradient of 130MV/m with a RF pulse width of
3μs, a repetition rate of 120Hz. In this paper we present
features and RF simulation results and thermal analysis re-
sults of the new RF-gun.

INTRODUCTION
In 2005 the first photocathode RF-gun has been fabri-

cated at the PAL. The lowest normalized transverse rms
emittance at the position from the cathode of 1.4 m was at-
tained 1.7 mm-mrad with 300-pC beam charge, 3.7-MeV
beam energy and 0.79-mm beam spot size. This was the
first RF-gun fabricated with high-brightness in the country.
However, there are a lot of dark current and electric dis-
charges [1]. To avoid such problems of the first RF-gun
we modified the design and fabricated the second rf gun
in 2007. There were several improvements on the vacuum
seals and the tuning methods. This RF-gun was operated
with a peak accelerating field of 110 MV/m and achieved a
maximum beam energy of up to 5.2 MeV for a laser injec-
tion phase of 34◦ [2]. For PAL-XFEL we have proposed
and fabricated the third RF-gun with two RF ports and
two pumping ports which called Four-port RF-gun in 2010.
From 2010 to 2011 the Four-port RF-gun was successfully
fabricated and finished its low-power test. In 2011 the RF
gun had been installed at the GTF in PAL for high-power
beam test [3, 4]. The RF-gun was operated with maximum
field gradient of 126 MV/m and has achieved a maximum
beam energy of up to 5.6MeV for a laser injection phase of
34◦. The relative beam energy spread is about 0.1% rms.
Measured transverse emittances are εx = 0.74± 0.15mm-
mrad and εy = 1.32± 0.30 mm-mrad [5]. Now the goal of
the photocathode RF-gun for PAL-XFEL is to produce the
electron beam with transverse emittance of 0.5 mm-mrad,
beam charge of 200 pC and its repetition rate of 60 Hz.
This paper gives brief summary of the new RF-gun design.

FEATURES OF NEW RF-GUN
The design has been optimized to allow good perfor-

mance of an RF-gun. The features incorporated into the
new RF-gun are as follows:

∗Work supported by The Ministry of Education, Science and Tehnol-
ogy of the Korean Government

† npwinner@postech.ac.kr

• To increase 0 and π-mode separation relatively large
coupling iris radius and short coupling iris length are
introduced.

• To reduce the shunt impedance rounded cell profile is
seclected.

• To reduce the maximum surface electric field iris
shape are changed by elliptical.

• To probe the full-cell field two probing ports are
added.

• To lower the vacuum level two additional pumping
ports are added.

• To be uniform the RF heating cooling channels are
modified.

The three dimensional drawing of new photocathode RF-
gun is shown in Fig. 1.

Figure 1: Three dimensional model of new photocathode
RF-gun.
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RF-GUN SIMULATION
Field Simulation
To design the RF-gun we conducted RF simulation us-

ing SUPERFISH [6] and the Transient Solver of CST Mi-
crowave Studio [7]. First using the SUPERFISH two di-
mensional field simulation was carried out. During SU-
PERFISH simulation the geometry was modified so as to
decrease the effect of surface fields and to increase the ef-
fect of mode separation. We can optimize the iris shape and
rounding of the cell-edge. Rounded cell shape is selected to
increase the quality factor. This geometry also reduce the
surface fields thus the dark current and the thermal stress as
well. Elliptical iris shape has also same effects. The field
profile and the surface electric field are shown in Figs. 2-3.
Figure 3 shows the peak electric surface field is 1% lower
than the field on the cathode. The simulation results of the

Figure 2: Field distribution in the RF-gun as calculated by
using SUPERFISH.

Figure 3: The surface electric field.

SUPERFISH are described in Table 1.

Table 1: Comparison of Parameters
Parameters Old New Unit

fπ 2856 2856 MHz
Δf 9.5 16 MHz
Pl 10.9 10.2 MW
Q 13800 15700

Next using the CSTMicrowave Studio three dimensional

time transient simulation was carried out. The Transient
Solver simulation gives us the s-parameter of two ports
(Sij )), electric field profile and magnetic field profile. Fig-
ure 4 shows the simulation model of the new RF-gun and
its electric field profile at the operating frequency of 2856
MHz. In this simulation we optimized the coupling length
and the probe length. The coupling coefficient is increased
from the critically coupled design to an overcoupled de-
sign. The consequences of an overcoupled design are
shorter filling time and a larger reflected power. The de-
sign value of coupling coefficient is 1.5. In our coupling
design, changing the design value is easy.

Figure 4: The simulation model of the new RF-gun and the
electric field profile in the gun.

Thermal Analysis
Using the ANSYS [8] thermal analysis for RF-gun was

carried out. For a 3.7 kW average input power the tempera-
ture distribution of the RF gun is plotted in Fig. 5. Themax-
imum temperature gradient is about 26◦C. The hot spots are
located at the input coupling holes.
Finally the pulsed heating is calculated from the equation

below [9]

ΔTmax =
Rs

K

√
D

π

1

2

∫ tp

0

|Hs,max(t)|2 dt√
tp − t

. (1)

HereHs,max is the maximum surface magnetic field inside
of the cell, Rs is the surface impedance, K is the thermal
conductivity, D is the specific heat and tp is the RF pulse
width. According to this equation the maximum temper-
ature rise due to the pulsed heating is about 30◦C at the
coupling hole.

SUMMARY
The RF simulation and the thermal analysis of new RF-

gun is completed. The final simulation results are described
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Figure 5: (Color online) Temperature distribution of the
RF-gun. The maximum temperature gradient is about 26 ◦C

in Table 2. Now new RF-gun is under fabrication. Ex-
perimentation is tentatively scheduled in the first quarter
of next year at the Injector Test Facility (ITF) at the PAL.
And we are also developing alternative RF-gun with coax-
ial coupler (Fig. 6). Some weak points of the conventional
RF-gun will be modified in next gun design.

Table 2: System and Beam Parameters at the GTF
Parameters Value Unit

Operating Frequency 2856 MHz
Mode Separation 16 MHz
RF Pulse Width 3 μs
Repetition Rate 120 Hz
Maximum Field Gradient 130 MV/m
Coupling Coefficient 1.5
Quality Factor 15500
ΔTmax 26 ◦C

Figure 6: Alternative photocathode RF-gun.
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DESIGN OF MAGNETS FOR PAL-XFEL 

H.S. Suh, Y. G Jung, K.H Park, H.S. Han, S.T. Jung, H.G. Lee, H.S. Kang, T.Y. Lee, D.E. Kim,  
J.Y. Huang, I.S. Ko, M.H. Cho, PAL, Pohang, Kyungbuk, Republic of Korea 

Abstract  
Pohang Accelerator Laboratory (PAL) is starting the 

X-ray Free Electron Laser of 10 GeV from 2011. PAL-
XFEL has the hard X-ray and soft X-ray branches. This 
accelerator contains several kinds of magnets such as 
dipole magnets, quadrupole magnets, kicker magnets, 
and so on. In this presentation, we describe the 
preliminary design and the classification of the magnets. 

INTRODUCTION 
 

The PAL-XFEL is a 0.1-nm hard X-ray FEL project 
starting from 2011. Two FEL beamlines, one hard X-ray 
(HX1) and one soft X-ray (SX1) will be prepared in the 
first phase. The flexibility of beam control for these two 
lines will be done by the switching system of a kicker 
and a septum magnet at 3 GeV point. 

This facility for the first phase contains 484 electro-
magnets. The magnets are composed of dipole magnets, 
quadrupole magnets, corrector magnets, kicker magnets, 
and septum magnet. They are used for the bunch 
compressors, acceleration section, diagnostic section, 
beam switch line, beam transport line, undulator hall, 
and dump section, and so on. 

The lattice requirements called for a lot of different 
types of magnets, many efforts have been dedicated to 
reduce the total number of the magnet families. We are 
designing all magnets on our own physically and 
mechanically, and will search for the domestic and 
foreign manufacturers. 

Corrector magnet and septum magnet are left out of 
this presentation because they are not determined exactly 
yet. 

Table 1: Summary of Magnets for HX1 and SX1 
Magnet Number of magnet 
Dipole 35 
Quadrupole 222 
Corrector 222 
Kicker 3 
Septum 1 
Sum 484 

DIPOLE MAGNET 
The dipole magnets for the HX1 and SX1 are 

classified into four kinds according to the effective 
magnetic length and the maximum magnetic field. 

They are used in the bunch compressor, linac tunnel, 
BTL, undulator hall, and dump. All dipole magnets have 
pole gap of 30 mm. 
 
Table 2: Four kinds of Dipole Magnets for HX1 and SX1 

Family name Effective 
length [m] 

Max. 
field [T] 

Magnet 
number 

D3 0.3 0.8 7 

D8 0.8 0.9 15 

D10A 1.0 0.8 7 

D10B 1.0 1.2 6 

Sum   35 

 
D8 dipole magnet for the bunch compressors was 

designed preliminary. The main parameters are listed in 
Table 3, and the magnetic profile is shown in Fig. 1. 
 

Table 3: Main Parameters of D8 Dipole Magnet 
Parameter Value 
Number of magnets 15 
Max. field 0.9 T 
Max. current 109 A 
Pole gap 30.0 mm 
Effective length 800 mm 
Core length 753 mm 
Number of turns 100 
Coil size (hollow) 6.5x 6.5 ( 4) mm 
Cooling system water 
Temperature rise ∆T 22 deg 
Field uniformity (∆B/B) < 3E-4 (at x= 30mm) 

 
 

Figure 1: Cross section of dipole magnet (D8) and the 
field profile. 
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The coil size is determined in order that the cooling 
water velocity is lower than 2 m/s to avoid erosion and 
vibrations safely. But we have to pay special attention to 
the temperature rise for magnets of the undulator hall. 
 

QUDRUPOLE MAGNET 
The quadrupole magnets are classified into 12 kinds 

according to the aperture diameter, effective length, and 
maximum gradient. The results of the classification are 
listed in Table 4. The purpose for these quadrupoles is 
focusing, steering, and aligning in various positions.
 

Table 4: 12 kinds of Quadrupole Magnets 

Family 
name 

Aperture 
diameter 

[mm] 

Effective 
length

[m] 

Max. 
gradient 

[T/m] 

Magnet 
number 

Q12-10 12  0.1 20  15 
Q12-20 12  0.2 25  27 
Q22-15A 22  0.15 30  8 
Q22-15B 22  0.15 15  60 
Q22-20 22  0.2 20  16 
Q22-30 22  0.3 20  37 
Q22-50 22  0.5 25  21 
Q30-10 30  0.1 10  6 
Q30-15 30  0.15 10  17 
Q36-30 36  0.3 25  7 
Q44-30 44  0.3 15  4 
Q80-50 80  0.5 15  4 
 

A quadrupole magnet (Q22-20) used for the beam 
compressor and emittance measurement unit was 
designed preliminary. The main parameters are listed in 
Table 5. And the magnetic distribution is shown in Fig. 2. 

Table 5: Main Parameters of Quadrupole Magnet (Q22-20) 

Parameter Value 
Number of magnets 16 
Max. field gradient 20 T/m 
Max. current 12.3 A 
Aperture diameter 22.0 mm 
Effective length 200 mm 
Pole width 26 mm 
Return yoke thickness 26 mm 
Number of turns 80 
Coil size 3.2x2.0 mm 
Cooling coil size 6.5x6.5 ( 3) mm 
Cooling system Indirect water 
Temperature rise T 7 deg 
Power 70 W 
Whole magnet width 220 mm 
Harmonics ( An/ A2) < 5E-4 (n=6,10, 14) 

Figure 2: Magnetic distribution of quad (Q22-20). 
 

The multipole components were calculated according 
to this equation, B = {An sin(n ) + Bn cos(n )}. 

Indirect cooling system for the quad (Q22-20) was 
adopted in the limited space around coils. Figure 3 shows 
the cross section of the coil and the temperature profile.
 

Figure 3: Cross section of quad (Q22-20) coil and the 
temperature distribution. 
 
 

SLOW KICKER MAGNET 
A kicker and a septum are used for switching to soft 

X-ray FEL line. Electron beam is kicked vertically with 
the kick angle of 0.7 mrad at the kicker and then 
switched out horizontally at the septum where the 
vertical beam offset is 9.0 mm. 6 quads are necessary for 
kick and matching to the dog-leg line.  

We designed the kicker magnet preliminarily by using 
OPERA/ELEKTRA code [1]. The main parameters of 
the kicker are listed in Table 6, and the ferrite core and 
coil size are depicted in Fig. 4. The magnetic field profile 
is shown in Fig. 5. We simulated this kicker by using the 
BH table of a ferrite (CMD10) from A Thomas & 
Skinner Company. 
 

MOPD44 Proceedings of FEL2012, Nara, Japan

134C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology I: Gun, Injector, Accelerator



Table 6: Main Parameters of Ferrite Kicker Magnet 

Parameter Value 
Electron energy 3.0 GeV 
Kick angle 0.7 mrad 
Pulse width 4 sec 
Repetition rate 60 Hz 
Peak current 330 A 
Magnetic field 140 G 
Inductance 1.9 H 
Resistance of coil 2.6 mΩ 
Core material Ferrite (CMD10) 
Gap height 30 mm 
Gap width 100 mm 
Return core thickness 24 mm 
Core length 491 mm 
Effective length 500 mm 
Field uniformity < 4E-4 (x= 10mm) 
Coil cross-section 3x28 mm 
Number of turns 1 
Cooling system air 

 
 
 

 
Figure 4: Core and coil size of kicker magnet. 

 
 

 
Figure 5: Magnetic field profile of the kicker magnet. 

 
The magnetic field uniformity depends on the eddy 

current shield thickness as well as the return core 

thickness and the aperture size. Table 7 shows the field 
uniformity according to the shield thickness. 

 

Table 7: Field Uniformity on Shield Thickness Variation 

Shield thickness Field uniformity 
( B/B) at x=10mm 

0.3 mm 3.7E-4 

0.5 mm 5.0E-4 

1.0 mm 9.3E-4 

 
At the second phase, we are considering the strip-line 

kicker or the resonant cavity as a bunch by bunch 
switching system (fast kicker) for two bunch operation. 
The bunch separation is limited by how fast the kicker 
kicks out the second bunch [2]. 
 

REFERENCES 
[1] Vector Fields Software, http://www.cobham.com/ 
[2] PAL XFEL Lattice Internal Report6, Heung Sik 

Kang, 2012. 
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PRESENT STATUS OF THERMIONIC RF-GUN FOR TERAHERTZ 
SOURCE PROJECT AT TOHOKU UNIVERSITY* 

F. Hinode#, H. Hama, N.Y. Huang, S. Kashiwagi, M. Kawai, X. Li†, T. Muto, I. Nagasawa,  
K. Nanbu, Y. Shibasaki, K. Takahashi, Tohoku University, Sendai, Japan.

Abstract 
A thermionic RF gun for an accelerator-based terahertz 

source has been commissioned at Electron Light Science 
Centre, Tohoku University.  Recently we constructed the 
measurement system to obtain the momentum distribution 
of the extracted beam from the RF gun.  The system 
consists of the analyser magnet, tungsten beam slit 
followed by a Faraday cup and a Hall probe for the real-
time magnetic field measurement.  The momentum 
resolution of the spectrometer is estimated to be about 
0.15 %, which will be sufficient to analyse the detailed 
distribution of highest energy part for the extracted 
electrons from the gun.  The preliminary results of 
measured momentum spectrum and the current status of 
the terahertz source project are presented. 

INTRODUCTION 
Coherent radiation from a very short electron bunch can 

be considered as a candidate of the bright source in the 
terahertz frequency region.  In Tohoku University, a test 
accelerator for the coherent terahertz source (t-ACTS) is 
now being constructed, in which a specially designed 
thermionic RF gun is equipped in the injector [1, 2].  The 
RF gun consisting of two independently-tunable cells 
(ITC RF-gun) can be operated so as to optimize the 
longitudinal phase space distribution of the extracted 
electrons for the further manipulation in an alpha magnet 
and a 3 m accelerating structure toward the short pulse 
generation.  Tracking simulations show that very short 
electron pulse less than 100 fs with a bunch charge of 
about 20 pC can be obtained by means of the velocity 
bunching in the accelerating structure [3].  

In the early result of the gun commissioning with 
higher current density of about 50 A/cm2, it was shown 
that the back-bombardment (B-B) effect seemed to be 
rather serious for the beam quality in spite of the 
operation with the short pulse length and slow repetition 
rate.  The simulation study for the B-B effect with the 2D 
heat transfer model turned out that low energy electrons 
coming back in the cathode cell have the significant 
contribution for the additional cathode heating rather than 
the higher energy electrons.  This is the reason why an 
attempt of simple dipole field on the cathode cannot avoid 
sufficiently hitting the cathode by back-streaming 
electrons [4].  At the moment, the other cathode with a 
little bit larger diameter is going to be employed for a new 
RF gun in order to mitigate the B-B effect.  On the other 

hand, it is very important to investigate the actual 
property of the RF gun by measuring the beam quality.  
Especially a space charge effect will degrade the 
longitudinal beam distribution significantly, thus the 
measurement of the energy spectrum is one of the most 
essential issues for the RF gun in order to realize the very 
short electron bunch. 

EXPERIMENTAL SETUP FOR 
MEASUREMENT OF MOMENTUM 

DISTRIBUTION 

Measurement Setup 
The energy spectrometer consists of a 45 degree 

analyzer magnet, tungsten beam slit followed by a 
Faraday cup (FC) as shown in Fig. 1.  Furthermore, the 
same magnet as analyzer is connected in series, thus it can 
be anticipated to monitor the magnetic field precisely 
without vagueness such as instability of power supply and 
hysteresis.  The beam current extracted from the gun is 
measured by a current transformer (CT) placed at the gun 
exit.  Since the analyzer magnet was diverted from the 
other attempt, which was originally fabricated as the 
dipole magnet for the isochronous accumulator ring in t-
ACTS, the pole edge has the tilting angle of 17.5 degree 
at each edge.  This tilting angle may help to focus the 
beam in vertical direction.  Since the extracted particles 
from the gun have different Twiss parameters depending 
on the RF phase and thus their energy, two quadrupole 
magnets placed at the gun exit can be used so as to focus 
the beam on the slit location. 

 

 

Figure 1: Measurement setup. 

 
Estimation of Momentum Resolution 

The momentum resolution for the beam passing 
through the beam slit is described as 

 ____________________________________________ 

*This work is partially supported by the Ministry of Education, 
Science, Sports and Culture, Grant-in-Aid for Scientific Research (S), 
Contract #20226003. 
# hinode@lns.tohoku.ac.jp 
† Present address: Tsinghua University, China 
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W
p

p ,            (1) 

where  is the dispersion function at the slit position, W 
the slit full width,    the beam size due to the finite 
emittance ,  p and p the central momentum and its 
standard deviation respectively.  The dispersion function 
at the slit position is evaluated to be 0.302 m theoretically.  
The estimated momentum resolution as a function of the 
beam size for two cases of slit width is shown in Fig. 2.  
As expected by Eq. (1), the practical momentum 
resolution gets improved as decreasing the beam size.  If 
we allow the beam size to be comparable to the slit width, 
the momentum resolution of about 0.15 % can be 
achieved for the slit width of 0.5 mm, in which the 
resolution is required to analyse the distribution of the 
highest energy electrons precisely. 
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Figure 2: Estimated momentum resolution. 

 

PRELIMINARY MEASUREMENT 
RESULTS 

Spectrum Measurement 
In prior to the measurement of the momentum spectrum, 

the phase difference between cells was set to -mode.  
Field strengths of both cells were also set to the nominal 
values of 25 and 70 MV/m for the 1st and 2nd cell 
respectively.  The emission current density of ~50 A/cm2 
was achieved by the cathode heater current of 9.95 A.  
The RF macropulse has the pulse length of 2 s.  Result 
of the 2D momentum spectrum is shown in Fig. 3.  
Measured beam intensity is obtained by averaging over 
five shots of beam signal.  Note that the leading edge of 
RF pulse is positioned to 1 s.  Because of the finite 
filling time of the gun cavities of about 0.2 s, there is a 
transient feature in the earlier time region of the RF 
macropulse.  Due to the B-B effect, increase in the 
emission current is occurred in the later time region, 
which will cause a heavier beam loading and thus 
decrease the beam energy.  As can be seen in Fig.3, 

however, such beam loading might be still small for this 
level of beam current, and thus the energy decrease might 
be not serious so much within the shorter pulse length of 
about 2 s. 

The time sliced momentum spectrum is also shown in 
Fig. 4.  The sliced time is determined to 2.25 s taking 
into account of the transient state by the RF filling time. 
The data plots show the average of 5 shots of beam pulses.  
Measured spectrum shows good resolution as expected.  
Although some small fraction can be seen in the higher 
momentum region than the peak, it may be considered as 
a contamination from scattered electrons.   

 

Figure 3: Measured 2D momentum spectrum. The leading 
edge of RF pulse corresponds to t = 1 s. 

 

0

2

4

6

8

10

2 2.1 2.2 2.3 2.4

I (
m

A
)

P (MeV/c)

Preliminary

Figure 4: Measured momentum spectrum.  The sliced 
time was set to 2.25 s. 
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Since the absolute value of the momentum is deduced 
by the measured field strength with an effective length 
obtained by the 3D field calculation, the energy 
calibration based on the measured effective length should 
be required to ensure the actual momentum accurately.  
Furthermore, although the data seems to be also well 
consistent with the tracking simulation, further study is 
being performed to investigate the beam property in detail 
[5]. 

 
Measurement of Stability 

The Faraday cup signal placed after the beam slit is 
shown in Fig.5, which was measured at almost the peak 
energy.  The CT signal placed at the gun exit is also 
shown in the figure, in which the increasing signal can be 
clearly seen.  The increasing beam current due to the 
cathode heating by the B-B effect is reaching to 360 mA 
at the end of the macropulse.  

 

 

Figure 5: Observed beam signal.  Ch.1: input RF pulse for 
cathode cell, Ch.2: CT signal and Ch.3: FC signal, 
respectively.  Two different timings were assigned to 
measure the beam stability. 

 

Figure 6: Preliminary result of measured beam stability. 

Using the Faraday cup signal, the beam stability was 
observed as shown in Fig. 6.  Two trends in Fig. 6 
correspond to the different timings as depicted in Fig. 5, 
in which nearby 5 data points were averaged for each 
timing position to eliminate the noise contribution.  The 
trend #1 has a rather large shot-by-shot fluctuation, in 
which overall deviation was estimated to be 4 % in rms.  
Although it may be considered that this large fluctuation 
is caused by the B-B effect at the moment, more 
information should be required to understand and 
overcome this feature.  On the other hand, the trend #2 
shows smaller shot-by-shot fluctuation but some cyclic 
structure.  Note that these two trends were not observed 
simultaneously.  Since the temperature of the gun cavities 
is well controlled within the stability of 0.1 degree, this 
cyclic structure might be considered to be caused by an 
insufficient stability of the other cooling water system.  
Anyhow, further investigation will be done to realize the 
more stable beam. 

SUMMARY AND T-ACTS STATUS 
Beam commissioning of ITC-RF gun has been 

performed for the t-ACTS project.  Measured energy 
spectrum shows good momentum resolution as estimated 
and also looks well consistent with simulation.  Since the 
preliminary results show unstable behaviour in the 
extracted beam, further study is continued to investigate 
the source of the instability.   According to the simulation 
study with the 2D heat transfer model, increased emission 
current due to B-B effect might cause a problem, and thus 
fabrication of new RF gun is on going, which employs a 
little bit larger cathode diameter to mitigate the B-B effect. 

Regarding the t-ACTS construction, injector linac has 
been almost constructed in the dedicated light source 
house.  Dipole magnets were already fabricated for the 
half of isochronous accumulator ring.  Towards the 
commissioning start in the next year, further efforts such 
as a study of beam dynamics, preparation of vacuum 
chamber and beam monitors, control system, etc. are also 
being done. 

REFERENCES 
[1] H. Hama et al., New J. Phys. 8 (2006) 292, 

H. Hama and M. Yasuda, Proc. of FEL2009, (2009) 
394. 

[2] T. Tanaka, et al., Proc. of FEL2005, (2005) 371. 
[3] F. Miyahara et al., Proc. of IPAC’10, (2010) 4509. 
[4] X. Li et al., Proc. of IPAC’12, (2012) MOPPP036. 
[5] N.Y. Huang, private communication. 
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DESIGN STUDY OF THE LINAC OF THE SHANGHAI SOFT X-RAY FREE 
ELECTRON LASER FACILITY 

Dazhang Huang#, Qiang Gu†, Meng Zhang, Wencheng Fang, Duan Gu, Guoqiang Lin, 
SINAP, Shanghai, China

Abstract 
Shanghai soft X-ray Free Electron Laser (SXFEL) will 

be the first X-ray FEL facility in China. In this article, 
physical study in the design process of the linear 
accelerator (LINAC) will be given. The study is about 
how to improve the performance of the LINAC to gain 
stable operation and control over the possible instabilities 
such as the microbunching instability [1], which are 
critical to the success of the FEL facility.   

INTRODUCTION 
The recent approved Shanghai soft X-ray FEL facility 

is planned to be built in a few years. It is proposed to be a 
cascading HGHG FEL facility which will be working at 9 
nm soft X-ray band. The main beam parameters at the exit 
of the LINAC are shown in table 1. 

 

Table 1: Main beam parameters of SXFEL LINAC 

Parameter Value 

Electron energy (MeV) 0.84 

rms energy spread (%) 0.10 - 0.15 

rms normalized emittance (mm-
mrad) 

2.0 - 2.5 

Bunch length (ps, FWHM) ~0.8 

Bunch charge (nC)  0.5 

Peak current (A) 600 

Rep. rate 1 - 10 

 
In order to reach the desired beam quality and match 

the engineering requirements, the LINAC lattice was 
designed and optimized. The layout of the LINAC is 
illustrated in Figure 1. The working parameters of each 
LINAC components are determined, the jitter analysis 
and transverse trajectory error correction are given. The 
mechanism of microbunching instability in SXFEL is also 
studied.  

 
 
Figure 1 (color): layout of SXFEL linear accelerator 
(LINAC). 

 

BASIC DESIGN 
As shown in Figure 1, the SXFEL LINAC mainly 

consists of 3 accelerating sections, 2 compressors and 2 
diagnostic sections. The 2 bunch compressors (BC1, 
BC2) provide 10-fold compression rate in total to increase 
the peak current from ~60 A after the injector to ~ 600 A 
at the LINAC exit; the 3 accelerating sections includes 2 
S-band structures (L1, L2) and a C-band structure (L3). 
The C-band structure is more compact and able to provide 
stronger wake field, which is very important to reduce the 
total size of the LINAC and compensate the beam energy 
spread after the 2nd bunch compressor. The total length of 
the LINAC is about 135 m. The longitudinal phase spaces 
and current profiles at various locations are shown in 
Figure 2 for comparison. 

  
(a)                                      (b) 

 
(c)                                        (d) 

Figure 2 (color): longitudinal phase space (red) and 
current profile along the bunch (blue) at (a): entry of 
injector; (b) exit of injector; (c) exit of BC2; (d) exit of L3. 
 
The FODO focusing structures are used at the exit of BC1 
and L3 to make the transverse emittance measurement 
and beam tomography. A number of quadruple magnets 
are also used in between each section to do transverse 
matching. The betatron functions and the transverse beam 

L1         BC1                 L2        BC2         L3 

 ____________________________________________  
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envelope are computed by Elegant [2], which are 
illustrated in Figure 3: 

 

 
Figure 3 (color): upper: betatron functions: βx (black); βy 
(red) and ηx (blue) along the LINAC; Lower: beam 
envelope functions: σ1 (black), σ3 (red), σ16 (blue). 

 BEAM STABILITY CONTROL 
In general, the instrumental errors are the major factors 

to disturb the beam parameters. If the errors are not well-
controlled, the beam quality will be impaired and the 
trajectory error will also be significant. In the following, 
the details will be discussed separately in longitudinal and 
transverse direction.  

Longitudinal Jitter Analysis 
The longitudinal stability control usually includes 

energy, current and arrival time. As introduced before, 
SXFEL is a cascaded HGHG FEL facility, which has very 
high demands on the electron beam quality. For example, 
since SXFEL adopts fresh bunching technology, it 
requires that the pulse length of the seed laser to be much 
less than that of the electron pulse, meanwhile, the jitter 
between seed laser and beam bunch shall be much less 
than the electron pulse length. In summary, the variation 
of the beam parameters are mainly produced by errors of 
bunch charge, arrival time, accelerating phase and 
amplitude, and the magnetic field of the bending magnet, 
etc. The basic jitters of different kind in SXFEL are 
shown in table 2.  

Table 2: Basic jitters of SXFEL 

Jitter source Value Unit 

Central energy < 0.1 % 

Peak current         < 10    % 

Arrival time < 100 fs 

 

Because of the diversity of the errors, we need to 
reasonably assign the errors to each part. In our study, the 
total compression rate keeps constant, the compression 
rates and R56s of BC1 and BC2 are then adjusted 
separately to find different working points, and the errors 
at each working point are analyzed at last to obtain the 
best working condition. 

The results indicate that as the R56 of BC1 falls in 
between -50 mm and -45 mm, and the R56 of BC2 falls in 
between -16 mm and -14 mm, the working point is 
optimized in terms of the jitter introduced by the 
instrumental errors. Moreover, we observed that the 
change of the jitters of peak current and arrival time are in 
the same direction of the change of the compression rate 
assignment, whereas that of central beam energy is 
opposite to the change of the compression rate 
assignment. As shown in Figure 4. As a result, we choose 
the compression rate of BC1 to be -48 mm and that of 
BC2 to be -15 mm.  

Transverse Orbit Correction 
Because of the mechanic errors during manufacture and 

installation, the beam will not always be on the ideal 
trajectory, which introduces nonlinear effects and results 
in bad beam quality. If those errors are not well-
controlled, serious beam loss will happen and the whole 
machine will not work properly. Therefore, precise orbit 
control and correction are needed to guarantee the 
working condition of machine. 
    

 
Figure 4 (color): comparison of jitters at different 
compression rate assignments (BC1*BC2). 

 
In the study, we used the method of BBA [3] (Beam-

Based Alignment) to solve this problem including one to 
one, global and dispersion-free algorithms. The initial 
errors used in this study are in table 3. The beam 
trajectories before and after correction are shown in 
Figure 5 and Figure 6, respectively. In the figures, we can 
see that the deviation of the beam trajectory due to initial 
errors can be corrected effectively, e.g., the order of 
amplitude is reduced from mms to microns. 
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   Table 3: Initial errors to start correction 

Error source  Δx,Δy (μm)  Δθ 
(mrad)  

ΔK/K, 
ΔB/B (%) 

dipole  150  1  0.01  

quadruple  150   1  0.1  

BPM  150  N/A  N/A  

Accelerating tube  150  N/A   N/A  

 

 
Figure 5: SXFEL beam trajectory before correction: 5 
particles, 30 BPMs. 

 
Figure 6: SXFEL beam trajectory after correction: 5 
particles, 30 BPMs. 

MICROBUNCHING INSTABILITY 
Microbunching instability (μBI) is an important issue in 

the LINAC of a FEL facility. If the gain of the instability 
is too large, the quality of the electron beam will be 
destroyed and is harmful to the whole FEL device. 

Both the analytical computation and numerical 
simulation show that the microbunching instability in 
SXFEL is not negligible, and the LSC impedance induced 
growth is much larger than that driven by the CSR 
impedance. Moreover, the gain is sensitive to some 
critical beam and lattice parameters such as the beam size, 
uncorrelated energy spread and the R56 in the chicanes, 
etc.  

As a matter of fact, a laser heater is needed to suppress 
the instability. Further study is on the way to optimize and 
properly implement the laser heater into the SXFEL 
lattice. The gain curves of μBI computed by different 
methods are shown in Figure 7. The result by Elegant 

seems to have higher peak gain and it may be due to 
numerical noise with the default settings of digital filter. 
The gain curves by Elegant with laser heater on with 
various laser spot sizes are in Figure 8. We can see that 
the gain is suppressed dramatically with Laser heater, 
especially when the laser spot size matches the transverse 
size of the beam. 

 
Figure 7 (color): μBI gain in SXFEL computed by 
different methods: Elegant (red), ImpactZ (green) and 
Analytic (blue). 

 
Figure 8 (color): μBI gain in SXFEL computed by 
Elegant with various laser waist sizes: without laser 
heater & waist = 0.3 mm (red), with laser heater & waist 
= 0.1 mm (green), with laser heater & waist = 0.3 mm 
(blue), with laser heater & waist = 0.5 mm. 

CONCLUSIONS 
The study of physial design for the LINAC of SXFEL 

has started. The beam and machine parameters are being 
optimized to gain the best performance. The basic 
structure is determined, the beam dynamics in both 
direcctions is analyzed, the longitudinal jitter study is 
done, the orbit correction analysis has been carried out 
and the microbunching instability study is ongoing. The 
work is continuing to be detailed and is expected to turn 
into  a real machine. 
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ENHANCEMENT OF THE ELECTRON ENERGY BY USING A LINEARLY 
TAPERED DENSITY IN THE LASER WAKEFIELD ACCELERATION 

Jaehoon Kim#,  
Korea Electrotechnology Research Insititute, Sadong, Ansan, Gyeonggido, Rep. Korea

Abstract 
Due to the capability of making a compact accelerator 

and the ability to generate an ultra-short bunch electron 
beam, a laser wakefield acceleration (LWFA) is widely 
studied. In LWFA, a dephasing effect is the main 
limitation of the electron energy. To overcome the 
dephasing effect and increase the electron energy, we 
studied the linearly tapered density. Experimental results 
show that with linearly tapered density, we could increase 
the electron energy with the same laser power. 

INTRODUCTION 
By using an ultra high power femtosecond laser and 

plasma, it is possible to accelerate the electron to high 
energy in short distance, which is called a laser wakefield 
accelerator (LWFA) [1,2]. When the high intensity laser 
propagates inside the plasma, a plasma wakewave is 
generated due to the Ponderomotive force. Acceleration 
field generated by this wakewave, the electron can be 
accelerated. The acceleration field strength is almost 
thousand times higher than the conventional RF linac, a 
compact electron accelerator can be made. LWFA scheme 
also generate a femtosecond electron bunch due to the 
narrow acceleration region. Such short electron bunch can 
be used to time resolved x-ray probing experiment.  

In LWFA, the acceleration length is limited due to the 
dephasing effect, which means that the electron 
accelerated high energy can go out from the acceleration 
phase to deceleration phase. The dephasing length is 
determined by the plasma density (dephasing length 

3/ 2
en -µ ). Due to this dephasing effect, the energy of the 

electron is determined by the electron density of the 
plasma. To overcome the limitation of the energy due to 
the dephasing, a tapered density as an acceleration 
medium is proposed. In which the plasma density 
increases along the laser propagation direction [3]. In this 
work, we studied the effect of the tapered density on the 
energy. 

EFFECT OF THE TAPERED DENSITY 
In LWFA, a plasma density is an important parameter, 

because the density determines the maximum acceleration 
field strength limited by the wavebreaking, given as 

-3
max[V/ m] 0.96 [cm ]eE n= , and the dephasing length 

given as 2( / )d p pL l w w= , where pl  the plasma 

wavelength, w  laser frequency, and pw  the plasma 

frequency [4]. The maximum electron energy is 
determined by the plasma density because the electron 
energy can be estimated by the product of the field 
strength and the acceleration length.  

If the plasma density increases along the laser 
propagation direction, the plasma wavelength decreases. 
The size of the acceleration region decreases due to the 
size of the plasma wavelength. The laser position is 
almost the same because the group velocity of the laser 
does not change much. The overall effect of the density 
increment is that the region of acceleration (acceleration 
phase) go ahead compared with the uniform density. 
Using this effect, the electron can be accelerated in longer 
distance. The acceleration field strength also increases 
along the laser propagation direction. Due to these effects, 
the electron can be accelerated higher energy by using a 
tapered density.  

EXPERIMENT AND RESULTS 
The effect of the linearly tapered density was studied 

by using a square nozzle and a high power femtosecond 
laser. To generate a linearly tapered density structure, a 
square shape nozzle was made. The measured gas density 
profile shows that the gas density linearly decreases along 
the normal direction of the nozzle. Simply tilting the 
nozzle, the gas density along the laser propagation 
direction increases linearly because the distance between 
the laser and the nozzle linearly decreases. The size of the 
nozzle out is 3 mm long and 1 mm wide. The gas density 
was controlled by the back pressure of the gas nozzle and 
the laser beam height from the nozzle. 

Figure 1 shows the experimental setup. A 20 TW laser 
was used. The pulse duration of the laser was 40 fs which 
was measured by using a single shot autocorrelator before 
the experiment. For the experiment, the laser energy was 
500 mJ. The laser beam was focused using on axis 
parabolic mirror with f/#=17. 

The plasma density was measured by using a biprism 
interferometer for each laser shot. A small part of the laser 
beam was used for the interferometer. The frequency was 
converted to second harmonic frequency by using a BBO 
crystal. The delay between the laser pulse and the probe 
light was controlled by the optical delay line of the probe 
light. In the experiment the delay was set as the main 
pulse is at the edge of the nozzle. 

A Lanex film was used to measure the electron beam 
position. The fluorescence light from the Lanex film was 
imaged on the ICCD camera. For the electron energy 
measurement, a permanent magnet was inserted between 
the Lanex and the nozzle. The magnetic field of the 
magnet was 1 T. After the magnet, an integrated current 
transformer (ICT) was used to measure the bunch charge.  

 ___________________________________________  
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Table 1: Summary of Data 

 
Parallel nozzle Tilted nozzle 

average deviation average deviation 

Charge 

[pC] 
74.6 ± 24 124 ± 13 

Density 

[1018 cm-3] 
7 ± 0.8 19 ± 1.3 

Energy 

[MeV] 
67 50 ~ 100 77 90 ~ 67 

xc [mm] -4.5 ± 3.3 -2.9 ± 2.3 

yc [mm] 4.0 ± 3.9 4.6 ± 3.7 

 
The back pressure was 30 bar for parallel nozzle and 50 

bar for tilted nozzle. The low density with tilted nozzle 
was 5×1018 cm-3, the back pressure for the parallel nozzle 
was reduced to compare the low density plasma. 

For each condition, the beam position and the energy 
were measured in 10 consecutive shots. The overall 
results summarized in Table 1. The average value is the 
average over 10 experiments and the deviation means the 
standard deviation. In Table 1, the bunch charge was only 
measured with magnet which means that only high energy 
electron bunch was measured. The density value in Table 
1 is the average value in 2 mm range. The bunch charge 
and the electron energy increase with tilted nozzle. 

To simulate the plasma condition dependence on the 
electron energy, a two dimensional particle in cell code 
(XOOPIC) was used to simulate the density structure 
effect on the electron energy [6]. 

Two different density profiles were used. One is 
uniform plasma density where the density is 4×1019 cm-3 
and the other is the linearly tapered density profile. For 
tapered density profile, the density increases by 1019 cm-3 
in 1 mm. The electron energy in acceleration distance in 
shown in Fig. 4. With uniform density, the electron is 
accelerated in longer distance. With tapered density, the 
electron is accelerated shorter distance but the energy is 
higher than with the uniform density. As mentioned above, 
with linearly tapered plasma density, the acceleration 
field strength is higher than with uniform plasma density. 
So the electron can be accelerated in higher energy. The 
simulation and the experimental results show that with 
linearly tapered plasma density, the electron can be 
accelerated in higher energy with the same laser 
parameter. 

Figure 4: Electron energy in acceleration distance. (2D 
simulation results.) Open circle shows the electron energy 
with linearly tapered density and cross shows with 
parallel nozzle. 

CONCLUSION 
In conclusion, the effect of the linearly tapered density 

structures on the electron energy is studied. To generate 
the linearly tapered plasma density profile, the nozzle was 
simply tilted so the distance between the nozzle and the 
laser changes linearly along the laser propagation 
direction. The measured plasma density shows the 
linearly tapered density can be easily generated by this 
geometry. The experimental and simulation results agree 
that with linearly tapered density, the energy of the 
electron increases. The measured beam properties indicate 
that the electron energy can increase by using a linearly 
tapered density. The bunch charge also increases with the 
tapered density. A PIC results show that the electron can 
be accelerated higher energy with the tapered plasma 
density because of the higher acceleration field with the 
tapered density. 
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Abstract
Recently, there were several activities to build much

more compact XFEL facilities, which are based on C-band
and X-band RF linac technologies. But up to now, there
was no detailed research to compare the performance of S-
band, C-band, and X-band RF linac based compact XFEL
facilities. To compare the performance, recently, Idaho
State University Next-generation advanced Accelerators &
ultrafast Beams Lab (ISU NABL) members have designed
three different XFEL facilities where the S-band, C-band,
and X-band RF linac technologies are used for the main
FEL driving linacs. In this paper, we describe layouts, start-
to-end simulations, and comparison of overall performance
of those three XFEL facilities. In addition, we also describe
control of energy chirp, RF jitter tolerances, alignment and
transverse wakefield issue, and bandwidth of XFEL photon
beam in C-band or X-band based compact XFEL facilities.

INTRODUCTION
Recently, several leading national laboratories around

world have constructed or plans to construct new XFEL
facilities. Among them, SPring-8 Angstrom Compact free
electron LAser (SACLA) of SPring-8 in Japan was con-
structed by using the C-band RF linac technology due to the
limitation in available site for their XFEL facility [1]. After
considering the performance of the XFEL driving linac and
an available site for the facility, similarly, PSI in Switzer-
land also determined to build their SwissFEL facility with
the same C-band RF linac technology [2]. After the suc-
cessful XFEL lasing at SACLA, demand on compact XFEL
facilities becomes much stronger. Recently, there were sev-
eral activities to build much more compact XFEL facilities
with a higher RF frequency. However, there are merits and
demerits when we use a higher RF frequency for the XFEL
driving main linac. To compare overall performance of the
various XFEL driving linacs, ISU NABL members have
designed three different XFEL facilities where the S-band,
C-band, and X-band RF linac technologies are used in the
XFEL driving main linacs after the second bunch compres-
sor (BC2). Here, to supply the same initial beam condi-
tions up to BC2, a common S-band injector and linac from
the gun cathode to BC2 are used in three different XFEL
facilities. In this paper, we describe how to control the en-

∗E-Mail: yjkim@ISU.edu

ergy chirp and energy spread at the end of the XFEL driv-
ing linac, and compare overall performance of those three
XFEL facilities, where RF jitter tolerances, alignment and
transverse short-range wakefield issue, and bandwidth of
XFEL photon beam are discussed.

ENERGY CHIRP VS. XFEL BANDWIDTH
Generally, the bandwidth of XFEL photon beams be-

comes wider, and the brilliance of XFEL photon beams
is also dropped if the projected energy spread of the elec-
tron bunch is larger at the entrance of undulators where the
XFEL photon beams are generated [3]. That means that the
energy chirp in the longitudinal phase space of the electron
beam should be flat or minimized to obtain the minimum
projected energy spread and to get the narrowest bandwidth
and the highest brillance of the XFEL photon beams [3].
For a Gaussian electron beam, the rms relative pro-

jected energy spread σδ after an RF linac is a function of
the longitudinal short-range wakefield W||, single bunch
charge Q = Ne, rms bunch length σz , RF frequency
frf = κrfc/2π, RF gradient G, and RF phase φrf of the
linac, and it is given by

σδ �

∣
∣
∣
∣
∣

(1 + 0.25i)3.04πε0NreW||(1.3σz)

2.35G cosφrf

−σzκrf tanφrf

∣
∣
∣
∣
∣
, (1)

where ε0 is the permittivity of free space, N is the num-
ber of electrons per bunch, e is the single electron charge,
κrf is the wave number of the RF linac, and c is the speed
of light [3, 4]. Since the longitudinal short-range wake-
field W|| of a long periodic linac structure is a function of
the average iris radius a and the periodic cell length L in
the linac structure, the rms relative projected energy spread
σδ also depends on them, and the minimum σδ can be ob-
tained when the real part of Eq. (1) is zero [3–5]. There-
fore, the minimum projected energy spread and minimum
XFEL bandwidth can always be obtainable by choosing a
proper RF gradientG and a proper phase φrf of the linac for
a given linac structure, a given bunch length, and a given
bunch charge [3].
As summarized in Table 1 and as shown in Fig. 1, aver-

age geometric parameters a, b, g, and L of common Eu-
ropean S-band, C-band, and X-band linac structures are

Proceedings of FEL2012, Nara, Japan MOPD48

FEL Technology I: Gun, Injector, Accelerator 149 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Table 1: Average Parameters of Linac Structures [3]
Parameter Unit S-band C-band X-band
RF frequency MHz 2998 5996 11992
iris radius a mm 11.003 6.954 4.548
outer radius b mm 40.151 20.101 10.713
cell gap g mm 28.333 14.167 8.714
cell period L mm 33.333 16.667 10.410

Figure 1: Longitudinal short-range wakefields (left) and
transverse short-range wakefields (right) of S-band (black),
C-band (red), and X-band (blue) linac structures as sum-
marized in Table 1. Here z means the longitudinal distance
between one wake-receiving electron and the other wake-
generating electron in a bunch [3].

investigated, and their longitudinal and transverse short-
range wakefields are plotted to compare their magnitudes
and nonlinearity [3, 5]. Since the rms bunch length after
BC2 in the XFEL driving linac is generally shorter than
15 μm, which corresponds to about 90 μm in the full width,
the transverse short-range wakefield of the C-band linac
structure is similar to that of the S-band linac structure for
such a short bunch, z ≤ 90 μm as shown in Fig. 1. How-
ever, the transverse short-range wakefield of the X-band
linac structure is somewhat bigger than those of S-band
and C-band linacs. In addition, the longitudinal short-range
wakefield of the X-band linac structure is much stronger
and nonlinear than those of the S-band and C-band linac
structures for such a short bunch length as shown in Fig. 1.
As shown in Figs. 2 and 3(bottom), the initial large en-

ergy chirp and the initial big rms relative projected energy
spread of σδ = 0.473% after BC2 can be damped down
by the action of the longitudinal short-range wakefield in
a 205.14 m long X-band linac [3]. By optimizing the RF
gradient and RF phase of the linac properly, the initial big
energy spread can be damped down to about 0.02% as
shown in Figs. 2(top-left), 2(middle-right), and 2(bottom-
right). Here, electron beam is accelerated from 1.469 GeV
to about 6.0 GeV by the X-band linac, and all initial beam
parameters at the entrance of the X-band linac are same
for all five cases in Fig. 2, but only RF gradient and RF
phase are different for those cases. Figures. 2(top-right),
2(middle-left), and 2(middle-right) show the impact of the
RF phase on the energy chirp and the rms energy spread
for an RF gradient of 40 MV/m, and Figs. 2(middle-left),
2(bottom-left), and 2(bottom-right) show the impact of the
RF gradient on the energy chirp and the rms energy spread
for an RF phase of -5 degree [3].

Figure 2: Longitudinal phase spaces showing compensa-
tion of the energy chirp and damping of the projected en-
ergy spread after a 205.14 m long X-band linac: (top-left)
the initial phase space at the entrance of the X-band linac
with σδ = 0.473%, (top-right) the final phase space at the
exit of the linac with σδ = 0.074% for an RF gradient
of 40 MV/m and an RF phase of +5 degree, (middle-left)
the final phase space with σδ = 0.032% for 40 MV/m
and -5 degree, (middle-right) the final phase space with
σδ = 0.022% for 40 MV/m and -10 degree, (bottom-left)
the final phase space with σδ = 0.051% for 36 MV/m and
-5 degree, and (bottom-right) the final phase space with
σδ = 0.024% for 44 MV/m and -5 degree [3].

OPTIMIZED XFEL LINACS
As shown in Fig. 3, three S-band, C-band, and X-band

RF linac technology based 6.0 GeV XFEL facilities are de-
signed to generate XFEL photon beam at 0.1 nm with a
50 m long in-vacuum undulator [2, 3]. To compare per-
formance of XFEL driving main linacs after BC2 prop-
erly, all initial beam parameters right after BC2 should be
same for those three XFEL linacs. Therefore, a common
S-band injector and linac from the gun cathode to BC2
are used as shown in Fig. 3. To optimize the RF gradi-
ent, RF phase, and RF distributions of the main linac af-
ter BC2, we have considered possible RF power sources,
SLED gain, length of linac structures, FODO cell length,
available tunnel length, total linac length, compensation of
the final energy chirp and the minimum energy spread af-
ter the main linac, and RF jitter tolerance. Specially, all
linacs were optimized to have the flat energy chirp or the
minimum energy spread at the entrance of the undulator.
In addition, to reduce RF phase jitter, the RF phases were
optimized to have the near-on-crest RF phases for C-band
and X-band RF linacs. Their detailed layouts of the RF dis-
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Figure 3: Layouts of S-band (top), C-band (middle), and X-band (bottom) based XFEL driving linacs [3].

tribution systems and linac FODO lattices can be found in a
reference [3]. The key parameters of those three optimized
linacs are summarized in Table 2, and the peak current and
slice emittances and slice energy spread of the S-band linac
based XFEL facility are shown in Fig. 4. Please note that
the peak current and slice parameters of the C-band and
X-band based XFEL facilities are close to those of S-band
based XFEL facility [3]. Therefore, there is no big differ-
ence between those three linac facilities if we look into only
slice parameters and peak current. However, there are some
differences if we look into the nonlinearity in the longitu-
dinal phase space, the energy chirp, the projected energy
spread, the FEL photon beam bandwidth, total linac length,
sensitivities on RF jitters and misalignments, and construc-
tion budget as summarized in Table 2.
In case of the S-band linac based XFEL facility, origi-

nally, we chose 0 degree for the RF phase of the S-band
main linac after BC2 to get the maximum energy gain in
the linac, to reduce the linac length, and to reduce the
sensitivity of the RF phase errors. However, as shown
in Fig. 5(top-left), in this case, the energy chirp was not
compensated effectively, and the rms relative projected en-
ergy spread was about 0.068% due to the weak longitudi-
nal short-range wakefield of the S-band linac. As shown in
Fig. 5(top-right), we can obtain the best energy chirp and
the minimum energy spread of 0.013% by changing its RF
phase from 0 degree to 40 degree for a given RF gradient

Table 2: Key Parameters of Three Optimized Linacs [3]
Parameter Unit S-band C-band X-band
final beam energy GeV 6.121 6.324 6.380
normalized rms emittance μm 0.397 0.396 0.399
peak current at core kA 1.6 1.6 1.6
slice emittance at core μm 0.33 0.33 0.33
rms slice energy spread keV 148 148 148
RF gradient of linac MV/m 22 30 44
RF phase of linac deg 40 10 -5
no of linac structure · 68 96 156
no of 100 MW modulator · 34 48 26
structures per modulator 2 2 6
no of klystron · 34 48 26
no of FODO cells · 34 24 26
length of a FODO cell m 10.4 9.9 7.89
length of linac after BC2 m 353.6 237.6 205.14
RF power of klystron MW 45 50 50
SLED gain with a margin · 2.5 2.63 4.8
power margin % 15 24 10
impact of RF jitter · middle low high
impact of misalignment · low low middle
nonlinearity in long. phase · weak weak strong
rms energy spread σδ % 0.013 0.014 0.024
rms FEL bandwidth Δλ/λ % 0.05 0.05 0.10
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Figure 4: Peak current and slice parameters at the end of
S-band based XFEL linac [3].

Figure 5: Longitudinal phase spaces at the end of S-band
(top-left and top-right), C-band (bottom-left) and, X-band
(bottom-right) based XFEL linacs [3].

of 22 MV/m. Therefore, the sensitivity of the RF phase
errors becomes worse even though we could get a better
FEL photon beam bandwidth with 40 degree. To solve this
RF phase error issue and to use a near on-crest RF phase,
a linac with a much higher RF gradient or a much longer
linac is required. But there is limitation for us to choose a
much longer linac for the compact XFEL facility and we
can’t choose a much higher RF gradient with the S-band
RF linac technology either.
These difficulties can be easily solved by using compact

C-band and X-band RF linacs, which can supply higher
gradients and stronger longitudinal short-range wakefield.
As shown in Figs.3(middle) and 5(bottom-left) and sum-
marized in Table 2, the chirp and the rms relative projec-
tive energy spread of the C-band linac are almost same
as those of S-band linac though the RF phase of C-band
linac is 10 degree for 30 MV/m. In addition, the C-band
linac can supply a good linearity in the longitudinal phase
space, a low sensitivity of the RF phase error due to the
near on-crest RF phase operation and more modulators, a
low sensitivity of misalignment of linac structures due to

a low transverse short-range wakefield for a short bunch
length and due to a short linac length, a narrow FEL pho-
ton beam bandwidth due to a small projected energy spread
of 0.014%, and a short linac length and a compact XFEL
facility [3].
However, the X-band linac supplies a higher nonlinearity

in the longitudinal phase space due to a higher longitudinal
short-range wakefield, a higher RF jitter sensitivity due to
a higher SLED gain and more linac structures per modu-
lator, and smaller number of modulators. a higher sensi-
tivity of misalignment of linac structures due to a higher
transverse short-range wakefield, a more wide FEL photon
beam bandwidth due to a bigger projected energy spread of
0.024% [3].

SUMMARY & ACKNOWLEDGMENTS
Although the X-band linac technology can supply a com-

pact XFEL facility, its performance is worse than the C-
band RF linac based XFEL facility due to many reasons
as described in previous section. The X-band linac can
supply a higher gradient to make a more compact XFEL
facility. However, in this case, we may feel difficulty to
control the energy chirp, the nonlinearity in the longitudi-
nal phase space, and to get a small projected energy spread
and a small XFEL photon beam bandwidth, and to reduce
RF jitter sensitivity. In case of the S-band linac technology,
there is also a limitation to build a compact XFEL facil-
ity due to its weak longitudinal short-range wakefield. But
the C-band RF linac technology can supply proper short-
range wakefields and various other advantages for a com-
pact XFEL facility.
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Abstract 
In Pohang Accelerator Laboratory (PAL) in Korea 

construction of XFEL (X-ray Free electron Lazar) 
institution is under construction aiming at the completion 
in 2014[1]. Energy 10GeV of the linac part of this 
institution and main frequency are planned in S-band 
(2856 MHz), and about 178 S-band 3m accelerating 
structures are due to be used for this linac. 
The oscillation of an X-ray laser requires very low 

emittance electron beam. On the other hand, since the 
accelerating structure which accelerates an electron beam 
has a feed port of microwave (iris), the electromagnetic 
field asymmetry of the microwave feeding device called 
coupler worsens the emittance of an electron beam. 
MHI manufactured two kinds of S-band accelerating 

structures with which the electromagnetic field 
asymmetry of coupler cavity was compensated for 
PALXFEL linac. We report these accelerating structures. 
 

INTRODUCTION 
MHI manufactured two kinds of every two S-band 

accelerating structures as prototype machine for 
PALXFEL linac, and supplied them to PAL in June and 
August 2012 respectively. 1st kind of accelerating 
structures which MHI manufactured are S-band 3m 
structure which equipped J-type double feed coupler, 
and one more kind equips quasi-symmetrical type single 
feed coupler. Both accelerating structures, J-type and 
Quasi-symmetrical type, are the structures with which 
the electromagnetic field asymmetry of coupler cavity 
was compensated. 

 

TWO TYPE PROTOTYPE S-BAND 
ACCELERATING STRUCTURE FOR 

PALXFEL 
Fig.1 shows J-type S-band accelerating structure which 

equipped J-type double feed coupler. Fig.2 shows Quasi-
symmetrical type S-band accelerating structure which 
equipped quasi-symmetrical type single feed coupler. 

These are 3m long, constant gradient, S-band 
2856MHz accelerating structures. Cell number is 84 
regular cells and 2 coupler cells. Material of these 
structures is oxygen free high conductivity copper. All 
cell are machined by super-precision lathe, and surface 
roughness of these cells are suppressed to 0.1 m or less. 
And all cells are assembled by vacuum brazing. Table 1 
shows the specifications of these S-band accelerating 
structures. 

 

Table 1

Resonance Frequency 2,856 MHz
Phase Shift 2�/3
Accelerator Type C.G.
Number of Cells 84+2 coupler cell
Quality Factor 13000
Group Velocity 0.012c (average)
Shunt Impedance 49.3 60.0 M�/m
Attenuation Constant 0.56
Filling Time 0.84 �s

J-type
Quasi-summetry

Coupler type
 

Figure 1: Linac layout of PAL XFEL project. 
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S-band Accelerating Structures

S-band
Klystron

BC2
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~3GeV 10GeV

: Specifications of S-band Accelerating 

Mihara, Hiroshima, 729-0393, JAPAN 
San31, Hyoja-dong, Nam-gu,

Structures 

Proceedings of FEL2012, Nara, Japan MOPD51

FEL Technology I: Gun, Injector, Accelerator 153 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 2: J-type S-band accelerating structure. 

 

 
Figure 3: Quasi-symmetrical type S-band accelerating 
structure. 
 

J-TYPE COUPLER AND QUASI-
SYMMETRICAL COUPLER 

J-type double feed coupler that Professor Matsumoto in 
KEK devised[2] has two irises although that has only one 
connection with wave-guide. Therefore, the surface field 
intensity at the iris is low, and low beam emittance is 
maintainable since electromagnetic field in the coupler 
cavity is symmetrical. 

g/4

2 g

Iris

MicrowaveElectron 
beamg/4

2 g

Iris

MicrowaveElectron 
beam

  
Figure 4: J-type coupler. 

 
Quasi- symmetrical type coupler have wave guide of 

1/4-wave length in iris opposite side in order to 
compensate asymmetry of electromagnetic field in the 
coupler cavity.  

The single feed type S-band accelerating structures 
which MHI manufactured is operated by a high axial 
gradient up to 30 MV/m in ATF/KEK and PLS /PAL. 
The axial gradient of PALXFEL linac is 20  25 MV/m. 
Thus an accelerating structure with this type of coupler is 
applicable for PALXFEL linac. 

Wave-guideIris

Another Iris

Beam hole

g/4

Microwave

Electron 
beam

Wave-guideIris

Another Iris

Beam hole

g/4

Microwave

Electron 
beam

 
Figure 6: Quasi- symmetrical type coupler. 

 

ANALYSIS AND MEASUREMENT 
A decision of the coupler optimal shape was made by 

the analysis by a computer and RF measurement of a test 
model. The computer code used the three-dimensional 
electromagnetic field analysis code HFSS. The test 
model was manufactured based on calculated data. The 
coupler optimal shape was determined by correction 
processing of the test model while performing RF 
measurement. RF measurement was performed by the 
nodal shifting method using the network analyzer. 

Figure 7: Analysis model (J-type).  
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Figure 8: RF measurement (J-type). 
 

LOW LEVEL RF RESULTS 
MHI manufactured two J-type S-band accelerating 

structures and two quasi-symmetrical type S-band 
accelerating structures. Table2 shows Final RF result. 
Input and output VSWR are less than 1.05 (tolerance) at 
operation frequency. Phase error is lass than 2.5 degree 
(tolerance).   

 
Table 2

J-type 01 J-type 02 Q-type 01 Q-type 02
Input VSWR 1.032 1.021 1.014 1.007
Output 1.023 1.037 1.044 1.04
Phase error ±0.17deg ±0.18deg ±0.14deg ±0.11deg
Quality Factor 13668 13265 13621 13667
Group 0.012 0.012 0.012 0.012
Attenuation
Constant (�) 0.551 0.567 0.551 0.551

Filling Time 0.84�s 0.84�s 0.84�s 0.84�s

Item Accelerating structure type

 
 

 
Figure 9: Example of input VSWR (PQ01).  
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Figure 10: Example of phase error (PQ01).  

 

SUMMARY  
MHI manufactured two prototype J-type S-band 
accelerating structures and two prototype quasi-
symmetrical type S-band accelerating structures for 
PALXFEL. 
These accelerating structures are due to have high 
power test carried out in PAL. 
MHI receive the order of 40 accelerating structures 
from PAL, and are already preparing mass 
production. 
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BEAM DYNAMICS CALCULATIONS FOR THE SPring-8
PHOTOINJECTOR SYSTEM

USING MULTIPLE BEAM ENVELOPE EQUATIONS
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JASRI/SPring-8, 1-1-1, Koto, Sayo, Hyogo, 679-5198, Japan
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Abstract
A new semi-analytical method of investigating the beam

dynamics for electron injectors was developed. In this

method, a short bunched electron beam is assumed to be an

ensemble of several segmentation pieces in both the lon-

gitudinal and the transverse directions. The trajectory of

each electron in the segmentation pieces is solved by the

beam envelope equations. The shape of the entire bunch is

consequently calculated, and thus the emittances can be ob-

tained from weighted mean values of the solutions for the

obtained electron trajectories. Using this method, the beam

dynamics calculation for the SPring-8 photoinjector system

was performed while taking into account the space charge

fields, the image charge fields at a cathode surface, the elec-

tromagnetic fields of the rf gun cavity and the following ac-

celerator structure, and the fields of solenoidal coils. In this

paper, we discuss applicable conditions for this method by

comparing calculation results of this method and those of a

particle-tracking simulation code.

INTRODUCTION
The emittance calculation technique is important in the

design of electron injectors for x-ray free electron lasers.

There have been many analytical solutions for beam dy-

namics though it is difficult to accurately calculate practi-

cal bunch shapes and detailed emittance behavior. Mean-

while, particle-tracking simulation codes are useful to cal-

culate dynamics of practical beams. However, the calcu-

lated emittances often depend on the number of particles.

To overcome the above problems and for accurate calcu-

lations of short bunched electron beam dynamics, the au-

thors developed a new semi-analytical solution by combin-

ing an analytical method and a simulation method [1] using

the multiple beam envelope equations.

In this method, a short bunched electron beam is as-

sumed to be an ensemble of several segmentation pieces

in both the longitudinal and the transverse directions. The

trajectory of each electron in the segmentation pieces is

solved by the beam envelope equations. The shape of the

entire bunch is consequently calculated, and thus the accu-

rate emittances were successfully calculated from weighted

mean values of the solutions for the each obtained electron

trajectory.

∗mizuno@spring8.or.jp

In Ref [1], the authors discussed the semi-analytical

solution method of beam dynamics mainly about space

charge effects. Therefore, only the beam dynamics in an

rf gun cavity and free space including image charge ef-

fects for a cathode were described. However, to analyze the

beam dynamics of practical electron injectors, it is neces-

sary to calculate beam traces with solenoidal coil focusing

effects and in accelerator structures.

In this paper, we describe methods for calculating beam

traces in solenoidal fields and in accelerator structures us-

ing the semi-analytical method described in Ref [1]. We

also show the beam dynamics calculation results for the

SPring-8 photoinjector system and compare them with re-

sults of a particle-tracking simulation code.

OUTLINE OF MULTIPLE BEAM
ENVELOPE EQUATIONS

The initial bunch model used for the semi-analytical

method in Ref [1] is shown in Fig. 1. The bunch is lon-

gitudinally divided into m slices and transversely n parts.

The each electron is located at each segmentation boundary

and traced by the beam envelope equation.

r

z

rij ri·j+1

z1 zm+1zj zj+1

ri·m+1ri1

R1 Rj Rj+1 Rm+1

Figure 1: The initial bunch segmentation model for the

multiple beam envelope equations.

For the longitudinal envelope equations, the electrons zj

(j = 1, . . . , m + 1) are set on the beam axis. For the

transverse equations, the electrons rij (i = 1, . . . , n and

j = 1, . . . , m + 1) which represent the parts inside the

bunch are set at each transverse segmentation boundary,

Rj are set at circumference of the bunch. βj are also de-

fined as the normalized longitudinal velocity of each elec-
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tron having suffix j for differential equations in terms of

electron energy. Note that energy of electrons at zj , rij

(i = 1, . . . , n) and Rj are the same. These differential

equations make up a set of two dimensional multiple beam

envelope equations containing (n + 3) (m + 1) dependent

variables which are described in Ref [1] as follows:

d2Rj

dt2
= − e

γjm0

(
Er·sc

γ2
j

− Er + βjcBθ +
βj

c
· dRj

dt
Ez

)

(1)

d2rij

dt2
= − e

γjm0

(
Er·sc

γ2
j

− Er + βjcBθ +
βj

c
· drij

dt
Ez

)

(2)

d2zj

dt2
= − e

γ3
j m0

(Eξ·sc + Ez) (3)

dβj

dt
=

1
c

d2zj

dt2
. (4)

where Er·sc and Eξ·sc are summations of transverse

and longitudinal space charge fields from each longitudi-

nal slice, Er, Bθ and Ez are external electric and magnetic

fields.

Calculations with solenoidal focusing effects
To calculate solenoidal field focusing effects, one can-

didate method is that focusing terms
(

eBz

2m0γj

)2

Rj and(
eBz

2m0γj

)2

rij should be added in Eq. 1 and 2 respectively.

Though when the electrons are over-focused, Rj or rij be-

come negative values and the differential equations can not

be calculated at this point. Therefore, we decide to add

the differential equations for theta direction to the multiple

beam envelope equations. The equation for theta direction

can be derived from Eq.2 in Ref [1]:

d2Θ
dt2

=− e

γjm0A

(
βjcBr − dA

dt
Bz +

Aβj

c
Ez

dΘ
dt

)

− 2
A

dA

dt

dΘ
dt

.

(5)

where A represents Rj or rij , Θ represents θ of each

electron, Br and Bz are solenoidal fields.

For the transverse equations, the following terms have to

be added to the right-hand side of Eq. 1 and 2:

− e

γjm0

·AdΘ
dt

Bz + A

(
dΘ
dt

)2

. (6)

These envelope equations can be numerically analyzed

with a data file set of solenoidal fields.

Calculations in accelerator structures
Fields of a traveling wave accelerator structure can also

be prepared as a data file set and be included in the multi-

ple beam envelope equations, though in practical, fields of

a long accelerator structure are hard for calculation. There-

fore, we divide the structure into 3 sections, which are from

the coupler cell to the third cell, last 3 cells, and the other

normal cell section. For each section, we have prepared

two kinds of field mapping data, which are calculated with

the Neumann and Dirichlet boundary conditions for both

longitudinal ends, to represent the traveling wave fields as

follows:

Ez = En (z) cos (ωt)− Ed (z) sin (ωt)
Bθ = Bn (z) sin (ωt) + Bd (z) cos (ωt) .

(7)

where En(z) and Bn(z) are the Neumann condition

data, Ed(z) and Bd(z) are the Dirichlet condition data.

Note that for the normal section, the structure is periodical,

therefore only 1.5 cells are necessary to be prepared the

field mapping data since the structure is 2/3 π mode. Cal-

culated data for these 3 sections are connected smoothly to

represent the entire field of an accelerator structure.

BEAM DYNAMICS CALCULATIONS
As examples for beam dynamics analysis with

solenoidal and accelerator structure fields using the

multiple beam envelope equations, calculations for the

SPring-8 photoinjector system are discussed here. The

system consists of a single cell S-band rf gun cavity with

copper cathode [2], two solenoidal coils after the rf gun

cavity and a 3-m long traveling wave accelerator structure

whose entrance is located at 1.4 m from the cathode

surface. The beam energy is 3.7 MeV at the exit of the

rf gun cavity and 30.0 MeV at the exit of the accelerator

structure.

Figure 2 shows calculation results for the multiple

beam envelope equations along with those for the three-

dimensional particle-tracking simulation code [3] devel-

oped by the authors. The number of particles used in the

simulation code is 2× 104. The manner of bunch segmen-

tation is the same as that shown in Fig. 1, where m = 10,

n = 10, z1 = −6 mm and zm+1 = 0. The lengths of the

segmentation slices at both ends of the bunch are set to be

shorter than that of the middle slices as illustrated in Fig. 1.

The parameters for the calculations are listed in Table 1,

which are typical parameters for the photoinjector system.

Table 1: Parameters for beam dynamics calculations for the

SPring-8 photoinjector system.

Laser length 20 ps uniform

Laser spot size φ 1.2 mm uniform

Charge per bunch 0.4 nC

Maximum electric field 157.0 MV/m

on the cathode surface

Initial rf phase sin 5 deg.

Initial emittance 0 mrad

Figure 2(a) shows the calculated time evolutions of the

rms transverse beam radius. The cathode surface is located
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(a) Time evolutions of transverse rms beam radius.
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(b) Bunch shapes at the exit of the accelerator structure.
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(c) Energy distributions at the exit of the accelerator structure.
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(d) Time evolutions of rms r-emittances.

Figure 2: Beam dynamics calculations for the SPring-8

photoinjector system with weak focusing fields. A charge

is 0.4 nC per bunch.

at z = 0 m. The beam is focused at point A, which is a

position of the solenoidal coils, and also strongly focused

at point B which is the entrance of the accelerator structure.

Figure 2(b) shows the bunch shapes at the exit of the

accelerator structure. Each dot on the solid lines is an elec-

tron traced using the envelope equations. The clouds of

small dots are the particles in the simulation. The particles

are color coded according to the initial longitudinal seg-

mentation slices used in the multiple envelope equations.

In calculation using the multiple envelope equations, each

slice must be separated by a plane perpendicular to the z

axis [1] according to the assumption in the bunch segmen-

tation model. In Fig. 2(b), each slice is not warped there-

fore the calculation is expected to be accurate.

Figure 2(c) shows the energy distributions in the bunch

at the exit of the accelerator structure, and Fig. 2(d) shows

the time evolutions of normalized r-emittances, which are

defined as:

εr ≡ 〈γ〉 〈β〉
√
〈r2〉 〈r′2〉 − 〈r · r′〉2. (8)

The r-emittances oscillates in the accelerator structure

because the beam is focused at the entrance of each cell and

de-focused at the exit. The results of the envelope equa-

tions and those of the simulation show good agreement.
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Figure 3: Emittance dependence on charge per bunch.

Figure 3 shows the emittance dependence on charge per

bunch at the exit of the accelerator structure. When the

charge goes up to 0.5 nC per bunch, the beam envelope

is touched the aperture of the entrance of the accelerator

structure at point B shown in Fig. 2(a). Therefore, we plot

the emittances less than 0.5 nC per bunch. Emittance de-

pendence on charge per bunch obtained by the envelope

equations is agree with that by the simulation. Though the

emittances by the envelope equations are lower than those

by the simulation.
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Figure 4: Emittance dependence on number of particles in

the simulation. A charge is 0.4 nC per bunch.

Figure 4 shows the emittance dependence on the number

of particles in the simulation when the charge is 0.4 nC per

bunch. εx, εy and εr are plotted since the simulation code

is three-dimensional. These emittances are different each

other with the small number of particles. Though they tend

to be reduced with increasing the number of particles, and
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are expected to be converged to the same values. There-

fore, the emittance is expected to become closer to that

calculated by the envelope equations when the number of

particles becomes infinity.

Calculation time of the envelope equations is much

shorter than that of the simulation. Whereas it is 9400 hours

for the simulation when n = 1 × 105, it is 7 hours for the

envelope equations using Octave with a single core of Xeon

W5590 3.33 GHz.
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(a) Time evolutions of transverse rms beam radius.
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(c) Energy distributions at the exit of the accelerator structure.
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Figure 5: Beam dynamics calculations for the SPring-8

photoinjector system with strong focusing fields. A charge

is 50 pC per bunch.

In Fig. 2, the solenoidal field is set to be weaker not to

make a waist point in the trace. In contrast beam dynamics

calculation results with stronger solenoidal fields are shown

in Fig. 5. The transverse beam radius is shown in Fig. 5(a).

The beam is strongly focused at position of the solenoidal

coils and a waist point appears at around z = 2 m, which is

in the accelerator structure.

The over-focused bunch shapes at the exit of the accel-

erator structure and the time evolutions of emittance are

shown in Fig. 5(b) and 5(d). The emittance and the bunch

shape calculated by the envelope equations coincides with

those by the simulation. In contrast, each solid line in a

calculated bunch shape, which represents particle position

inside the bunch and is initially lined in order in the trans-

verse direction, becomes to intercross. The emittance is

calculated from weighted mean values of solutions for each

electron trajectories [1], therefore the emittance can not be

calculated accurately. The energy distributions in the bunch

shown in Fig.5(c) is not also calculated correctly.

This is caused by a high charge density at the waist point

even if a charge per bunch is 50 pC.

SUMMARY
We upgraded the multiple beam envelope equations,

which were described by the authors in Ref. [1], to ana-

lyze beam dynamics in solenoidal fields and in accelerator

structures. The envelope equations for theta direction are

added to the multiple beam envelope equations for analysis

in solenoidal fields.

We have performed the beam dynamics calculations for

the SPring-8 photoinjector system by the multiple beam

envelope equations and the particle-tracking code. With

weaker solenoidal field not to make a waist point in the

trace, the bunch shape and the energy distribution in the

bunch obtained by the multiple envelope equations agree

with those obtained by the simulation, when a charge per

bunch is less than 0.4 nC. The emittances obtained by

the envelope equations are expected to coincide with con-

verged values obtained by the simulation.

When the beam is over-focused and a waist point appears

in the trace, each electron, which is initially lined trans-

versely in order in the bunch, becomes to intercross when

a charge per bunch is even 50 pC. Therefore the beam dy-

namics calculations can not be performed correctly. This is

a limitation for the multiple beam envelope equations.

As long as the beam is not over-focused, this semi-

analytical method using the multiple beam envelope equa-

tions have advantages over methods using particle-tracking

simulation codes on accurately calculating emittance and

shorter calculation time.
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Abstract 
The next generation light source such as X-ray FEL 

oscillator requires high brightness electron gun with 
megahertz repetition rate. We have developed a 
photoemission DC gun at JAEA. By employing a 
segmented insulator with guard rings, we successfully 
applied 500 kV on the ceramics with a central stem 
electrode for eight hours without any discharge in 2009. 
In 2011 we reached 526 kV with NEG pumps and 
electrodes in place, before suffering another field 
emission problem from the cathode electrode. The 
problem may be attributed to small dust inside our gun 
chamber. We also generated high current beam up to 10 
mA and obtained charge extracted lifetime of 30 C. In this 
paper, our current status of development will be presented. 

INTRODUCTION 
Electron guns which can deliver a high brightness 

electron beam with emittance lower than 1 mm-mrad and 
current up to 100 mA are being developed for Energy 
Recovery Linac (ERL) Light Sources (LS) worldwide [1].  
A DC photoemission gun with a GaAs or multi alkali 
photocathode is one of the most promising candidates, 
since the JLab FEL photoemission DC gun has provided 
9.1 mA beam [2] and the Cornell photoinjector recently 
demonstrated operation at 20 mA for eight hours [3].The 
gun high voltage equal to or greater than 500 kV is 
required to generate low emittance beam by reducing 
non-linear space charge effects in low energy region [4]. 
The accelerating field on the cathode surface should also 
be as high as possible to suppress the space charge effects.  

This high brightness gun is anticipated to be used in a 
3-GeV ERL based hard X-ray synchrotron light source 
project in Japan [5], an X-ray FEL oscillator [6], and an 
ERL based high-flux Compton gamma-ray as a new 

nondestructive assay method for 235U, 239Pu, and minor 
actinides in spent nuclear fuel assembly [7,8]. 

We have developed a 500-kV DC gun for the Japanese 
ERL light sources [9]. One of technological challenges of 
high brightness DC guns is to apply DC high voltage on a 
ceramic insulator with a central stem electrode, since field 
emission causes discharge or punch through on the 
ceramic surface. We have employed a segmented 
insulator with rings to keep the insulator safe from the 
field emission generated from the stem electrode. 
Although the emission from backside of the rings may 
still directly hit the insulator, its maximum electric field is 
more than three times smaller than that of the stem 
electrode. In this way, we have successfully applied 500 
kV on the ceramics for eight hours in 2009 [10].  

A prototype facility of 3 GeV ERL light source called 
compact ERL (cERL) has been constructed at KEK. Our 
photoemission DC gun is scheduled to be installed by this 
fall. Beam generation from the gun is anticipated by the 
end of this fiscal year. We need to demonstrate high 
brightness and high current beam generation by this fall. 
We reached 526 kV  with cathode electrode in place and 
demonstrated 440 kV for eight hours. We also 
demonstrated 10 mA beam generation. In this paper, our 
current status of gun development will be presented. 
  

HIGH VOLTAGE CONDITIONING 

500-kV Photoemission DC Gun at JAEA 
Details of our 500-kV DC gun are described elsewhere 

[9,10]. A GaAs wafer on a molybdenum puck is used as 
photocathode. The wafer is atomic hydrogen cleaned and 
transferred to the preparation chamber where cesium and 
oxygen are alternatively applied for negative electron 

Figure 1: High voltage conditioning of the 500-kV photoemission DC gun with cathode electrode in place. 
 ___________________________________________  

# nishimori.nobuyuki@jaea.go.jp   
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affinity activation. The activated cathode is then 
transferred to the cathode electrode  in the high voltage 
(HV) chamber. The photoemission beam is accelerated by 
a static electric field applied between cathode and anode 
electrodes.  

The cathode/anode gap is surrounded by twenty of 400 
l/s NEG pumps (SAES: CapaciTorr D400-2) to reduce 
residual gas. The NEG pumps are covered with mesh HV 
shields made of titanium wire with 1 mm in diameter. 
Five ICF203 ports of the HV chamber are used to install 
five 2000 l/s NEG pumps (SAES: CapaciTorr D2000). A 
200 l/s ion pump (ULVAC PST-200AU) is installed at the 
bottom of HV chamber to pump noble gases and methane. 

The ceramic insulator and the HV chamber were baked 
at 180 degC for 50 hours after assembling the gun system. 
A 1000 l/s turbo molecular pump is used during the 
baking. After the activation of NEG pumps, the base 
pressure of the HV chamber is measured to be 8 x 10-10 Pa 
(N2 equivalent) with a BA gauge (ULVAC: AxTRAN). 

 Conditioning without Cathode Electrode 
We performed high voltage conditioning without 

cathode electrode in 2009. A dummy cap was connected 
to the bottom of the stem electrode instead of the cathode 
electrode. The output voltage of high voltage power 
supply (HVPS) is 510 kV when 500 kV is applied on the 
insulator. This is because an external resistor of 5 G of 
the segmented insulator is connected to an output resistor 
of 0.1 G in series. In the following paragraphs, HVPS 
voltage is used instead of the voltage on the ceramics. We 
could ramp up to 550 kV and demonstrated applying 510 
kV for eight hours without any discharge. The details of 
conditioning without cathode electrode are described 
elsewhere [10].  

Conditioning with Cathode Electrode in Place 
In June 2011, we reached 510 kV after 100 hours of 

conditioning the gun with cathode electrode in place. 
However after a discharge at 500 kV, we suffered from 
field emission. The field emission started from 350 kV, 

Figure 2: High voltage testing at various voltages when field emission is observed. 

Figure 3: Downstream beam line for 500-kV photoemission DC gun at JAEA. 
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and the emission spot could be easily identified from 
radiation survey. It was difficult to continue the current 
conditioning because the radiation soared and discharge 
occurred many times at low voltage. We decided to vent 
the HV chamber with dry nitrogen and wiped the cathode 
electrode with a lint free tissue with care to minimize air 
exposure of gun chamber. 

The gun chamber was evacuated without baking to 
1x10-8 Pa with NEG pump reactivation. It takes only a 
few days from nitrogen exposure of the gun chamber to 
resumption of conditioning. We could ramp up to 445 kV 
within one hour, probably because the HV chamber was 
already conditioned. This also indicates wiping cathode 
electrode is an effective way to remove the field emission 
site. We reached 526 kV in Aug. 2011, but another field 
emission site was found by radiation survey. The 
radiation spot slid to different but similar place.  

We performed high voltage testing at various voltages 
when field emission from cathode electrode was observed.  
A GM survey meter placed close to the emission spot was 
used to measure radiation as a function of high voltage 
(see top and bottom right in Fig. 2). The radiation started 
from 440 kV. We measured how much time the gun 
system could be held without any discharge. We could 
demonstrate more than 8 hours at 440 kV (see left in Fig. 
2), but discharge occurred in two hours at 460 kV and in 
0.5 hours at 480 kV. The vacuum pressure of the HV 
chamber stays constant around 8x10-10 Pa when HV is 
applied to the gun (see left in Fig. 2). The vacuum 
pressure only changes when discharge occurs.  

Inert Gas Conditioning 
The inert gas conditioning is a promising way to 

remove field emission site on the cathode electrode 
without air exposure, since the field emitter can be melted 
or its surface properties can be changed by ion back-
bombardment [12,13]. We performed Helium and 
Krypton conditioning with various gas pressure from 10-2 
Pa to 10-5 Pa. Unfortunately we could not remove the 
field emission site with our inert gas conditioning.  

HIGH CURRENT OPERATION 
 Our current goal is to generate high brightness beam 
with high average current of 10 mA. The diagnostics 
beamline for the high average current operation is shown 
in Fig. 3. A steering magnet and a solenoid magnet are 
used for beam transport from the gun exit to the beam 
dump. A lightbox to deliver drive laser is placed just after 
the solenoid. The laser is injected to the lightbox through 
an AR coated quartz window (Hamamatsu Co.) and 
reflected by a sliver coated molybdenum mirror (Rocky 
Mountain Instrument Co.) onto the photocathode. The 
incident angle is roughly 2.3 degree. The reflected laser is 
ejected out of the lightbox with another pair of mirror and 
window. A differential pumping chamber is placed after 
the lightbox. The chamber consisting of eight NEG 
modules (WP38/950 St707, SAES getters) has 
conductance limiting orifices with 3cm diameter and 3cm 
long at its entrance and exit. A 60 degree bending magnet 
followed by a beam expander magnet is placed after the 
differential pumping chamber. A beam profile monitor is 

 
Figure 4: High average current operation test. The top shows current as a function of time. The bottom shows vacuum 
pressures at the gun (red) and beam dump (blue), and the radiation (green) measured by a GM survey meter. 
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placed at the middle of the expander magnet and a beam 
dump. The beam dump, which is a water cooled copper 
pipe, is covered by 10 cm thick Pb block as radiation 
shield. The expanded beam size at the dump was 
estimated to be 4cm×4cm. A 1 k resistor is connected 
between the dump and ground to monitor the beam 
current. 

A DC laser, Millenia Pro (Spectra Physics Co.), is used 
as a drive laser. The wavelength is 532 nm and its 
maximum power is 5 W. The laser spot size on the 
photocathode is x=0.1 mm. The laser is irradiated on the 
photocathode center in the present high current operation. 
The laser power is remotely controlled by rotating a half-
wave plate. The laser power of 2.3 W is required for 10 
mA operation with 1% QE photocathode. The laser power 
at the exit of the lightbox is 20% of that at the entrance, 
while the reflectivity of GaAs wafer for 532 nm laser 
light is 32%. Further study on the laser power loss in the 
lightbox is needed. 

Figure 4 shows the beam current is gradually increased 
up to 10 mA, as the laser power was increased. The laser 
power for 10 mA beam was 1.6 W and QE was 1.5%. The 
radiation was monitored by GM survey meter (TGS-133, 
ALOKA) placed near the lightbox and a radiation monitor 
equipped in the experimental hall. The dump current was 
cross checked by the current of HVPS. The dump current 
is 7% greater than the dump current and its ratio is almost 
constant.  

We could deliver 10mA beam for about two minutes, 
but the current rapidly decreased and suddenly the HVPS 
was interlocked. Heat load in the connector between the 
HVPS and CW circuit in SF6 tank might be a problem. 
We will fix the problem soon. The vacuum pressure at the 
beam dump increased to 7.6x10-5 Pa for 10 mA operation. 

Long time operation at 5 mA was also demonstrated. 
The laser power was fixed to 1.37 W. The beam current 
gradually increased and then decreased. The 1/e charge 
extracted lifetime of 30 C was obtained. This result is a 
few times smaller than JLab results for on center 
operation [14]. 

The present high current operation was performed after 
a high voltage conditioning. Unfortunately, dark current 
due to small dust in HV chamber appeared above 200 kV 
during the conditioning. This is reason why the high 
voltage was limited to 180 kV for the present high 
average current operation. We will try the high current 
operation at higher voltage after removing the field 
emission site on the cathode electrode. 

SUMMARY 
We have developed a 500-kV photoemission DC gun. 

We reached 526 kV and demonstrated applying 440 kV 
on the ceramics with cathode electrode in place for more 

than eight hours. We still need to develop an effective 
way to solve the field emission problem. We have 
generated 10 mA beam from the gun at 180kV. We plan 
to perform high current operation at higher voltage. 
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RF DESIGN AND HIGH POWER TESTS OF A NEW TSINGHUA 
PHOTOCATHODE RF GUN* 

H. J. Qian, Y. C. Du, L. X. Yan, C. Li, J. F. Hua, W. H. Huang, C. X. Tang#,  
Department of Engineering Physics, Tsinghua University, Beijing 100084, China

Abstract 
A new photocathode RF gun has been designed and 

fabricated to meet beam brightness requirements (0.5-1 
nC, 1-2 mm mrad) of Tsinghua Thomson scattering 
project (TTX) and Shanghai soft X-ray free electron laser 
test facillity (SXFEL). Compared with classical BNL type 
gun, the new Tsinghua gun features improved cathode 
sealing structure, 0-mode and multipole field suppression, 
and higher quality factor. Single RF feed is kept in the 
new gun for simplicity, and beam dynamics due to single 
RF feed are investigated theoretically, which predict 
negligible emittance growth. After high power 
conditioning, the new gun operates stably with a peak 
acceleration gradient of ~120 MV/m. Measurements of 
dark current, Quantum Efficiency (QE), and transverse 
emittance are presented and discussed in this paper. 

INTRODUCTION 
Tsinghua University has been developing BNL type 

photocathode RF gun since 2001, and three generations of 
RF guns have been fabricated to support Thomson 
scattering X-ray source project (TTX) and MeV ultrafast 
electron diffraction (UED) in Tsinghua University, free 
electron laser projects in Shanghai and so on [1-3]. With 
progress of TTX and Shanghai soft X-ray free electron 
laser project (SXFEL), higher beam brightness are 
required from the RF gun, such as a normalized 
transverse emittance of 1.5-3 mm mrad for a beam charge 
of 0.5-1 nC. Besides, MeV UED requires lower dark 
current for sharper diffraction pattern imaging. RF guns 
of the first two generations have relatively low 
acceleration gradient (~75 MV/m) and high dark current 
(~100 pC/pulse), which are imposing limitations on the 
above projects, so a third generation RF gun has been 
developed since 2011 to address the above issues. 

Based on the BNL type gun, a lot of RF guns have been 
developed around the world, which successfully improved 
gun gradient, RF field properties, gun rep rate and 
generated lower emittance electron beams. Many 
modifications in these guns, such as the LCLS gun, 
UCLA gun, Eindhoven gun, KEK gun, and PAL gun, 
have been adopted in the third generation Tsinghua 
photocathode RF gun [4-7].  

The new gun has been fabricated, cold tested, and high 
power conditioned in Tsinghua Univeristy. In the rest of 
this paper, features of the third generation Tsinghua 
photocathode RF gun are briefly described [8]; then, 
impact of single RF feed on beam dynamics is analyzed; 

finally, the high power conditioning results and emittance 
measurements are presented. 

FEATURES OF THE NEW TSINGHUA 
PHOTOCATHODE RF GUN 

The main goal of the new gun is to increase the gun 
gradient from ~75 MV/m to ~100 MV/m, and the 
gradients of the previous Tsinghua guns are limited by RF 
breakdowns, as shown in Fig. 1. The cathode plate sealing 
structure was improved in many guns, such as knife edge 
sealing, brazing and Matsumoto gasket, which eliminate 
gaps exist in Helicoflex seal and successfully increased 
the gun gradient above 100 MV/m. Matsumoto gasket is 
adopted in the new Tsinghua gun due to its simplicity and 
frequency tuning function. Besides structure optimization, 
the new gun will operate with a shorter RF pulse width (< 
2 μs), which is also expected to bring down the RF 
breakdown rate. 

 

Figure 1: RF breakdown spots in the 2nd generation 
Tsinghua gun, (a) edge of the cathode plate, (b) 
Helicoflex seal. 

Besides gun gradient, the RF field properties also affect 
the beam emittance, such as nonaxisymmetry of the 
acceleration mode and excitation of the non-resonant 
mode. Nonaxisymmetry of acceleration field (π-mode) 
contains multipole harmonics, and excitation of non-
resonant mode (0-mode) increases beam energy spread, 
both of which result in beam emittance degrade. The π-
mode field symmetry of the BNL gun is further improved 
by dual RF feed and racetrack full cell shape in LCLS gun 
and coaxial coupler in Eindhoven gun, both of which 
require major change of the original structure of BNL gun. 
For simplicity, single RF feed is reserved in the new gun 
instead of the dual RF feed. Dipole field component is 
reduced by asymmetric vacuum port design, while 
quadruple component is reduced by 4-port design [8]. 
Compared with the BNL gun, dipole and quadruple are 
decreased by 10-2 and 10-3 respectively. Phase asymmetry 
induced multipoles due to single RF feed are analyzed in 
the following section, and its impact on beam dynamics is 

____________________________________________  
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negligible in our new gun. Besides, 0-mode excitation is 
reduced by 80% after increasing the mode separation 
from 3.3 MHz to 15.3 MHz, same as that of LCLS gun. 

By eliminating the gaps of the Helicoflex seal in half 
cell and changing the gun profile, the unloaded quality 
factor (Q0) increases from ~10000 to ~14000, which 
reduces the heat load by ~20%. Besides, by operating the 
RF gun with a shorter RF pulse, for example, 1.5 μs 
instead of 3 μs, the heat load reduces by another ~50%. 

Similar to LCLS gun, the profile of the disk iris is 
modified from circular to elliptical, and the major axis of 
the ellipse is further extended by 50% than the LCLS gun. 
Compared with the BNL gun, the max surface electric 
field on the iris is reduced from 8% higher than the 
cathode field to 12% lower, which is expected to help 
lower the dark current. Besides, the copper cathode plate 
center was hand polished by polycrystalline diamond after 
off-center diamond turning. The final rms roughness was 
measured to be 18.8 nm, and the surface fluctuation is 
within ±50 nm. 

The new Tsinghua gun is shown in Fig. 2, and cold 
testing results are summarized in Table 1. 

 

Figure 2: Image of the new Tsinghua RF gun, (a) cutaway 
view, (b) assembled, (c) installed on TTX beamline. 

Table 1: Cold Testing Results of the 2nd and 3rd 
Generation Tsinghua Photocathode RF Gun 

 2nd 3rd 

fπ [MHz] 2856 2856 

fπ-f0 [MHz] 3.3 15.3 

Q0 10000 14400 

β 1.1 1.3 

Rshunt [MΩ] 2.7 3.5 

ANALYSIS OF MULTIPOLES INDUCED 
BY PHASE ASYMMETRY 

Due to RF loss on cavity walls, there will be travelling 
wave component in the standing wave RF gun, so single 
RF feed will cause phase asymmetry along the power 
flow direction, as shown in Fig. 3, which will manifest 
itself as multipoles. Following the notation of Ref [9], the 
axial electric field in full cell can be expressed as follows: 

0( )

, 0
0

cos( ) ( ) cos[ ( )]yi t k y
z n n n c

n
E e E kz J k r n   


 



   (1) 

 

Figure 3: Layout of the 4-port in fullcell. 

where yk is the wave number of the travelling wave 

component along the waveguide direction and quantifies 
the phase asymmetry. Since 1yky  near axis, Eq. (1) 

can be divided into two parts: 

 0( )
, 0

0

cos( ) ( ) cos[ ( )]i tamp
z n n n c

n
E e E kz J k r n   






    

(2) 

 0( )
0 cos( )i tpha amp

z y z yE ik yE ik ye E kz     (3) 

where Eq. (2) and Eq. (3) represent multipole series 
caused by amplitude asymmetry and phase asymmetry 
respectively. The amplitude asymmetry has been 
elaborated in Ref [9], and is not detailed here. The phase 
asymmetry term is 90 degree off the amplitude term, and 
is approximated as a dipole. The imparted transverse kick 
and emittance growth is derived as: 

 , 0

1
ˆcos

2
pha
n yp k y       (4) 

 , 0

1
sin

2
pha

n y y yk        (5) 

where 2
0 2eE mc k  is the normalized gun gradient, 

 is the wavelength, 0 is the gun phase, y and  are the 

average rms beam size and bunch length (in radian) in full 
cell. 0  is defined in such way that it equals zero when 

the acceleration is maximized, so the phase induced 
dipole kick the beam hard but the emittance growth is 
negligible.  

yk  for our new gun is simulated by CST Microwave 

studio to be 0.013 rad/m. Considering a beam with 1 mm 
rms beam size and 3 ps rms bunch length, the emittance 
growth in a gun of 120 MV/m is evaluated to be 0.01 mm 
mrad when 0  is off the maximum acceleration phase by 

10 degree, and normalized transverse momentum increase 
is 1.3 mrad, which can be compensated by dipole 
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correctors at gun exit. From the above analysis, it is 
shown single RF feed is acceptable in our design. 

HIGH POWER TESTING RESULTS 
After baking at 350˚C for 36 hours in a vacuum furnace, 

the RF gun was immediately installed on the TTX 
beamline, and then the RF gun was baked online for 
another 24 hours. The high power conditioning started 
with a pulse width of 0.25 μs at 10 Hz, and the pulse 
width increases with a step size of 0.2-0.3 μs during 
conditioning. Within the first 10 hours, ~11 MW RF 
power was fed into the gun with a pulse width of 1μs, and 
the pulse width was increased to 1.5 μs at the end of the 
next 10 hours. Finally, the pulse width was set at 1.7 μs, 
and ~11 MW power was fed into the gun, corresponding 
to a gradient of 120 MV/m, which is verified by electron 
energy measurement. The new gun was also tested at 40 
Hz with a gradient of 100 MV/m, and it works fine as 
well. 

Dark current of the new gun, measured by an integrated 
current transformer (ICT), is lower than the LCLS gun 
(Fig. 4 (a)) [10], and field enhancement factor stabilized 
around 60 (Fig. 4 (b)) after high power conditioning. The 
copper cathode QE is measured to be 1.4×10-5 at the 
beginning of conditioning, and gradually increased to 
4×10-5 after conditioning. 

 

Figure 4: Dark current measurement, (a) dark current vs 
gradient, (b) F-N plot. 

After exiting the gun, the photoelectron beam is 
accelerated by one SLAC type travelling wave tube, and 
the transverse emittance is measured by quadruple scan 
with a beam charge of 250 pC at 55 MeV. The transverse 
UV laser profile is truncated from a Gaussian profile, and 
the longitudinal shaping is done by pulse stacking, both of 

which are not fully optimized yet. The rms and p-p 
fluctuation of the transverse profile are 50% and 240% 
respectively, as shown in Fig. 5. Considering the actual 
laser profile, an ideal pulse stacking, whose pulse width 
and rising time are 10 ps and 3.6 ps respectively, and a 
thermal emittance of 0.5 mm mrad, GPT predicts an 
emittance of 1.2 mm mrad. The actual measurements 
show the normalized horizontal and vertical emittances 
are 1.80±0.04 mm mrad and 1.09±0.04 mm mrad 
respectively (Fig. 6). Further optimizations of the laser 
quality and beam emittance are still in process. 

 

Figure 5: Transverse profile of the UV laser, D=2 mm. 

 

Figure 6: Vertical emittance of a 250 pC beam. 

SUMMARY 
A new S-band photocathode RF gun, modified from the 

BNL design, was fabricated and high power tested at 
Tsinghua University. The new gun operates at 120 MV/m 
stably with a reduced dark current of 200 pC per pulse, 
and the copper cathode QE reaches 4×10-5. The 
optimization of both laser and electron beam are still in 
process, and the best emittance measured for a 250 pC 
beam is 1.09±0.04 mm mrad until now. 
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DESIGN AND COMMISSION OF THE DRIVEN LASER SYSTEM FOR
ADVANCED SUPERCONDUCTING TEST ACCELERATOR∗

J. Ruan, J. Santucci, M.Church, Fermi lab, PO Box 500, Batavia, IL 60510, USA

Abstract
Currently an advanced superconducting test accelerator

(ASTA) is being built at Fermilab. The accelerator will
consist of an photo electron gun, injector, ILC-type cry-
omodules, multiple downstream beam lines for testing cry-
omodules and carrying advanced accelerator research. In
this paper we will describe the design and commission-
ing of the drive laser system for this facility. It consists
of a fiber laser system properly locked to the master fre-
quency, a multi-pass amplifier, several power amplifier and
final wavelength conversion stage. We will also report the
initial characterization of the fiber laser system and the cur-
rent commissioning status of the laser system.

INTRODUCTION
A future superconducting RF accelerator test facility is

currently being commisioned at Fermilab in the existing
New Muon Lab (NML) building. The designed accelerator
will consist of a photoinjector, two booster cavities, beam
acceleration section consisting of 3 ILC-type cryomodules,
multiple downstream beam lines with various diagnostics
to conduct beam tests, and a high power beam dump[1, 2].
In this paper we will describe the design and commission-
ing of the drive laser system for this facility. One of the
goals is to realize a long pulse train operation (up to 1000
individual pulses with 1 μs apart or 3000 pulses with 330 ns
apart) which is essential for the newly built ASTA facility
in Fermi lab.

Our new laser system is based on the design for the old
laser system used at A0 photoinjector[3]. One of the dis-
advantages of the A0 laser system design is the low effi-
ciency of the gain medium, Nd:Glass, used in the amplify-
ing structure. Couples with the fact of the instability of the
flash lamp used to pump the gain medium it’s very difficult
to realize long pulse train operation as required in the new
facility[3]. In order to address those issues we decided to
use Neodymium-doped yttrium-lithium fluoride (Nd:YLF)
as our new gain medium to replace the Nd:glass used in
current A0 laser amplifier chain. Nd:YLF is a very effi-
cient material that can be pumped by either flash lamp or
diode laser. In addition the induced emission cross section
is large enough to produce a single pass amplification up to
10. At the same time we will also upgrade our flash lamp
pump to fiber coupled laser diode pump to get better stabil-
ity and higher reliability. Using optical fiber to deliver the

∗Work supported by U.S. Department of Energy, Office of Science, Of-
fice of High Energy Physics, under Contract No. DE-AC02-06CH11357.
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Figure 1: Designed flow chart of the whole photocathode
laser system. The number is the expected power level at
each stage.The top box is the fiber based seed laser stage
and the bottom box is solid state based amplifier chain.

pump to the end-pumped active medium has several prac-
tical advantages:

• The pump beam at the end of the fiber has a high qual-
ity, central symmetrical profile.

• The radial size of the beam can be easily scaled up or
scaled down with high quality optics.

• A fiber connection provides a simple and virtually
lossless interface between the pump source and the ac-
tive medium.

• Both the pump source and active medium can be
changed simply by reconnecting the fiber between
them.

In addition to the change of the amplifying chain we also
replaced the solid state seed laser used at A0 laser structure
with a fiber laser based seed system. Figure 1 is the de-
signed flow chart of the whole photocathode laser system.
The top box is a fiber based seed laser locked directly to the
master oscillator and the bottom box includes a solid state
based amplifier chain and frequency conversion stage.

COMMISSIONING AND PRELIMINARY
TEST OF THE ASTA LASER SYSTEM

The laser room at ASTA facility is finished at the be-
ginning of the August, 2012. We are in the early stage of
commissioning the laser system. In this part we will go
over some of the preliminary test done in the fiber based
seed laser system and diode pumped multi-pass amplifier
system.
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Figure 2: Picture of the fiber based seed laser setup. From
the bottom to top it’s seed oscillator, power amplifier, pulse
picker and preamplifier respectively.

Fiber based seed laser system

This system is designed and built by Calmar Laser Inc.
Figure 2 is the picture of the whole system. The seed laser
is a active mode locked Yb-fiber laser system center at
1054nm. The laser cavity consists of YDFA, output cou-
pler, electro-optics modulator, tunable filter and fiber that
connect these devices together. A piezo stage is used to ad-
just the cavity length to achieve stable mode-locking. The
pulse width is 3.2 ps RMS with our auto-correlation mea-
surement. The laser is locked to 1.3GHz signal from master
oscillator. The modulator bias voltage needs to be adjusted
to a proper DC value to ensure proper mode-locking. Nor-
mally the modulator bias point can drift over time. Thus
the modulator bias voltage may need to be adjusted from
time to time by the users. In order to keep the laser run-
ning continuously a feedback system is designed to adjust
the modulator bias automatically to stay at the optimum
value without tuning by the users. A typical RF spectrum
is shown in Figure 3. The signal noise ratio is about 70 dB.
Jitter study using Agilent E5052B signal source analyzer
resolve a phase noise less than 200fs integrating from 1Hz
to 10MHz range.

After the fiber oscillator pulse was sent to a pulse picker
(Calmar model EPG-01FML12), in which 81.25MHz pulse
train was picked up from the 1.3GHz pulse input. The out-
put is amplified in 2 stages to reach 5 nJ per pulse level. In
figure 4 we plotted the measured seed pulse phase over 14
hours after 4 hours warm up. We can see when the laser
phase only drift around 2 ps total in a 14 hours span. The
standrad deviation during this span is less than 0.3 degrees,
which is much better compared to the same measurements
with similar setup on the GE-100 manufactured by Time-
bandwidth Inc or Tsunami Laser system manufactured by
Spectra-physics.[4]

Output from the seed laser will then go through a pulse
picker unit (Con-optics) and be picked up 3MHz train as re-

Figure 3: RF spectrum of the seed laser locked at at
1.3GHz.

0 5 10 15−3

−2

−1

0

1

2

3

Time (hours)

M
ea

su
re

d 
La

se
r p

ha
se

 (p
s)

Figure 4: Laser phase measurement during a 14-hours
span.

quired in our application. The pulse train can be up to 1ms
long in time. The extinguish ratio through the pulse picker
is more than 120:1. The pulse-pulse amplitude fluctuations
are less than 3%.

Diode pumped multi-pass amplifier
For the demonstration of a free running end pumped

Nd:YLF laser we put the rod into a cavity with a length of
1.85 m as shown at the top of the figure 5. The cavity use
a flat output coupler with the reflectivity of 90% and a high
reflector with a curvature of 5 m. The lasing at 1053 nm
is insured by the correct orientation of the Nd:YLF crystal
using previous single-pass small signal gain measurement.
And we also insert a brewster plate into the cavity which is
used as our input and output port for our future MP struc-
tures. The existence of the brewster plate will also force
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Figure 5: Top sketch is the end pumped 1053 nm Nd:YLF
laser resonator layout. Bottom shows measured output en-
ergy vs. the pump energy. The inset shows the spatial pro-
file from our TEM00 mode captured using a CCD camera.

the cavity lasing only at 1053 nm because it acts as a polar-
izer inside the cavity. The wavelength of the output laser
radiation was also confirmed by a commercial optical spec-
trum analyzer. At the maximum one-sided pumping energy
of 30 mJ, the free-running output was 3 mJ in the multi-
longitudinal, fundamental TEM00 mode, which is 10% of
the pump energy delivered to the Nd:YLF rod surface. At
the maximum two-sided pump energy of 60 mJ, the free-
running output was 9 mJ for the TEM00 mode, which is
about 15% of the energy delivered to the rod surface. At
the bottom of the figure 5 we plotted the resonator output
vs the input energy for both side pump case. The inset
is the image of TEM00 mode captured with a CCD cam-
era. The highly symmetric image indicates a very good
TEM00 mode. It’s worth noting that we observed the good
mode throughout the entire pump ranges without any trans-
verse control inside the cavity. This could be explained by
the fact that the end pumped cross section is smaller than
the fundamental mode, which will function as an automatic
mode control inside the cavity. The optical to optical dif-
ferential efficiency in our case is 15%. In order to realize
multi pass a Q-switch unit will be put in between the Brew-
ster plate and the flat HR mirror. Initial test of the single
pass operation with Q-switch unit resolve a gain of more
than 4.

We tested the MP operation at another lab before mov-
ing. The results are shown in figure 6. The input of the
3MHz pulse train is shown on the top. The pulse energy at
this point is about 1nJ per pulse. The output of the pulse
from MP cavity is shown on the bottom of the figure 6. The
output is pretty flat during the whole 1ms long period. The
energy at this point is above 2μJ. So the total amplification

Figure 6: Scope image of the multi-pass input (top) and
multipass output (bottom). The pulse energy is 1 nJ at the
input and above 2μJ after the multi-pass cavity. The red
arrow indicates a length of 1ms.

is about 2000 times with 14 round trips. It’s worth pointing
out that at this configuration the pulse is very close to the
saturation stage, which means our MP operation is actually
a regeneration process.

Summary

In conclusion we are in the process building a photocath-
ode driver laser for the newly built Advanced Supercon-
ductor Test Facility. A fiber laser based seed laser has been
commissioned. At the same time a diode pumped multi-
pass structure is also disgned and tested to support long
pulse train operation (3MHz pulse train up to 1 ms long).
The whole laser system is being installed in the facility and
will be operational in the near future.
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DEVELOPMENT OF MULTI-BUNCH LASER SYSTEM 
FOR PHOTOCATHODE RF GUN IN KU-FEL 

K. Shimahashi#, H. Zen, T. Kii, K. Okumura, M. Shibata, H. Imon, T. Konstantin, H. Negm,  
M. Omer, K. Yoshida, Y.W. Choi, R. Kinjo, K. Masuda, H. Ohgaki,  

Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan 
R. Kuroda,  National Institute of Advanced Industrial Science and Technology ( AIST ),  

1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan

Abstract 
We have been developing mid-infrared FEL (MIR-

FEL) system, Kyoto University-FEL (KU-FEL), which 
utilizes a 4.5-cell S-band thermionic radio frequency (RF) 
gun, in Institute of Advanced Energy, Kyoto University. 
We plan to introduce a Brookhaven National Laboratory 
(BNL)-type 1.6-cell photocathode RF gun to generate 
higher peak power MIR-FEL. The purpose of this work is 
to develop a multi-bunch laser system which excites the 
photocathode in the RF gun. The target values of the 
system are bunch number of 300 and micro-pulse energy 
of 1 J in the wavelength of 266 nm. The laser system 
consists of a mode-locked Nd:YVO4 laser as the oscillator, 
an acousto-optic modulator (AOM), a beam alignment 
feedback system, a laser diode (LD) pumped Nd:YAG 
amplifier. We could stabilize the laser position within 1 
m at the downstream of the AOM, and achieve to 
amplify the seed laser up to 1.2 J per micro-pulse. 

INTRODUCTION 
We have been developing our resonator type MIR-FEL 

to upgrade our user facility to contribute the advanced 
energy science in Kyoto University. Using a 4.5-cell S-
band thermionic RF gun and a 3-m accelerator tube in the 
present facility, electrons are accelerated up to 40 MeV. 
We have extended FEL wavelength from 5 to 14.5 m by 
the substitution of undulator system [1]. 

We have planned to introduce a BNL-type 1.6-cell 
photocathode RF gun to generate more stable and higher 
peak FEL power which has been showed by our 
numerical study [2]. Since a photocathode RF gun has 
already been manufactured [3], we started to develop a 
multi-bunch laser system for resonator type FEL system 
with this RF gun. For the laser system, we introduced a 
beam alignment feedback system, and constructed a 
multi-pass amplifier in the infrared (IR) wavelength. In 
this paper we will briefly describe the multi-bunch laser 
system and the present status of the development. 

MULTI-BUNCH LASER SYSTEM 

Target Value 
Electron charge, Q, from the photocathode is written by 

formula. 

hc

eW
Q L
   (1) 

Here,  is quantum efficiency, e is elementary charge, W 
is pulse energy of the drive laser, L is wavelength of the 
drive laser, and h is Planck’s constant. Considering the 
quantum efficiency and the life time, Cs2Te is the 
candidate of our photocathode. Because Cs2Te has the 
band gap energy of 3.2 eV, a drive laser of the ultraviolet 
(UV) wavelength is required to excite photoelectrons. In 
this work, the quantum efficiency was assumed to be 
1.5% [4]. Therefore, when the electron charge is assumed 
to be 1 nC, the pulse energy in the UV wavelength is 
required to be 0.31 J per micro-pulse from the formula 
(1). Taking into account the optical loss and other issues, 
the target value of the pulse energy in the UV wavelength 
was set to be 1 J per micro-pulse. Here, we plan to use 
two non-linear optical crystals to generate the high 
harmonic generation. The conversion efficiency changing 
from 1064 nm to 266 nm was assumed to be 10% [5]. 
Therefore, the target value of the IR wavelength before 
the wavelength conversion is 10 J per micro-pulse. We 
plan to construct a multi-pass amplifier with optical gain 
of 40 dB to achieve these values. The main parameters are 
shown in Table 1. 
 

Table 1: The Main Parameter of the Target Value 

electron charge 1 nC 
/ micro-pulse 

micro-pulse number in a macro-pulse more than 
300 

repetition frequency of macro-pulse 1 ~ 10 Hz 
micro-pulse energy (UV) 1 J 
micro-pulse energy (IR) 10 J 
 

System Configuration 
We used a mode locked Nd:YVO4 laser (GE-100-VAN, 

Time-Bandwidth) as a laser oscillator. This laser’s 
specifications are summarized that wavelength is 1064 
nm, repetition frequency is 89.25 MHz (11.2 ns), average 
output power is 600 mW, and pulse width is 7.5 ps. This 
repetition frequency is one thirty second of the RF 
frequency of KU-FEL linac (2856 MHz). The laser 
system was designed to synchronize the phase timing 
between the RF signal of KU-FEL and the repetition 
frequency of the drive laser by controlling the resonator  ___________________________________________  

#kyohei@iae.kyoto-u.ac.jp 
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length of the mode-locked laser. In the multi-bunch laser 
system, we put an AOM to generate an amplitude-
modulated macro-pulse arbitrarily. We found, however, 
that the laser beam position has been fluctuated because 
of a drift effect in the AOM. Therefore, we introduced a 
beam alignment feedback system (Aligna4D, TEM) 
located in the downstream of the AOM to stabilize both 
the laser beam position and angle. Then a four-pass 
amplifier using a LD pumped amplifier (REA5006-2P1, 
CEO) which contains a Nd:YAG rod (5 mm×12.6 cm) 
is employed. The configuration of the multi-bunch laser 
system is shown in Fig. 1. Figure 1 (a) shows from the 
laser oscillator to the beam alignment feedback system, 
and (b) shows a schematic view of the multi-pass 
amplifier system. 
 

 
 

 
 

Figure 1: Schematic view of the multi-bunch laser system. 
(a) shows from the laser oscillator to the beam alignment 
feedback system and (b) shows a schematic view of the 
multi-pass amplifier system. 

PERFORMANCE TEST OF BEAM 
ALIGNMENT FEEDBACK SYSTEM 

Because the length from the laser oscillator to the 
wavelength conversion crystals is about 8 m, we have 
introduced the beam alignment feedback system as 
described in previous section. This system consists of two 
motorized mirror mounts, two laser beam position 
detectors, a beam splitter, and a plane-convex lens. The 
motorized mirror mount consists of a picomotor, and a 
piezo element. Moving the motorized mirror mounts 
automatically, the laser beam position and angle is kept at 
the central position of the detectors. In this section we 
will report on our test measurement of the laser beam 
stabilization in the multi-bunch laser system with the 
beam alignment feedback system. 

Stability Measurement of the Laser Beam 
The laser beam position and angle (both in horizontal 

and in vertical) can be monitored by the position detectors 
of the laser beam alignment feedback system. At the 
beginning, the laser system was warmed up for an hour to 
obtain a stable operation condition in the laser oscillator 
and the AOM. Then we measured four parameters, 
horizontal beam position, vertical beam position, 
horizontal beam angle, and vertical beam angle, with the 
beam alignment feedback system on and off in every 20 
minutes. In the measurement the laser beam parameters 
are summarized as followings;  
the micro-pulse number in a macro-pulse : 300,  
the repetition frequency of macro-pulse : 10 Hz,  
the macro-pulse energy : 6 nJ. 

The results are shown in Fig. 2, 3 and the standard 
deviation of the measured value is shown in Table 2. We 
could stabilize the laser beam position within 1 m and 
the laser beam angle within 20 rad by using this system. 
And, we could prevent the drift effect which occurred for 
20 minutes especially in Fig. 2 (b). Consequently, we can 
estimate that the horizontal displacement is within 38 m, 
and the vertical one is within 98 m at the position of the 
wavelength conversion crystals which is 7 m downstream 
from this alignment system. 
 

 
 

Figure 2: Comparison of the laser beam position when the 
regulator was switched on and off, (a) horizontal (b) 
vertical. 
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Figure 3: Comparison of the laser beam angle when the 
regulator was switched on and off, (a) horizontal (b) 
vertical. 
 

Table 2: The Standard Deviation of Measured Value 

 OFF ON 
angle (horizontal) 30 rad 5.4 rad 

(vertical) 35 rad 14 rad 
position (horizontal) 2.0 m 0.56 m 

(vertical) 6.7 m 0.40 m 
 

CONSTRUCTION OF MULTI-PASS 
AMPLIFIER 

We installed the multi-pass amplifier whose layout is 
shown in Fig. 1 (b). This amplifier is a LD pumped 
amplifier and the laser beam is passed through four times 
to obtain enough optical gain. A Nd:YAG crystal in this 
amplifier is excited for about 250 s. A seed pulse laser is 
injected at the timing of 230 s. The laser parameters are 
shown in Table 3.  
 

Table 3: The Laser Parameters of the Laser Oscillator 

repetition frequency of macro-pulse 10 Hz 
micro-pulse number in a macro-pulse 300 
modulated waveform in the AOM rectangular  
amplitude of the AO drive signal 4 V 

 
We measured the signal of the laser beam which was 

passed four times through the amplifier by using a photo 
diode (PD). The measured signal intensity was getting 
larger by increasing the current of the amplifier. During 

the measurement we found that the self-oscillation 
occurred in this system due to the amplifier’s radiating 
light when the current value was larger than 60 A. The 
waveform of the PD signal is shown in Fig. 4. 

To avoid the self-oscillation, we set the iris to cut off 
the self-oscillation path which had the large angle of 
divergence as shown by Fig. 1 (b). We succeeded to 
prevent the self-oscillation when the current value was 
less than 80 A. The waveform of the PD signal at the 
current value of 80 A is shown in Fig. 5. The pulse energy 
from the amplifier depending on the current value is 
plotted in Fig. 6. We used the energy meter (PE10BB, 
Ophir Optronics) which couldn’t measure the pulse 
energy of less than 5 J. As shown in Fig. 6 we confirm 
that the pulse energy increases exponentially by 
increasing the current value. The maximum pulse energy 
was 360 J. Because the number of micro-pulse in a 
macro-pulse was 300, the pulse energy per micro-pulse 
was deduced to be 1.2 J which was below the target 
value (10 J). The reason is that the iris cut out the laser. 
To achieve the target power with the four-pass amplifier 
system, we will introduce a fast optical chopper. 
 

 
 
Figure 4: The waveform of PD signal when the self-
oscillation occurred. 
 

 
 
Figure 5: The waveform of PD signal at the amplifier’s 
current value of 80 A. 
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Figure 6: The amplified pulse energy as a function of the 
LD current. 

CONCLUSION 
We have developed the multi-bunch laser system to 

introduce the photocathode RF gun to obtain more stable 
and higher peak FEL power in KU-FEL. In this 
development, we introduced the beam alignment feedback 
system located the downstream of the AOM which 
generated 300 micro-pulses in a macro-pulse. We could 
stabilize the laser beam position within 1 m and the laser 
beam angle within 20 rad by using this system. We 
constructed the multi-pass amplifier and achieved to 
amplify the seed laser up to 1.2 J per micro-pulse that 
was lower than our target value of 10 J. It is required to 
improve the amplifier system without the self-oscillation 
to achieve the target value. 
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Abstract 
The linac of the FERMI seeded free electron laser 
includes a laser heater to control the longitudinal 
microbunching instability, which otherwise is expected to 
degrade the quality of high brightness electron beam 
sufficiently to reduce the FEL power. The laser heater 
consists of a short undulator located in a small magnetic 
chicane through which an external laser pulse enters to 
modulate the electron beam energy both temporally and 
spatially. This modulation, which varies on the scale of 
the laser wavelength, together with the effective R52 
transport term of the chicane increases the incoherent 
energy spread (i.e., e-beam heating). We present the first 
commissioning results of this system, and its impact both 
upon the electron beam phase space, and upon the FEL 
output intensity and quality. 

INTRODUCTION 
 FERMI@ELETTRA [1] is an user facility based on 

two seeded FELs in the VUV (FEL-1) and soft x-ray 
(FEL-2) wavelength regimes. FEL-1 is a single stage 
HGHG while FEL-2 is a two stage HGHG cascade 
working in a fresh bunch configuration. One of the main 
features of both the two FEL lines is their capability to 
produce output radiation pulses with a very narrow 
spectrum. The longitudinal high quality of the output FEL 
pulses originates with the external seed laser. However, 
the nearly transform-limited single spike spectrum [2] can 
be spoiled by unwanted modulations and distortions in the 
longitudinal phase space of the electron beam. The very 
bright electron beam (e.g., slice emittance <2 mm mrad) 
and incoherent energy spread (~3KeV) required to drive 
this FEL is susceptible to a microbunching instability [3] 
that produces short wavelength (~1-5µm) 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 
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. To control these degradations, we have 
installed a laser heater between the photoinjector and the 
linac. This device can add a small controlled amount of 
incoherent energy spread to the beam and reduces 
microbunching instability growth via Landau Damping in 
the bunch compressor. 

LASER HEATER SET UP 
The FERMI laser heater [4] consists of a short, planar-

polarized undulator located in a magnetic chicane through 
which an external laser pulse enters to modulate the 
electron beam both temporally and spatially. The resulting 
interaction within the undulator produces an energy 
modulation of the electron beam on the scale of the laser 
wavelength. The last half of the chicane then time-smears 
the energy modulation leaving an effective incoherent 
energy spread increase. Figure 1 shows the FERMI layout 
with the laser heater positioned between the photoinjector 
and the linac. Figure 2 illustrates the laser heater system 
installed in the linac tunnel. 

 

Figure 1: FERMI linac layout. 

  The laser heater undulator has 12 periods of 4cm. The 
gap can be changed to find the resonance with the 
external laser wavelength (783nm) for several beam 
energy.  The relative bandwidth of undulator radiation is 
~8% while the gap- K calibration has an error of the order 
of 0.3%.  A nearby spectrometer allows determination of 
the electron beam energy to within 1%. Consequently it is 
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very easy to find the resonance with an acceptable 
accuracy. 

 

Figure 2: Laser heater system in the lynac tunnel : a) input 
laser table, b) chicane magnet; c) multiscreen station 
LH01.02, d) laser heater undulator; e) multiscreen station 
LH01.03, f) bpm LH01.03, g) output laser table. 

 
The laser pulse used for the laser heater is a small 

portion of the photocathode infrared drive laser picked up 
just before the harmonic up-conversion to UV. Up to 
160µJ of energy are available for the laser heater after the 
beam transport; with a FWHM duration of 10 ps, this 
corresponds to a peak power of 16 MW. According to 
theory, this level of power level will produce 100-keV of 
energy spread. 

 

Table 1: Laser Heater Parameter 

Parameter Value Units 

Undulator period 40 mm 

Number of periods 12 - 

Undulator strength  parameter 1.17-0.8 - 

Laser wavelength 783 nm 

Laser pulse duration 10 ps 

Laser energy <160 µJ 

Laser rms transverse size 140-200 µm 

X Offset in the chicane 30 mm 

Chicane bending angle 3.5 Degrees 

 
 The nominal value of bean heating required by FEL 

operations according to simulations is around 10 keV but 
we started the commissioning of the laser heater at full 
power to detect more clearly the heating. The laser is 
transported on an optical table placed in the linac tunnel 
near the electron beam vacuum pipe and before the heater 
chicane. Two mirrors located on this table steer the laser 
beam to overlap the electron beam trajectory. Another 
optical table is placed on the other side of the heater 
chicane to host additional diagnostics. Two multiscreen 
diagnostic stations, one on each side of the undulator, lay 
within the laser heater chicane. Both diagnostic stations 
are equipped with CROMOX screens on which it is 

possible to image both the laser beam and the electron 
beam in order to superimpose them transversely. Three 
remote controllable mirrors, one in the laser room and 
two on the optical table at the laser heater chicane 
entrance, permit  adjustment of the laser centroid position 
relative to that of the electron centroid to within 100μm 
tolerance. Since both the electron beam and laser heater 
laser originate with the photocathode laser, they are 
naturally locked in time but with a constant temporal 
offset that can be adjust scanning a delay to superimpose 
the two beams temporally. 

MEASUREMENTS OF THE BEAM 
HEATING  

    When the electron beam and the laser beam are aligned 
in space and time, the laser electron interaction in the 
undulator generates significant energy spread that is 
easily detected using the spectrometer placed after the 
first bunch compressor. The beam is deflected vertically 
with a vertical RF [5] before entering the spectrometer. 
This deflection maps the longitudinal coordinate to the 
vertical coordinate on the spectrometer YAG screen while 
the dipole spectrometer converts the energy of the beam 
to the horizontal coordinate on the same screen. The 
spectrometer has a dispersion η ≈ 0.58 m and a small beta 
function (β ≈ 1 m) on the diagnostic YAG screen. On the 
screen it is possible to see the longitudinal phase space of 
the beam enabling measurement of the uncorrelated 
energy spread in each slice along the longitudinal 
coordinate (time)  of the electron beam. Figure 4 shows 
representative longitudinal phase space profiles on the on 
the spectrometer screen when the laser heater is switched 
off and when the beam is heated by the laser at full energy 
(160 μJ). The transverse rms dimension of the laser in the 
undulator is around ~200µm while electron beam sigma is 
~140 µm. The heated beam is expected to show a double 
horn energy distribution when the laser electric field is 
larger than the electron beam as shown in figure 3. The 
energy distribution is more Gaussian-like when the laser 
matches electron beam size in the undulator; this 
configuration has been shown to be more effective in 
suppressing the microbunching instability [6]. However, 
we started with a large laser spot to more easily overlap 
the electron beam. Figure 4 shows the evolution of the 
energy spread of a central slice of the beam as a function 
of the laser behaviour [7]. The values showed by the blue 
experimental points are obtained by subtracting in 
quadrature the energy spread measured with heater off 
from the value measured with heater on; in principal the 
difference is equivalent to the energy spread added by the 
laser heater.  The magenta line shows the expected 
theoretical behaviour. The experimental points (blue) are 
obtained subtracting in quadrature the energy spread 
measured with the heater switched off from the energy 
spread measured with the heater on. One sees that there is 
excellent agreement with the theoretically predicted 
values. 
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Figure 3: Longitudinal electron beam phase space 
reconstructed on the spectrometer screen with the RF 
deflector on. Left image: laser heater off. Right image: 
heater on with a laser energy of 160µJ. 

     The error bars are obtained from the statistical 
measurement errors on 15 shots and from estimated errors 
on energy and dispersion measurements (1% and 5%). 
We note excellent agreement between theory and 
measured data. The measurements reported were taken 
with the gap optimized experimentally for maximum 
beam heating.  

 

Figure 4: Behaviour of the electron beam energy spread 
added by the heater vs. the laser energy. The magenta line 
shows the expected theoretical behaviour. The 
experimental points (blue) are obtained subtracting in 
quadrature the energy spread measured with the heater 
switched off from the energy spread measured with the 
heater on. 

MICROBUNCHING SUPPRESSION  
    Now we analyze the effect of the laser heater on the 
electron beam evolution downstream. All the results 
presented here are obtained while operating the linac with 
only BC1 on. Clear evidence of microbunching instability 
effects can be seen when the linac is set to a compression 
factor greater than 3 as both the current and energy 

spectrum of the beam appear to be modulated. Figure 5 
shows the electron beam energy profiles imaged on the 
screen of the spectrometer in the diagnostic beam dump 
(DBD) at the end of the linac for various settings of the 
laser heater energy. These data were acquired for a 500-
pC beam charge with a compression factor of 5.6 . The x-
band linearization cavity was switched off resulting in the 
compression non-linearities producing a triangular current 
distribution and other long scale non-uniformities. The 
DBD spectrometer screen images show a residual energy 
chirp with the energy profile sensitive to the beam current 
profile. The magenta curve in the Fig. 5a displays the 
energy profile measured with the heater switched off. It 
shows high frequency modulations we attribute to the 
microbunching instability and also longer time scale 
structures produced by non-linearities in beam 
compression. When the laser heater is turned on with a 
laser energy ~1µJ, the high frequency structures start to 
be reduced in amplitude (Fig. 5b) whereas the longer 
current structure are almost untouched by this small level 
of heating. When the laser energy is increased to a level 
of ~3 µJ or greater, even longer scale structures are 
smeared and reduced as reproduced in Fig. 5c. 

 

Figure 5: Energy beam profiles imaged on the screen of 
the spectrometer in the diagnostic bean damp (DBD in the 
Fig. 1) for various setting of the laser heater. 

    Other evidence for microbunching instability growth is 
the coherent optical transition radiation (COTR) produced 
when the beam passes through diagnostic OTR screens 
[8]. The laser heater reduces and eventually suppresses 
these COTR signals. Figure 6 reproduces the behaviour of 
the OTR signal just upstream of the FEL-1 modulator 
undulator as a function of laser heater energy; one sees 
strong suppression of the signal for energies exceeding 1 
µJ.  

 

Figure 6: OTR intensity vs. laser heater energy. 
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EFFECTS ON FEL PERFORMANCE  
Beneficial effects of the laser heater have been 

observed on both the FEL pulse energy and spectrum The 
FEL pulse energy at 24.3 nm (10th harmonic of the seed 
produced by an optical parametric amplifier tuned at 
243nm) measured on a downstream gas cell vs. the seed 
laser energy is shown in  Fig. 7for three different settings 
of the laser heater.  

 

Figure 7: FEL pulse energy at 24.3 nm vs. seed energy 
The green points were taken when the laser heater is 
switched off. The red points refer to a beam heating of 
14 keV while the blue points correspond to a beam 
heating of 7 keV. 

 
These data were obtained with a 500 pC electron beam 

charge at a compression factor close to 10 in BC1. Here 
the X-band cavity was turned on and tuned to produce a 
nominally linearized compression. The maximum FEL 
output energy is more than doubled at the optimum laser 
heater setting (7-keV equivalent heating) as compared to 
that obtained when the laser heater is switched off. These 
results confirm that the laser heater increases the electron 
beam quality and suggests that the slice energy spread at 
undulator entrance is minimized by a proper amount of 
upstream heating as predicted by theory and simulation 
[9]. The laser heater produces even a “cleaning” of the 
FEL spectrum. Fig (8) shows 100 spectra taken with the 
laser heater switched on (top plot) and 100 spectra taken 
with the laser heater turned off (bottom plot). The black 
lines in the two plots are the mean of the ensemble. For 
these data the electron beam charge is 500 pc and the BC1 
compression factor ~10. The radiator is tuned on the 8th 
harmonic of the seed laser. On a shot-by-shot basis, when 
the laser heater is off the FEL spectrum has a spiky aspect 
with multiple peaks associated with strong energy 
modulation of the electron beam phase space. By contrast, 
when the laser heater is switched on the spectra appear 
cleaner with Gaussian-like shapes and the central 
wavelength is also more stable.  

We also found a positive effect upon the FEL power 
even when working with lower compression factors and 
for longer wavelengths. As example we report an energy 

gain of 50% switching on the laser heater for a 
compression factor ~3 and at a wavelength of 52 nm. As 
with the higher compression cases discussed above, the 
optimal laser heating for maximizing FEL power is in the 
range of 7 to14 keV. Operations at very high harmonic of 
the seed (26-29th) require lower laser heater energy (3-5 
keV). 

 

 

Figure 8: FEL output spectra at the 8th harmonic of the 
external seed laser. Top panel: heating on; bottom panel: 
heating off. 
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CONCLUSIONS 
The laser heater system for the FERMI@ELETTRA 

has been commissioned. The system works more or less 
as predicted with beneficial effects upon both the FEL 
output power and spectrum. The heating also appears to 
reduces microbunching instability growth as seen both in 
suppression of COTR emission and also in terms of short 
time scale structure on the electrons beam’s energy 
distribution. The optimal heating in terms of the induced 
energy spread growth is at the 7-14 keV level. 
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Abstract 

The Photo Injector Test facility at DESY, Zeuthen site 
(PITZ) is dedicated to the development and optimization 
of a high-brightness electron source for the European 
XFEL. Recently a significant upgrade has been done at 
the facility. A new RF system has been installed for the 
PITZ gun, enabling higher attainable peak power in the 
cavity which is important for efficient LLRF regulation. 
First long-term tests for a stable gun operation at high 
duty cycle have been performed. Two major components 
for electron beam diagnostics – a transverse deflecting 
cavity for time resolved electron bunch characterization, 
and a second high energy dispersive arm for precise 
longitudinal phase space measurements –  have been 
installed. First results of their commissioning will be 
reported. 

INTRODUCTION 
The PITZ facility develops and tests high-brightness 

electron sources for free-electron lasers, such as FLASH 
and the European XFEL in Hamburg. The current PITZ 
setup consists of a photo cathode rf gun, a normal 
conducting booster cavity and various systems for 
electron beam diagnostics. The photo cathode laser 
system is developed and supported by the Max-Born-
Institute (MBI, Berlin). One of the major goals of the 
facility is to minimize the projected normalized emittance 
for electron beams with different charges. The projected 
emittance for bunch charges in the range between 20 pC 
and 2 nC was minimized by multi parametric machine 
tuning, setting a new benchmark for high-brightness 
photo injector performance [1, 2]. The challenging time 
structure of the electron pulse train is one of the important 
specifications to be demonstrated at PITZ. The photo 
injector is capable to produce trains with up to 800 micro 
pulses and 1 s spacing between the pulses of the train at 
10 Hz repetition rate. Demonstration of stable electron 
beam production supporting the maximum available duty 
factor is a subject of the so-called long-term tests (LTTs), 
which were performed at PITZ in 2012. 

Being a spare gun for the FLASH user facility, the 
PITZ gun in May 2012 has replaced the FLASH gun, 
which was damaged during operation. The installation of 
a spare gun cavity for PITZ (the gun prototype 3.1) is 
under preparation. Dry ice cleaning of which is supposed 

to reduce the field emission significantly has been applied 
to this cavity. 

In parallel, a number of important upgrades have been 
carried out at PITZ to improve the electron beam 
diagnostics, namely to characterise the bunch slice 
properties. The transverse deflecting system (TDS) was 
built to characterize the temporal properties of electron 
bunches from the photo injector. The deflecting cavity 
was developed at the Institute for Nuclear Research (INR, 
Moscow, Russia) and is planned to be also applied at the 
European XFEL. A prototype of the system will be tested 
at PITZ; the final installations are ongoing. Another 
important diagnostic device recently installed and 
commissioned is the second high energy dispersive 
section in the PITZ linac. Besides the beam momentum 
measurements it can be used for single shot 
measurements of the longitudinal phase space and the 
slice energy spread when used together with the TDS 
cavity. 

RF GUN 
The PITZ gun is a 1.6 cell normal conducting rf cavity 

with a Cs2Te photocathode. It is operated at 1.3 GHz with 
a maximum rf peak power of ~6 MW in the cavity. The 
gun cavity is fed using a 10 MW multi-beam klystron 
with two outputs, the mean length of each waveguide arm 
is about 40 m. A major part of the waveguides is filled 
with SF6 in order to reduce the spark rate. A vacuum T-
combiner is located in the gun cavity vicinity isolated 
from the SF6-filled waveguide line by two ceramic rf 
windows. The T-combiner is followed by a 10 MW in-
vacuum directional coupler; the feed-forward and the 
feedback are realized based on signals from the two 
antennas of the directional coupler. The rf gun cavity 
operated at the maximum peak power delivers electron 
bunches with maximum mean momentum of ~7 MeV/c. 

The gun cavity (gun prototype 4.1) was conditioned 
with rf pulses up to 700 s duration applying the full 
available peak power, but for emittance optimization [3, 
4] a maximum rf pulse duration of 300 s was used. In 
order to check the gun trip rate at the full average power 
performance long-term tests were carried out in 2012 at 
PITZ. Results of these tests are discussed below. 

PITZ rf guns also serve as spare guns for the running 
FEL user facility FLASH in Hamburg. In May 2012 the rf 
gun at FLASH (gun prototype 4.2 being also 
commissioned and characterized at PITZ in 2008-
2009 [2]) has shown significant problems during 
operation at an rf peak power level of ~4 MW, including 
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increased dark current level. The inspection revealed a 
damaged area inside the gun cavity at the cathode wall in 
the vicinity of the rf contact spring. Further operation of 
this gun cavity for the FEL user facility was not possible 
and it was decided to exchange the gun. The gun which 
was under characterization at PITZ at that time (gun 
prototype 4.1) was dismounted and shipped to the FLASH 
injector. After installation and short commissioning it was 
successfully put into operation. 

 

Long-Term Tests 
A long-term test (LTT) implies continuous operation of 

the gun at ~700 s rf pulse duration. A feedback has to be 
applied in order to provide rf field amplitude and phase 
flatness within the pulse train as well as the shot-to-shot 
stability [5]. Production of photo electron bunch trains of 
up to 650 pulses with 1 s spacing at a train repetition 
rate of 10 Hz also has the goal to perform heavy load tests 
for the photo cathodes and the cathode laser system. A 
charge of ~1 nC for the individual electron bunches 
within the pulse train was considered as a goal during the 
LTT, the cathode laser pulse train intensity profile was 
tuned in order to flatten out the charge profile of the 
electron bunch trains as much as possible. But due to 
currently limiting factors of the overall setup there were 
some imperfections observed in the pulse train charge 
profile. Figure 1 illustrates an example of a long train of 
electron bunches. 630 pulses were accelerated, the mean 
charge of the train is 0.86 nC, the rms charge variation is 
~3%. The output laser energy was not sufficient to 
produce 1 nC for the chosen laser spot size (~1.4 mm 
diameter). 

 

Figure 1: Long pulse train of electron bunches. 

The peak power in the gun cavity was considered as 
variable machine parameter with the gun trip rate as 
observed value. The rf peak power in the gun Pgun was 
varied from 6 MW down to 3.5 MW in several steps 
during the LTTs performed at PITZ in 2012. Because of 
the strong electron beam energy dependence on the peak 
power in the gun several scaling rules were applied. In 
order to take into account the charge production 
enhancement due to the presence of a high electric field at 

the cathode the rms laser spot size was scaled according 
to the equation l

xy=0.3mm·(6.5MW/Pgun)1/2. The main 
solenoid current Imain was scaled, based on the measured 
maximum mean beam momentum Pz,max obtained from 
the gun phase scan for a given rf peak power in the gun: 
Imain=395A·(Pz,max/6.477MeV/c). This provides similar 
focusing conditions which is important for the transport 
of electron bunch trains with rather high average power. 

The gun interlock system includes two photodiodes 
(PDs) and two infrared detectors located at the rf 
windows from the SF6 side, one photomultiplier (PMT) 
located at the vacuum waveguide after the T-combiner 
and orientated towards the T-combiner and an electron 
detector located near the PMT. The ultra-high vacuum is 
measured using two vacuum ion getter pumps (IGPs) near 
the gun coupler, one of which is integrated into the gun 
interlock system. The typical recovery time of ~40-
50 min after an interlock includes rf ramping which 
should be synchronized with cavity resonance 
temperature tuning by intelligent combining of the rf 
heating and the water cooling of the gun body, rf feedback 
adjustment and establishing photo electron pulse train 
production. Such a long gun recovery time makes 
specifications for a gun trip rate rather stringent. One gun 
trip per day is considered currently as a goal to be 
demonstrated at PITZ. Such highly stable performance 
was not possible to be shown for the current hardware 
setup. While at highest rf peak power level (~6 MW) 
significant vacuum activity was observed, mainly light 
sensors (PDs and PMT) were limiting the operation at 
moderate and lower rf peak power levels. One of possible 
reasons could be imperfect TiN coating of rf ceramic 
windows. After replacing the T-combiner with two rf 
windows by a single rf window (which took place during 
installation of the gun at FLASH) a trip rate of less than 1 
per week at 4 MW rf power in the gun was observed. 

Monitoring photo cathode emission properties, e.g. 
charge production, is another substantial part of the LTTs. 
For example, the quantum efficiency (QE) and QE-maps 
of the Cs2Te cathodes #613 and #13 [6] were measured in 
the beginning and at the end of one run week when LTTs 
were performed. The QE for the cathode #613 was 
measured for various laser spot diameters at the cathode 
(1.6, 1.2 and 0.8 mm) resulting in QE=(12.0±0.4)% 
before the tests (week 12/2012) and QE=(7.1±0.6)% after 
the week of run. Corresponding QE-maps are shown in 
the upper row of Fig. 2. The QE=9.7% for the cathode 
#13 was measured before week 15/2012 for 1.2 mm laser 
spot diameter, the same measurement repeated after one 
week LTT yielded QE=8.9%. Corresponding QE-maps 
are shown in the lower row of Fig. 2. 
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Figure 2: QE maps of the cathode #613 (upper row) and 
cathode #13 (bottom row) measured before a long-term 
test (left column) and after one week of run (right column 
of plots). 

The detected QE degradation is mainly due to photo 
electron production and seems to be strongly cathode 
dependent. Despite the rf activity which is causing a 
general vacuum pressure increase (e.g. from 5·10-11 mbar 
to 1.5·10-10 mbar at 6 MW peak rf power and 700-750 s 
pulse duration), the QE of cathode areas which were not 
involved in the photo electron production remained about 
constant. 

Dark Current 
The dark current from the rf gun is a key issue for the 

successful operation of a superconducting linac. The dark 
current was measured at PITZ for gun 4.1 right before the 
gun dismounting and shipment to FLASH. The dark 
current signal was measured using a Faraday Cup inserted 
at the first diagnostic cross (~0.8 m from the cathode). 
Results are shown in Fig. 3 as a function of the main 
solenoid current for different values of the peak power in 
the gun. 

 

Figure 3: Dark current from the gun as a function of the 
main solenoid current, measured for different levels of rf 
peak power in the gun. 

A maximum peak power of ~4 MW is currently the 
nominal value for the FLASH rf gun and the dark current 
level under 70 A fits the requirements of the FLASH 
user facility. 

RECENT DIAGNOSTICS UPGARDES 
Two major components were installed in 2012 in the 

PITZ beam line – a transverse deflecting cavity and the 
second high energy dispersive arm. One important 
application of these diagnostic devices is the 
measurement of electron bunch slice parameters. 

TDS 
The transverse deflecting system (TDS) is an S-band 

traveling wave disc-loaded structure operated at 
2.997 GHz in 2 /3 mode [7]. It should allow to streak 
vertically short electron bunches with energies up to 
~30 MeV in order to measure their temporal profile with 
sub-picosecond resolution. Horizontal slice emittance 
measurements are enabled by using the tomography 
module downstream of the TDS [8]. 

The cavity is installed in the PITZ linac at a z-location 
of ~11 m from the photo cathode plane. The rf power 
supply system including a 3 MW CPI klystron is installed 
as well. A 40 m waveguide line is under completion. 
Commissioning of the TDS is expected in autumn 2012. 

HEDA2 
The second high energy dispersive arm (HEDA2) is a 

multipurpose diagnostic device [9]. It consists of three 
dipole magnets which allow utilizing a beam dump 
common with the straight electron beam line. Extensive 
diagnostics components are designed to monitor long 
pulse train operation needed for further LTTs. 

 

Figure 4: Electron beam image measured at the first 
screen of the second dispersive arm. Horizontal axis 
corresponds to the longitudinal momentum distribution. 

 
Combined with the TDS it can be used for single shot 

measurements of the longitudinal phase space. By 
introducing a linear energy chirp in the electron bunch 
with off-crest CDS booster operation it is possible to 
measure the vertical slice emittance. First beam 
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measurements at HEDA2 have been performed in spring 
2012. An example of electron beam image measured at 
the first HEDA2 screen is shown in Fig. 4 together with 
the longitudinal momentum distribution. Further 
commissioning of the second dispersive arm is ongoing. 

CONCLUSIONS 
Long term tests for full average power of the rf gun 

were performed at PITZ in 2012. The trip-rate 
dependence on the peak power was estimated and is still 
not satisfactory. Improvement was observed using a 
different rf window with a better TiN coating. A photo 
cathode QE degradation due to photo electron production 
was observed, its dependence on the operation mode and 
particular cathode pieces was established. Further tests 
are planned. 

Diagnostics upgrade is ongoing at PITZ and, in 
particular, systems for time-resolved electron bunch 
measurements are under commissioning. 
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OPTIMIZATION OF THE TRANSVERSE PROJECTED EMITTANCE OF
THE ELECTRON BEAM AT PITZ

G. Vashchenko∗, G. Asova† , M. Gross, L. Hakobyan, I. Isaev, Y. Ivanisenko, M. Khojoyan‡ ,
M. Krasilnikov, M. Mahgoub, D. Malyutin, A. Oppelt, M. Otevrel, B. Petrosyan,

S. Rimjaem§ , A. Shapovalov, F. Stephan, DESY, 15738 Zeuthen, Germany
D. Richter, HZB, 14109 Berlin, Germany

Abstract
High brightness electron sources for linac based free-

electron lasers operating at short wavelength such as the
Free-Electron Laser in Hamburg at DESY, Hamburg Site
(FLASH) and the European X-Ray Laser Project XFEL
(European XFEL) are characterized and optimized at the
Photo Injector Test Facility at DESY, Zeuthen Site (PITZ).
One of the most important parameters influencing the FEL
process is the normalized transverse projected emittance
of the electron beam. The major part of the experimental
program at PITZ is devoted to its optimization. Detailed
simulations of the present facility setup are performed for
a 1 nC bunch charge in order to optimize the transverse
projected emittance of the electron beam. Cathode laser
pulse length and transverse spot size at the photo cathode,
gun and booster accelerating gradients and their launch-
ing phases as well as the main solenoid current are opti-
mized. Simulations results together with experimental data
are presented.

INTRODUCTION
Linac based free electron lasers like FLASH [1] and the

European XFEL [2], developed to produce high brilliance
coherent laser light with wavelength down to nanometers
and below, require high quality electron beams with high
peak current, small relative energy spread and transverse
slice emittance. For the production of the laser light at such
FELs the Self Amplified Spontaneous Emission (SASE)
process in the undulator is used. Aforementioned parame-
ters of the electron beam define minimum achievable wave-
length and brilliance of the emitted laser radiation obtained
during the lasing process [3]. Such characteristics like peak
current of the electron beam and its energy spread can be
improved during the electron beam transport from the gun
towards the undulator, while the minimum emittance value
of the electron beam at the undulator entrance is a prop-
erty which is already determined at the output of the photo
injector and usually only degrades after the electron beam
leaves the photo injector. The research program at PITZ
is devoted to the characterization and optimization of the
photo injectors which will be used at FLASH and the Euro-
pean XFEL. The description of the PITZ facility setup used
for measurements and simulations can be found in [4]. The

∗Grygorii.Vashchenko@desy.de
† On leave from INRNE, Sofia, Bulgaria
‡ On leave from ANSL, Yerevan, Armenia
§ Currently at Chiang Mai University, Chiang Mai, Thailand

emittance of the electron beam in the PITZ photo injector
is a quantity which depends on several machine parame-
ters such as laser transverse and temporal profiles, gun and
booster on-axis peak fields and their launching phases with
respect to maximum mean momentum gain phase, here-
inafter w.r.t MMMG phase as well as the focusing current
of the main solenoid. A detailed set of the simulations
was done in order to study the emittance dependence on
the aforementioned machine parameters and will be pre-
sented together with experimental data obtained during the
run period January-June 2011.

BEAM DYNAMICS SIMULATIONS AND
EXPERIMENTAL RESULTS

A Space charge TRacking Algorithm (ASTRA) code
was used for the simulations [5]. The range of parameters
used for the emittance simulations is presented in Table.1.
The booster launching phase was kept constant during the
simulations since the emittance dependence on this param-
eter is negligible [6]. The normalized transverse projected
emittance, hereinafter emittance, of the electron beam was
measured at EMSY1 (see [4]), placed directly behind the
booster cavity, by using the well established single slit scan
technique [4, 7].

Emittance dependence on the gun on-axis peak
field

The emittance dependence on the gun on-axis peak
field was studied for a fixed laser pulse length with
FWHM = 21.5 ps corresponding to an average value mea-
sured during the last run period. Other parameters like gun
launching phase, main solenoid current, booster on-axis
peak field were varied in order to get the minimum emit-
tance values for each gun on-axis peak field. Results of the
simulations are presented in Fig.1. An exponential decay
fit is applied to the simulation data.

The values of the rms laser spot size on the cathode for
which minimum emittance value was found for a given gun
on-axis peak field are presented in Fig.2. An allometric fit
is applied to the simulation data. Values of the gun launch-
ing phase at which minimum emittance value was found for
a given gun on-axis peak field are presented in Fig.3. We
can consider some weak trend on the phase to the negative
direction meaning relative growth of the space-charge in-
duced emittance compared to the RF-induced emittance as
the electron beam more compressed for the positive phases.
The focusing strength of the main solenoid current deliver-
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Parameter Range Step Unit
Flat-top laser temporal profile, FWHM [20; 44] 1 ps
Flat top laser temporal profile, rise/fall times 2 - ps
Uniform laser transverse profile, rms, σ [0.2; 0.6] 0.01 mm
Gun on-axis peak field, Egun [44; 61] 1 MV/m
Gun launching phase w.r.t. MMMG phase, ϕgun [-10; 10] 0.5 deg
Main solenoid current, Imain [280; 400] 1 A
Booster on-axis peak field, Ebooster [0; 25] 1 MV/m

Booster launching phase w.r.t. MMMG phase, ϕbooster 0 - deg

Table 1: PITZ setup parameters used in the emittance simulations with 1 nC bunch charge.
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Equation y = A1*exp(-x/t1) + y0
Reduced Chi-Sqr 3.68E-07
Adj. R-Square 0.99999

Value Standard Error
y0 0.37 0.00
A1 15.31 0.24
t1 14.53 0.09

Figure 1: Emittance dependence on the gun on-axis peak
field.
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Equation y = a*x^b
Reduced Chi-Sqr 2.84E-05
Adj. R-Square 0.991

Value Standard Error
a 44.42 4.71
b -1.15 0.03

Figure 2: rms laser spot size on the cathode dependence on
the gun on-axis peak field.

ing minimum emittance values has a linear dependence on
the gun on-axis peak field and is presented in Fig.4 . The
dependence of the booster on-axis peak field on the gun on-
axis peak field is presented in Fig.5. The optimum booster
on-axis peak field value fluctuates around 17.75MeV/c. It
can be assumed that the optimum booster on-axis peak field
value is not changing while varying the gun on-axis peak
field and its fluctuation obtained in simulations is caused
by too rough steps on the other parameters during their op-
timization.
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 Simulation data
 Linear fit
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Equation y = a + b*x
Residual Sum of Square 0.59357
Adj. R-Square 0.904

Value Standard Error
a -6.68341 0.46534
b 0.11202 0.00883

Figure 3: Gun launching phase dependence on the gun on-
axis peak field.
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Equation y = a + b*x
Residual Sum of Squares 1.25685
Adj. R-Square 0.99992

Value Standard Error
a 38.33191 0.67714
b 5.74592 0.01284

Figure 4: Main solenoid current dependence on the gun
on-axis peak field.

Emittance dependence on various parameters for
a fixed gun on-axis peak field value

The emittance dependence on the various machine
parameters for a fixed gun on-axis peak field of
Egun = 60.58MV/m was studied in more details. This
value was chosen to fit the average electron beam mo-
mentum at MMMG phase measured during the last run
period of < pz >= 6.68MeV/c. A laser temporal pro-
file was used with parameters like described in the previ-
ous subsection. The absolute minimum emittance value
of ε = 0.61mmmrad was found during the simulations
for the rms laser spot size on the cathode σ = 0.4mm,
gun launching phase ϕgun = 0deg, main solenoid cur-
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Figure 5: Booster on-axis peak field dependence on the gun
on-axis peak field.

rent Imain = 386A and booster on-axis peak field
Ebooster = 19MeV/c. During experimental investigations
a minimum emittance value of ε = 0.66± 0.05mmmrad
was found for σ = 0.3mm, ϕgun = 6deg, Imain = 396A
and Ebooster = 20.5MeV/c. The strong discrepancy of
0.1mm between simulated and measured optimum rms
laser spot size at the cathode, as well as 6 deg difference
in gun launching phase and 10A difference in the opti-
mum main solenoid current, can be caused by neglecting
the enhanced electron emission from the cathode in the RF
field during the simulations as described in [8]. In addition
the transverse and longitudinal distributions of the cathode
laser used in the experiment are not perfect as compare to
distributions used for simulations [9]. On the following
Figs. 6 - 9 the emittance dependencies on different param-
eters are presented by three curves. Connected red filled
squares represent emittance values on one of the parame-
ters listed above while the rest are fixed to the values at
which the absolute minimum emittance was found as de-
scribed above. Connected black filled squares represent
emittance values on the parameters listed above while tun-
ing the rest of the parameters as well. Blue filled circles
represent experimental data obtained during the last run
period with the statistical errors where additional statisti-
cal measurement was done. The emittance dependence on
the rms laser spot size on the cathode is shown in Fig.6 in
terms of detuning from the rms laser spot size value de-
livering the minimum emittance. It can be seen that the
emittance values for both simulation curves coincide in the
range [−5; 10]% which corresponds to [0.38; 0.43]mm in
terms of rms laser spot size at the cathode and means that
the rest of the optimized parameters are not changed in
this range. The emittance growth on the left side from the
optimum emittance value is caused by approaching space-
charge limited extraction of the electrons from the cathode,
while on the right side the contribution of the thermal emit-
tance is increasing. The usual accuracy of setting the rms
laser spot size on the cathode during experiments at PITZ
is about 5µm that means less than 1% possible systematic
uncertainty in the measured emittance value.

The emittance dependence on the gun launching phase
is shown in Fig.7. The rest of the parameters stay con-
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Figure 6: Emittance dependence on the rms laser spot size
on the cathode for Egun = 60.58MV/m.

stant within the phase range of [−2; 2] deg. The emittance
growth on the right side from the optimum emittance value
is caused by an increasing of the RF-induced emittance
due to the stretching of the electron beam. For negative
phases the beam compresses and space-charge forces dom-
inate. The usual accuracy of the the gun launching phase
determination at PITZ using LEDA (see [4]) is about 1 deg
which gives a possible systematic uncertainty of about 3%
in the measured emittance value. The abscissa axis for the
experimental data is shifted by −6 deg for convenience.
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Figure 7: Emittance dependence on the gun launching
phase for Egun = 60.58MV/m.

The emittance dependence on the main solenoid cur-
rent is shown in Fig.8 in terms of detuning from the main
solenoid current value delivering the minimum emittance.
Deviation of the solenoid current by 1A from the optimum
value corresponds to 0.25% in terms of detuning, usual for
experimental studies at PITZ, and gives a 1.7% increase of
the emittance while optimizing other parameters and 4% if
they stay the same as for the optimum emittance value.

The emittance dependence on the booster on-axis peak
field is shown in Fig.9. The emittance stays rather flat in a
wide range of booster on-axis peak fields [14; 23]MV/m
which corresponds to [19; 27.5]MeV/c in terms of elec-
tron beam momentum. Moreover, the other machine pa-
rameters delivering minimum emittance stay constant in
this range. The usual accuracy of the electron beam mean
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Figure 8: Emittance dependence on the main solenoid cur-
rent for Egun = 60.58MV/m.

momentum measurement at PITZ using HEDA1 (see [4])
is better than 100KeV/c. In such a way the possible influ-
ence of the booster on-axis peak field detuning during ex-
periments is negligible. The gun launching phase was not
optimized during this measurement. Nevertheless, simula-
tion and measurement data have well comparable trends.
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Figure 9: Emittance dependence on the booster on-axis
peak field for Egun = 60.58MV/m.

The emittance dependence on the cathode laser pulse du-
ration is shown in Fig.10. The minimum emittance value
of 0.49mmmrad was found for a laser pulse length of
FWHM = 37ps which is quite far from the usual 22 ps
used at PITZ and designed for the European XFEL [2]. De-
spite on the 20% emittance reduction for FWHM = 37ps,
it has to be taken into account that the peak current reduces
by 30% in this case that has negative effect on the brilliance
of the FEL radiation.

SUMMARY
Detailed simulations of the PITZ photo injector were

performed in order to optimize the electron beam emit-
tance for a bunch charge of 1 nC. The minimum emit-
tance value of 0.61mmmrad obtained during the simula-
tions is well comparable with the experimentally measured
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Figure 10: Emittance dependence on the laser pulse dura-
tion for Egun = 60.58MV/m.

0.66± 0.05mmmrad. The strong discrepancy between
machine parameters delivering minimum emittance in sim-
ulations and measurements can be caused by the enhanced
electron emission from the cathode surface in the presence
of an RF field which was not taken into account during the
simulations. Cathode laser pulses distributions imperfec-
tions compare to the distributions used in simulations have
an impact as well. The systematic error caused by detun-
ing of such machine parameters like main solenoid current,
gun launching phase, rms laser spot size on the cathode and
booster on-axis peak field during experiments is estimated
at the level of 10%. Simulation studies of the electron beam
emittance for other bunch charges (250 pC, 100 pC, 20 pC)
having interest for the FEL community are ongoing.
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Abstract 

Photo injector laser systems for linac based Free 
Electron Lasers (FELs) sometimes have the capability of 
generating pulse trains with an adjustable length. For 
example, the currently installed laser at the Photo Injector 
Test Facility at DESY, Zeuthen Site (PITZ) can generate 
pulse trains containing up to 800 pulses. Repetition 
frequencies are 10 Hz for the pulse trains and 1 MHz for 
the pulses within a train, respectively [1]. 

Mostly due to thermal effects caused by absorption in 
amplifier and frequency doubling crystals, pulse 
properties are changing slightly within a pulse train and 
also shot-to-shot, depending on the pulse train length. To 
increase stability and repeatability it is desirable to run the 
laser under constant conditions. To achieve this while still 
being able to freely choose pulse patterns a pulse picker 
can be installed at the laser output to sort out unwanted 
pulses. A promising candidate for this functionality is an 
acousto-optic modulator which currently is being tested at 
PITZ. First experimental results will be presented and 
discussed towards the possibility of including this device 
into an FEL photo injector. 

INTRODUCTION 
A central issue for running high quality experiments 

with a FEL is the stability of its output, requiring every 
subsystem including the photocathode laser to meet set 
specifications. In the case of an FEL with a multi-bunch 
structure, e.g. FLASH and the European XFEL, where 
each output event is a pulse train of varying length, the 
stability criterion has to be met not only shot-to-shot but 
also within each laser pulse train. 

One critical part of the photocathode laser system is the 
frequency quadrupling where the laser output wavelength 
is converted from the near infrared (1030 nm) via green 
(515 nm) into the ultraviolet (UV at 258 nm). This is done 
in two steps with nonlinear crystals, each doubling the 
laser wavelength. The second conversion step from green 
into UV is done with a beta barium borate (BBO) crystal 
which absorbs a tiny fraction of the converted UV light. 
The resulting temperature variation in the crystal leads to 
small but measurable variations of e.g. charge and delay 
of pulses within a pulse train [2]. Absorption of light in 

the other conversion crystal and amplifier crystals of the 
laser adds to this effect. 

A possible solution to this problem is to let the laser run 
constantly to stabilize the temperature of the crystals and 
define the pulse trains by picking the appropriate pulses 
behind the laser. Such a pulse picker may be realized 
using a UV Pockels cell or an acousto-optic modulator 
(AOM). This improves the situation because of the 
difference in the physical processes: the wavelength 
conversion in the BBO crystal is a nonlinear process 
requiring high light intensity. Small variations in 
operating conditions have big effects on arrival time and 
conversion efficiency. The AOM on the other hand is 
based on the linear acousto-optic effect, making it 
possible to operate the pulse picker at low intensity, 
which should, together with the low UV absorption of the 
AOM material (quartz), reduce the influence of heating 
enormously. 

In order to prove the anticipated advantages 
experimentally such an AOM is currently being tested at 
the Photo Injector Test Facility at DESY, Zeuthen Site 
(PITZ) and in the following we will first explain the 
function of this device and then present initial 
experimental results. 

THE ACOUSTO-OPTIC MODULATOR 
The function of an AOM is based on the acousto-optic 

effect which is an interaction of light with a sound wave 
[3]. An AOM is a device which utilizes this effect to 
deflect a light beam as illustrated in Fig. 1. 

 

Figure 1: Function of an AOM. 
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HIGH-BRIGHTNESS ELECTRON BEAM EVOLUTION IN TIME 
FOLLOWING LASER-BASED CLEANING OF THE LCLS CATHODE* 

F. Zhou,+  A. Brachmann, F-J. Decker, P. Emma, R. Iverson, P. Stefan, and J. Turner 
SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA                               

Abstract 
    Laser-based techniques have been widely used for 
cleaning metal photocathodes to increase quantum 
efficiency (QE). However, the impact of laser cleaning on 
cathode uniformity and thereby on electron beam quality 
are less understood. We are evaluating whether this 
technique can be applied to revive photocathodes used for 
electron beam sources in advanced x-ray free electron 
laser (FEL) facilities, such as the Linac Coherent Light 
Source (LCLS) at the SLAC. Laser-based cleaning was 
applied to two separate areas of the current LCLS 
photocathode on July 4 and July 26, 2011, respectively. 
QE was increased by 8-10 times upon the laser cleaning. 
Since the cleaning, routine operation has exhibited a slow 
evolution of QE improvement and comparatively rapid 
improvement of transverse emittance, with a factor-of-3 
QE enhancement over five months, and a significant 
emittance improvement over the initial 2-3 weeks 
following the cleaning. Currently, the QE of the LCLS 
photocathode is holding constant at about 1.2104, with a 
normalized injector emittance of about 0.3 µm for a 150-
pC bunch charge. With proper procedures, the laser 
cleaning technique appears to be a viable tool to revive 
the LCLS photocathode. We present observations and 
analyses for QE and emittance evolution in time 
following laser-based cleaning of the LCLS photocathode, 
and comparison to previous studies, the measured thermal 
emittance versus QE and comparison to the model.  

OVERVIEW 
   The Linac Coherent Light Source (LCLS), located at the 
SLAC, has been successfully operated for users for more 
than three years [1]. Its copper-cathode based photo 
injector has produced an ultra-low emittance electron 
beam [2] for the x-ray free electron laser (FEL). To date, 
three polycrystalline copper photocathodes have been 
used in LCLS injector operation since its initial 
commissioning [3]. The first cathode had quantum 
efficiency (QE), 2-310-5 after some processing, sufficient 
for initial commissioning from early of 2007 to July 2008. 
The second cathode had a QE of about 510-5 and was 
used for about three years of operation, from July 2008 to 
May 2011. When the LCLS repetition rate was increased 
from 60 Hz to 120 Hz, its QE quickly decayed to one half 
its initial value within 7-10 days. For this reason, the 
transverse position of the drive laser on the cathode had to 
be moved frequently to find new high-QE spots. This 

movement and subsequent retuning of the photo injector 
occupied significant LCLS machine time, and only a 
limited number of laser locations on the cathode could 
deliver the desired low emittance electron beam for 
reasonably good FEL performance. The second cathode 
was then replaced by a third one in May 2011, but the 
initial QE of this third cathode was only ~510-6, 
insufficient for user operations. Eventually, laser-based 
cleaning was initiated on the third photocathode, in order 
to boost the QE. Previous cleaning attempts for the third 
cathode, using in-situ gun hydrogen plasma cleaning [3], 
failed to achieve adequate QE improvement. Laser-based 
cleaning techniques have been used in the photo injector 
community for many years on metal cathodes, such as 
copper and Mg, to enhance QE [4-6]. A high-intensity 
laser beam, interacting with the cathode, may ablate the 
cathode surface and/or remove contamination, thereby 
resulting in a QE increase. However, the impact of laser 
cleaning on cathode uniformity and electron beam 
emittance are unknown at present. We evaluated whether 
this technique could be used to revive the LCLS 
photocathode for x-ray FEL facilities, which have 
stringent requirements on the beam emittance as well as 
the QE. Laser-based cleaning for the LCLS photocathode 
was successfully performed in July 2011, and the 
evolution of the QE and emittance following the cleaning 
will be presented.  

LASER CLEANING PARAMETERS AND 
PROCEDURES  

     The applied laser fluence is a key parameter in laser-
based cleaning for metal cathodes. The fluence of the 
refocused UV drive laser (253 nm) needs to be properly 
chosen so that the laser can effectively remove surface 
contamination to enhance the QE, but will not destroy the 
cathode surface quality or change the surface 
morphology. For this application to the LCLS copper 
cathode, the laser fluence used for laser cleaning was 
determined by the “vacuum activity” in the photocathode 
RF gun [5]. In other words, the applied laser fluence 
(laser energy for a given laser spot size) had to be 
gradually increased until a change in vacuum pressure in 
the RF gun was observed. In the LCLS gun system, the 
nearest vacuum gauge to monitor the gun vacuum is 
located at a nearby RF-feed waveguide [7]. The cold 
cathode ion gauge on the waveguide is about 50 cm away 
from the cathode. Estimate shows the vacuum pressure on 
the cathode is 1.3-1.5 times higher than the ion gauge [8]. 
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beyond +1.5 mm or -1.5 mm for laser central x-location, 
was still within the 10-6 scale. Data in Figure 3 indicates 
that the QE measured eight months later in the un-cleaned 
area was still at a very low level, although the overall gun 
vacuum had continuously improved.   

 
Figure 2: Evolution of QE (top) and gun waveguide 
vacuum (bottom) during the five months following laser 
cleaning, for the cathode spot being used for routine user 
operations. 

 
Figure 3: The QE in the area B measured eight months 
following laser cleaning. 

   Although detailed surface and material science studies 
for the third LCLS cathode are still pending, we assume 
that the cathode surface exposed to laser cleaning still 
retained contaminants, which were pumped out over time, 
causing a slow increase in the QE. However, the 
contaminants on the un-cleaned surface remain 
unchanged, and appear strongly bound to the surface, and 
are not removed as a result of vacuum improvement. 
Cathode R&D programs to further understand the detailed 
surface and material processes that take place during the 
laser cleaning are under way at the SLAC [9]. 
    The first LCLS cathode was also processed by the laser 
cleanings in 2007 and 2008 but using different procedures 
from the current one for the third LCLS cathode. The QE 
of the first cathode decayed quickly during the operations 
following the cleaning. During the laser cleaning process 
in 2007, the vacuum measured on the gun-waveguide 
increased to about 110-8 Torr from the base vacuum of 
110-9 Torr. The first cathode was laser cleaned again in 
2008. The gun vacuum rise during the cleanings in 2008 
was at least 2-3 times for the current cathode (~0.510-10 
Torr). The laser fluence for cleaning the first cathode was 
at least twice for the third cathode. A small vacuum leak 

in the waveguide for the first accelerator section 
following the gun system was observed during the early 
days of the LCLS operations, which caused an additional 
gas load to the cathode. Similar phenomena for cleaning 
Mg cathode were also observed [6]. Upon the laser 
cleaning, the QE of the Mg cathode improved two orders 
of magnitudes [6] against one order for the third LCLS 
cathode. The laser fluence and/or laser exposed time for 
the cleaning was much higher than for the current third 
LCLS photocathode. During operation of this Mg cathode 
the QE following laser cleaning did not decay during the 
first three months of operation but did not further increase 
as we observed for the third LCLS cathode. The 
comparison of the previous cleaning results to the third 
LCLS cathode illustrate that the laser fluence and laser 
exposed time for the cleaning need be properly chosen to 
have a good QE evolution during operations following the 
cleaning. 

Emittance Evolution     
   The LCLS injector emittance measurements are made 
using a quadrupole scan. After acceleration of the electron 
beam to 135 MeV, the beam is intercepted by a 1-m 
thick aluminum screen. Here, the transverse electron 
beam size is measured using optical transition radiation 
(OTR) from the screen, which is imaged onto a digital 
camera. The strength of an upstream quadrupole is varied 
over several settings while the horizontal beam size is 
measured on the OTR screen. Figure 4 shows the 
emittance evolution from July 4, 2011, to February 2012, 
for the spot marked with yellow circle in area A, 
following laser cleaning. The location of the cathode spot 
is at x=+0.3 mm and y=+0.35 mm, close to the cathode 
center, in the area A. The emittance measured 
immediately after laser cleaning was about 0.75 m for a 
150 pC bunch charge. It then improved to 0.3-0.4 m 
within 2-3 weeks following the cleaning process. The 
converged emittance was close to expectation from 
simulations with ImpactT [10], 0.35 m for 150 pC. The 
corresponding slice emittance also improved for both 150 
pC and 250 pC bunch charge, as shown in Figure 4. The 
emittance for an "idle" spot in area B cleaned on July 26, 
2011, one not used during routine operations, centrally 
located at a -2.2 mm of y-offset from the cathode center, 
was also characterized. The emittance measured on 
September 6, 2011 had been converged to our 
expectation, x/y=0.52/0.48 m from simulations for 250 
pC [11]. About 90 of phase advance through the solenoid 
results in the coupling of y-plane to x-plane, which 
indicates the y-offset causes x-emittance growth. 
   The emittance improvement, compared with the value 
measured immediately after cleaning, is attributed to an 
improved, more-uniform QE emission [11]. The 
continuous RF conditioning during routine user 
operations may smooth-out a non-uniform surface created 
by laser cleaning. 
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Figure 4: Emittance evolution for the spot with yellow 
circle: the emittance improvement after February 9, 2012 
is due to use of a Gaussian-cut laser spatial profile [12].    

Thermal Emittance versus QE 
    An S-band transverse RF cavity, located upstream of 
the OTR screen, is used to streak the beam vertically 
across the screen, in order to time-resolve the horizontal 
emittance. The horizontal emittance measurement is then 
"sliced up" into a number of bins in time (thirteen for 
example). The thermal emittance is taken from the core 
time-sliced emittance measurements at 20 pC as a 
function of laser spot size, assuming that space charge 
forces and other emittance-growth sources are negligible 
for this charge. Figure 5 shows a comparison of the 
thermal emittance for the previous copper cathode, which 
was never laser-cleaning processed, and the current 
copper cathode, processed by laser cleaning. For the 
previous copper cathode, the measured thermal emittance 
was 0.9 m/mm-rms [13], as shown in Figure 5 (slice 
emittance divided by laser rms beam size). For the current 
cathode, processed by laser cleaning on July 4, 2011, the 
thermal emittance measured a week after cleaning was 
much worse than the normal value. This is now 
understood, since it appears to take 2-3 weeks for the 
emittance to evolve to a normal value following laser 
cleaning, as described in the previous section. A few 
measurements taken months later, for the same spot on 
the cathode, following laser cleaning, as shown in Figure 
5, illustrate that the thermal emittance values for the 
current cathode with cleaning were: 1) close to the 
thermal emittance of the previous cathode, and 2) close to 
each other, despite exhibiting different QE values (up to a 
factor of 2), which does not agree with theoretical 
predictions [14]. According to the model, the “theoretical” 
thermal emittance is always correlated to the measured 
QE. However, the recent data shows thermal emittance is 
independent of, rather than correlated to, the measured 
QE. Some residual contamination that changes the QE 
may not modify the work function, and thereby the 
cathode thermal emittance. We conclude that the 
theoretical model does not completely describe the 
photoemission process.  

 
Figure 5: Thermal emittance for the previous cathode (red 
squares), which was never laser-cleaning processed, and 
the current cathode, which was processed by the laser 
cleaning.  

CONCLUSION 
    QE was increased by 8-10 times upon the laser 
cleaning. Since laser cleaning was performed on the 
LCLS cathode, routine operations have shown a slow 
improvement of the QE and comparatively rapid 
improvement of the transverse emittance, with a factor-of-
3 QE enhancement over five months and a significant 
emittance improvement over the initial 2-3 weeks 
following cleaning. Currently, the LCLS photocathode 
QE is holding constant at about 1.2104, with a 
normalized injector emittance of about 0.3 µm for a 150-
pC bunch charge. Similar evolution of both QE and 
emittance for two cleaning areas is observed. Discussions 
on the QE evolution and comparison to previous studies 
are presented. With proper procedures, the laser cleaning 
technique appears to be a viable tool to revive LCLS 
photocathodes for x-ray FEL operation. In addition, 
measurements show that LCLS thermal emittances for 
different QE values are close to each other, which 
suggests that cathode surface contamination impacting 
QE may not modify the work function, and thereby the 
thermal emittance.  
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Abstract
The sFLASH project at DESY is an experiment to study

direct seeding using a source based on the high-harmonic

generation (HHG) process. In contrast to SASE, a seeded

FEL exhibits greatly improved longitudinal coherence and

higher shot-to-shot stability (both spectral and energetic).

In addition, the output of the seeded FEL is intrinsi-

cally synchronized to the HHG drive laser, thus enabling

pump-probe experiments with a resolution of the order of

10 fs. The installation and successful commissioning of the

sFLASH components in 2010/2011 has been followed by a

planned upgrade in autumn 2011. As a result of these im-

provements, in spring 2012 direct HHG seeding at 38 nm
has been successfully demonstrated. In this contribution,

we describe the experimental layout and announce the first

seeding at 38 nm.

INTRODUCTION
The SASE start-up from noise has an impact on the prop-

erties of the emitted light pulses. To name but a few, spec-

trum and energy of the pulses are varying on a shot-to-shot

basis, and multiple uncorrelated modes lead to reduced lon-

gitudinal coherence. One way to address these issues is to

operate the FEL as an amplifier for externally generated

radiation fields. A promising source for the external ra-

diation field is the laser-driven high-harmonic generation

(HHG) process. The HHG pulse is longitudinally coherent

with stable spectrum and energy. When correctly brought

into overlap with the electron bunch in the first undulator,

amplification of the HHG pulse to the GW-level can be ex-

pected. To some extent, the timing of the FEL output sig-

nal is insensitive to the arrival time jitter of the electron

bunch, since it is intrinsically synchronized to the HHG

drive laser. This makes the HHG-seeded FEL an ideal

source for pump-probe experiments.

sFLASH is a project to study the concept of direct HHG

seeding. It is installed at FLASH [1], the free-electron

∗Supported by the Federal Ministry of Education and Research of Ger-

many under contract No. 05 K10 GU1 and the German Research Founda-

tion programme graduate school 1355
† christoph.lechner@desy.de
‡ present address: Max-Planck-Institut für Physik, Munich, Germany

laser user facility in Hamburg, delivering high-brilliance

SASE FEL radiation in the XUV and soft X-ray wave-

length ranges. The sFLASH experiment has been installed

in a 40 m long part of the FLASH beamline upstream of

the FLASH SASE undulators which has been rebuilt in

2010, compare Fig. 1. Upstream of the last dipole mag-

net of the FLASH energy collimator, the injection cham-

ber is installed, at which the XUV seed pulses arriving

from the laser laboratory adjacent to the tunnel are sent into

the electron beamline. The injection chamber is followed

by a section originally installed for the ORS experiment

(optical-replica synthesizer [2]). This section, which has

been used for beam diagnostics, comprises two undulators

in a modulator-radiator arrangement. The sFLASH longi-

tudinal overlap setup is located at the exit of the first ORS

undulator. The light pulses can be sent either to the exper-

imental hutch outside the tunnel or to the in-tunnel diag-

nostic devices. This diagnostic assembly features a high-

resolution XUV spectrometer and several micro-channel

plates (MCPs) used to measure the pulse energy. A ded-

icated beamline will provide the infrastructure for detailed

temporal characterization of the XUV radiation pulses. For

this experiment, an NIR beamline will be commissioned

to transport light from the HHG drive laser (wavelength

800 nm) to the experimental station.

sFLASH aims at sub-40 nm seeded operation without

disturbing parallel FLASH SASE delivery to the already

existing user stations.

EXPERIMENTAL LAYOUT
In this section we describe the layout of the hardware

used in the sFLASH experiment. For the following discus-

sion we break the setup shown in Fig. 1 down into three

parts: (i) injection of the XUV seed pulses, (ii) electron

beamline (where the amplification process takes place), and

(iii) extraction and photon diagnostics.

Electron Beamline
As apparent in Fig.1, the sFLASH electron beamline can

be subdivided in two sections: The ORS section, which we

use for the longitudinal overlap of electron bunches and

XUV pulses as well as to match the electron optics to the
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Figure 1: Schematic of the sFLASH experiment as part of the FLASH facility. FLASH (top part) has an overall tunnel

length of 260 m, out of which 40 m are dedicated to the XUV seeding experiment (bottom part). Indicated components

are dipole magnets (yellow), quadrupole magnets (red), undulator magnets (blue).

following sFLASH undulators. The following sFLASH un-

dulator section comprises four variable-gap undulators.

In the ORS section two electromagnetic undulators

(Nu = 5, λu = 200 mm) are installed. The first of them is

tuned to a central wavelength of 800 nm. A small chicane

permits extraction of the spontaneous undulator radiation

together with light from the NIR drive laser. Thus, one can

measure the relative arrival time of electron bunch and seed

pulse.

The sFLASH undulator section consists of four variable-

gap undulators. Three of them are 2 m long PETRA III

type devices (U32 undulator) and the last one is a 4 m long,

refurbished PETRA II device (U33 type undulator). Refer

to table 1 for the main parameters.

In the 0.7 m long intersection between the neighboring

undulator modules a quadrupole magnet, the electromag-

netic phase shifters, and a diagnostic unit are installed. An

additional unit is installed at the entrance of the first un-

dulator. These compact diagnostic units [4] accommodate

both the electron and photon diagnostics needed for the

transverse overlap. The electron diagnostics comprises a

beam position monitor (BPM), a screen for optical transi-

tion radiation (OTR) measurements with an imaging sys-

Table 1: Parameters of the sFLASH Undulators ([3])

U32 U33

minimum gap [mm] 9.0 9.8

period length [mm] 31.4 33

number of poles 120 240

length [m] 2 4

maximum K value 2.72 3.03

tem, and in the two units around the first sFLASH undu-

lator wirescanners for both horizontal and vertical direc-

tions (the scintillators detecting the electron showers are

mounted further downstream next to the undulators). For

photon diagnostics on a shot-to-shot basis, a cerium-doped

YAG (Ce:YAG) crystal converting the XUV in the HHG

seed beam into visible light is available. The wire scanners,

combined with a MCP as a detector for both electrons and

photons, can also be used to measure the transverse profile

of the XUV seed radiation. Additionally, an XUV photodi-

ode can be moved into the beamline three meters upstream

of the first undulator to determine the pulse energy of the
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arriving seed pulses.

Since the interaction between the seed pulse and the

electron bunch takes place in the first undulator, extensive

diagnostics have been installed around this module.

Extraction and Photon Diagnostics
Downstream of the sFLASH undulator modules, a small

magnetic chicane allows the separation of the generated

FEL radiation and the electrons. After extraction, the trans-

verse properties of the generated FEL radiation can be ob-

served by means of a movable Ce:YAG screen situated

close to the extraction mirror.

In a mirror chamber further downstream the optical

beamline, the FEL radiation can be deflected either into

a beamline to the experimental hutch or to an in-tunnel

assembly for photon diagnostics. Here, a high-resolution

XUV spectrometer (McPherson 248/310G) and several

MCPs are installed. The MCPs are used to determine the

energy of the incoming FEL radiation pulses. Six orders of

magnitude are spanned by this assembly of multiple MCPs,

which is described in detail in [5, 6].

The NIR radiation required for temporal characterization

of the amplified XUV pulses is transported from the laser

laboratory to the experimental hutch in an evacuated optical

beamline that will be commissioned in the next months.

RESULTS AND OUTLOOK
In spring 2012 direct HHG seeding at 38 nm has been

successfully demonstrated. We have observed clear evi-

dence in the energy contrast of the seeded and unseeded

FEL pulses. The effect of the seeding has been reproduced

and studied versus various parameters, e.g. relative tim-

ing of electron bunches and seed pulses, wavelength de-

tuning, and transverse scans. A clear correlation between

FEL pulse energy and XUV seed pulse energy has been

observed within a time range of about 800 fs (FWHM) and

no indication of seeding was observed outside of this time

window.

According to the experience obtained with direct seed-

ing, the stability of the longitudinal overlap is a critical is-

sue. So far the relative arrival-time jitter of the electron

bunches and the seed laser limits the fraction of the seeded

bunches, introducing considerable SASE background for

the statistical data analysis. Moreover, this would be a

problem for future user experiments. This can be solved in

the future by applying an intra-train longitudinal feedback

system.

One of the next steps on the route to pump-probe experi-

ments will be the commissioning of the NIR beamline from

the laser laboratory to the experimental hutch.
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SPECTRAL CHARACTERIZATION OF THE FERMI PULSES IN THE 
PRESENCE OF ELECTRON-BEAM PHASE-SPACE MODULATIONS* 
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Sincrotrone Trieste, Strada Statale 14 - km 163.5, 34149 Basovizza, Trieste, Italy 
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Abstract 
As a seeded FEL based on a single stage HGHG 

configuration, FERMI's FEL-1 has produced very narrow 
bandwidth FEL pulses in the XUV wavelength region 
relative to those typical of SASE devices. This important 
feature of seeded FELs relies however upon the capability 
to produce high quality electron beams with clean 
longitudinal phase spaces. As has been predicted 
previously, the FEL output spectra can be modified from 
a simple, nearly transform-limited single spike by 
modulation and distortions of the longitudinal phase 
space of the electron beam. In this work we report a study 
of the FEL spectra recorded at FERMI for various 
situations showing the effects of phase-space modulation 
on the FEL properties. 

INTRODUCTION 
FERMI@Elettra [1] is a free electron laser user facility 

recently built in Trieste, Italy. Based on two FEL lines 
that uses the electron beam produced by a common 
accelerator, FERMI@Elettra covers the spectral range 
from ~80 nm down to 4 nm. Both FELs rely upon a 
seeding scheme that allows FERMI to improve the 
quality of the longitudinal coherence of FEL pulses with 
respect to existing SASE FELs covering the same spectral 
range. For both FELs the seeding is done with an external 
laser in the UV and harmonic conversion is used to reach 
the desired FEL wavelength. The first FEL (FEL-1), 
covering the spectral range from 80 to 20 nm, is based on 
the high gain harmonic generation (HGHG) [2] and has 
been already operated since end 2010 [3]. The second 
FEL (FEL-2) requires a two stage HGHG configuration 
to reach wavelengths as short as 4 nm. The first stage of 
FEL-2 has been already operated [4] while the second 
stage will be commissioned late this year.    

The capability of seeded harmonic generation to 
produce highly coherent FEL pulses has been previously 
demonstrated [2,5]. However it is known that this 
desirable feature depends on the quality of the electron 
beam and that distortion of the phase space of the electron 

beam may lead to significant deterioration of the 
longitudinal coherence of the FEL pulses.  

Over the past two years as we have operated FEL-1, 
several new accelerator components have become 
available that have allowed us to vary the FERMI 
electron beam parameters.  In this work we report how 
various electron beam properties appear to affect the FEL 
spectra, in particular at 32-nm output wavelength  (the 8th 
harmonic of the seed laser).  

HGHG AT FERMI 
An HGHG or a coherent harmonic generation (CHG) 

FEL can be divided into three parts, the modulator, the 
bunching section and the radiator (see Fig. 1).  

In the modulator the electron beam is in resonance with 
the electromagnetic wave of the external seed laser. Due 
to the interaction with the seed laser the electron beam 
become energy modulated with a periodicity equal to the 
seed wavelength. At FERMI the magnetic period of the 
modulator is 100 mm and the seed laser is typically 
operated at 260 nm with a pulse length of about 150 fs 
(FWHM). 

 

 
Figure 1: Layout of the undulator system of FERMI FEL-
1 used for this work.  

The energy modulation is then converted into density 
modulation when the electron beam passes through the 
dispersive section where higher-energy electrons follow a 
shorter path than lower energy electrons. Density 
modulation is created at the seed laser wavelength and 
also at higher harmonics. Typical values for the strength 
of the dispersive section correspond to an R56 in the 
range between 50 and 90 µm. In addition to producing 
bunching, if the electron beam has an energy chirp, the 
chicane acts also as a bunch compressor for the electron 
beam, as a result of the bunch compression also the 
wavelength periodicity is changed.  

The magnetic strength of the final radiator is set so that 
the electron beam is at resonance with the desired 
harmonic of the seed laser. As a consequence of their 

 ____________________________________________  

*Work partially supported by the Italian Ministry of University and 
Research under grants FIRB-RBAP045JF2 and FIRB-RBAP06AWK3 
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input bunching, the electrons immediately emit 
coherently. In HGHG mode, the further FEL interaction 
inside the radiator of the electron beam with the produced 
coherent radiation lead to an increase of the bunching and 
a rapid strength increase of the coherent radiation. The 
FERMI FEL-1 radiator (RAD) is composed of 6 
undulators , each 2.4 meter long, with a period of 55 mm.  

FERMI Parameters 
In the present experiments FERMI uses electron beams 

accelerated by a normal conducting linear accelerator to a 
final energy of about 1.2 GeV. Electron bunches have a 
charge varying from about 350 pC to 500 pC depending 
on the configuration studied. In all cases reported here 
only the first (BC1) of the two bunch-compressor 
chicanes present in the FERMI accelerator layout is used. 
The x-band linearizer and laser heater have been available 
since spring 2012 and have been used only for the last of 
the configurations (“C”) studied in this work. 

Table 1: Electron Beam Parameters 

Configuration A B C 

Peak current (A) ~300 ~350 ~500 

Charge (pC) 350 450 500 

 
In order to study the effects of the electron beam phase 

space upon the spectral properties of the FEL pulses, we 
focus on three different configurations whose electron 
beam parameters are summarized in Table 1. 

 

  
Figure 2: Typical longitudinal phase space (upper plot) 
and current (lower plot, green) and energy (blue) profiles 
of the electron beam used in configuration A. The head of 
the bunch is on the left.  
 

Configuration A and B are the ones that have been used 
for the first period of commissioning of FEL-1 when x-
band and laser heater where not available. In these 
configurations the compression of the electron beam 
cannot be optimized to produce a flat current profile. 
Configuration B has a somewhat higher charge than A in 

order to slightly increase the peak current. A typical phase 
space of the electron beam measured at the end of the 
accelerator is reported in Fig. 2. In these two 
configurations the longitudinal phase space has both a 
significant linear energy chirp and a current ramp with a 
spike at the head [6]. The seed laser, whose duration is 
much shorter than the electron beam, is generally placed 
in the region between 0 and 500 fs (Fig.2) where the 
electron beam properties are most conducive to good FEL 
output. 

 

Figure 3: Electron beam spectrum measured in the beam 
dump after the undulator for the configuration B.  
 

For configuration B the electron beam properties and 
phase space are very similar to the one of A shown in 
Figure 2. The main difference is that for configuration B 
the electron beam spectrum measured in the beam dump 
after the undulators shows strong evidence of modulation 
suggesting that microbunching instabilities along the 
accelerator start have affected the electron beam. 

 

 
Figure 4: Typical phase space (a) and current (b, green) 
and energy (b, blue) profiles of the electron beam used in 
configuration C.  

 
When the x-band and the laser heater became available 

in spring 2012, it was possible to change the compression 
scheme to take advantage of a linearized phase space at 
BC1. This allowed both increasing the compression factor 
and the beam charge. In configuration C the beam charge 
is increased to 500 pC. Setting the RF phase of the linac 
upstream BC1 at 28 degrees off crest, the beam is 
longitudinally compressed by a factor 10. The x-band is 
set to the decelerating crest in order to compensate the RF 
curvature and laser heater is set to the minimum value 

TUOB02 Proceedings of FEL2012, Nara, Japan

214C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

XFELs



that suppresses microbunching instabilities [7]. With this 
configuration the typical beam has a peak current of about 
500A that is almost constant over the main part of the 
beam. On the other hand the higher peak current of the 
electron beam enhances  wake-field effects in the second 
part of the accelerator. As a result the longitudinal phase 
space of the electron beam at the entrance of the 
undulator has a significant quadratic chirp (Figure 4) [6].  

SEEDED FEL SPECTRA 
From the first period of operation of the FERMI FEL it 

has been immediately evident the benefit of seeding on 
the spectral properties of produced FEL pulses. Operation 
of FERMI in the A configuration  produced FEL pulses 
characterized by narrow and very stable spectra [3].  
 

 
Figure 5: Typical single shot spectra measured for 
FERMI FEL-1 at 32 nm with the accelerator operated in 
the A configuration.  

 
FEL spectra measured in these conditions generally are 

very well fit by a single mode Gaussian (Fig. 5). At 32 
nm we measured typical bandwidth values of ~22 meV 
(rms) that, as expected from theory, are slightly larger 
than the seed-laser bandwidth of 14 meV. 

Operating in the A configuration FEL spectra are 
extremely stable. Measured relative fluctuations of the 
central FEL wavelength at 32 nm are of the order of 3e-5 
(rms).  

The first evidence of degradation of spectral properties 
related to the deterioration of the electron beam quality 
occured in configuration B while trying to increase the 
FEL flux by increasing the electron beam charge.  
 

  
Figure 6: Series of spectra acquired in the FEL at 32nm in 
configuration B for two different timings of the external 
seed laser. Left: Seeding timed toward the tail of the 
spike. Right: Seeding moved closer to the spike. 
 

The energy and density modulations produced by the 
microbunching instability and visible on the electron 
beam (cf. Fig. 3) can produce significant phase variations 
of the electromagnetic field within the FEL pulse. These 
variations both can broaden  the central line (Fig 6-a) 
and/or even create new satellite lines at quite different 
wavelengths in the FEL spectrum (Fig. 6-b). The effects 
on the FEL spectra depend on the strength and period of 
the modulations of the electron beam that, in the case 
reported here, can vary along the bunch due to the non 
constant current profile. Microbunching instability 
growth is indeed expected to be stronger near the head of 
the bunch due to its high current spike (figure 6-b), while 
a smaller growth is expected near the lower current tail 
(figure 6-a). For this reason the FEL spectral properties in 
the B configuration will strongly depend upon the relative 
timing of the seed laser. Placing the seed laser toward the 
tail results in a stable, single mode spectrum but since the 
electron beam current is small, the FEL intensity is also 
small. By timing the seeding closer to the head of the 
bunch, the FEL intensity can be increased significantly 
but the spectra become more noisy and unstable. 

If the electron beam current is further increased by 
using the x-band linearizer together with greater 
compression in BC1 and use of the laser heater (i.e., 
configuration C) we have found it possible to suppress 
microbunching and avoid fast energy modulations.  

 

 
Figure 7: Single shot measurement of the FEL spectra at 
~32nm using the C configuration for the electron beam. 

 
In this configuration it has been possible to increase the 
FEL flux by more than a factor 5 with respect to what 
was typically obtained for configuration A. The FEL 
spectrum, however, is affected by the residual quadratic 
chirp in the electron beam energy. This relatively gentle 
variation, which  occurs over a significantly longer scale 
compared with that of case B, leads to a general 
broadening of the spectrum to 29 meV (rms) (Fig. 7) but 
not multiple spikes. The main peak of the spectrum is still 
well fit by a simple Gaussian curve, and the bulk of the 
broadening is associated by appearance of shoulders on 
each side of the mean peak.  
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Figure 8: Series of 400 consecutive spectra of the FEL at 
32 nm with the C configuration for electron beam.  

 
In addition to spectral broadening, the use of higher 

compression and x-band linearization in configuration C 
also partially degrades the shot-to-shot stability of the 
central FEL wavelength as displayed in Fig. 8. Analysis 
of this data shows a normalized fluctuation level for the 
central wavelength of about 5e-4, a factor 10 larger than 
measured for configuration A. Although this value is 
significantly below the FEL bandwidth, ongoing studies 
are trying to mitigate this effect by producing a flatter 
longitudinal phase space for the compressed electron 
beam.  

CONCLUSIONS 
We reported experimental results obtained at FERMI 

FEL-1 operated at about 30 nm that show the effects of 
the electron beam phase space modulation on the spectral 
quality of the FEL pulses. 
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COMPARISON OF HARD X-RAY SELF-SEEDING WITH SASE AFTER A
MONOCHROMATOR AT LCLS∗

J. Welch† , F.-J. Decker, J. Hastings, Z. Huang, A. Lutman, M. Messerschmidt, J. L. Turner
SLAC, Menlo Park, Ca. 94320, USA

Abstract
Self-seeding using hard x-rays was demonstrated at

LCLS in January 2012 and produced a factor of 40-

50 bandwidth reduction from normal SASE operation.

For many hard x-ray users, the photon intensity after a

monochromator is an important performance parameter,

whether or not the beam is seeded or SASE. In this paper,

we report results from a study of self-seeding performance

using the Si (111) K- monochromator with a full bandwidth

of 1.2 eV at 8.2 keV. These include a direct comparison

of the average intensity of the monochromatized seeded

beam with that of a monochromatized fully tuned-up SASE

beam, in both cases using 150 pC bunch charge.

SEEDING AT LCLS
The main goal of the hard x-ray self-seeding project at

LCLS is to increase the peak spectral brightness. Near-

monochromatic beams of hard x-rays can be manipulated

efficiently using bragg reflection, rather than low incidence

angle x-ray mirrors and long drift spaces, and allow for

complex beam manipulation such as split and delay [1]

similar to what is done with conventional laser beams.

LCLS [2] was designed to operate in the SASE mode,

where shot noise in the electron beam is amplified by the

FEL process producing x-ray beams with RMS bandwidths

that are typically of order the FEL ρ parameter [3, 4]. By

seeding the FEL with near-monochromatic x-rays, the out-

put bandwidth can be drastically reduced, provided the

seed power is sufficient to overcome the relatively broad

band power fluctuations due to shot noise.

In an upgrade to LCLS [5], originally proposed by

Geloni, et. al. [6], a seed pulse is generated by send-

ing the SASE output from the first ∼ 45 m of undula-

tor, called ‘U1’, through a thin diamond crystal set at the

bragg angle. The effect of the crystal is to generate a near-

monochromatic ‘ringing’ in the transmitted x-ray beam

which forms the x-ray seed. A short 4 m electron beam chi-

cane diverts the electron beam around the crystal, smears

out any micro-bunching from U1, and provides the proper

time delay between the electron bunch and the seed x-rays.

The downstream ∼ 68 m of undulator amplify the seed ulti-

mately to reach saturation levels. An overview showing the

seeding chicane and the LCLS undulator is given in Fig. 1.

Since the seeding chicane and crystal were installed in

LCLS and commissioned [7] various configurations for

∗Work supported in part by the DOE Contract DE-AC02-76SF00515.
† welch@slac.stanford.edu

U1 ~ 45 m U2 ~ 68  m

thin diamond 
crystal

4 m magnetic
chicane

K-mono
Imager

Spectrometer

Figure 1: Schematic of hard x-ray seeding at LCLS.

  
W

Si 111
Blocks spontaneous radiation

SASE FWHM 
~ 1.4s x 10-3

After Kmono
1.5 x 10-4

Figure 2: Functional schematic of the K-monochromator.

seeding have been investigated. These include seeding with

relatively long pulses, different crystal planes including

004, 220, 133, and 111; and simultaneous seeding from

004 and 220. All of these configurations have produced

seeded beams.

The K-monochromator (Kmono)

A single purpose monochromator was originally devel-

oped and installed in LCLS for precision measurement of

undulator K-parameters [8]. It has found a new function as

a tuning aid for self-seeding operation. The device, shown

schematically in Fig. 2, is designed so that there are four

bragg reflections of x-ray beam from Si 111 planes result-

ing in no net deflection of the beam. Because of the four

bounce arrangement the device only transmits one energy

(8194 eV) with a bandwidth of 1.2 eV and for one angle of

incidence. It has a large acceptance area, no cooling, and is

located about 90 meters from the end of the undulator

The Kmono transmits only about one-tenth of the output

SASE spectrum, but essentially 100% of a seeded spec-

trum. Thus, when tuning on the intensity seen through the

Kmono the SASE contribution to the overall transmitted in-

tensity, which can otherwise dominate, is greatly reduced,

and the peak spectral brightness is optimized rather than

the overall pulse energy.
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Other Diagnostics
Two spectrometers have also been employed for seeding

studies, both based on the same bent-crystal technique [9].

A semi-permanent spectrometer is available for use for, or

very near, 8450 eV, while a temporary spectrometer can be

set up in the XPP experimental area to work at other x-

ray energies. In addition a gas detector and a YAG screen

provide measures of the total x-ray pulse energy, though

without any spectral information.

MEASUREMENTS
Peak Spectral Brightness

Besides the amplified seeded line, the broad-band SASE

power generated in U1 and U2 is also present in the output

beam. Depending on the detailed tune-up of the electron

beam and the undulator, the overall pulse energy can be

predominately either seeded or SASE.

Using the Kmono the relative peak spectral brightness of

seeded vs SASE beams can be measured directly and op-

timized. In Fig. 3 are histograms of two sets of data. The

data labeled “SASE” was taken with LCLS tuned for maxi-

mum pulse energy for normal SASE operation (about 2 mJ

at the time); the seeding chicane was turned off, and the

FEL phase optimized for maximum pulse energy. The data

labeled “Seeded” was taken shortly afterward with LCLS

tuned for maximum seeding power and normalized to the

SASE data to account for a small difference in the attenua-

tion used. The data show that after the Kmono the Seeded

beam was an average of 3.4 times more intense than the

tuned-up SASE beam.

Measurements of the spectrum of the seeded beam typi-

cally show a reduction from the SASE bandwidth of about

a factor of 40-50, yet the Kmono measurements indicate an

increase of peak spectral brightness of only ≈ 3. There are

several factors which help explain factor of ≈ 15 difference

from what one would expect if all the beam were seeded.

• Jitter in the electron beam energy, discussed in the

following section, causes most of the shots to be off-

resonace and not to seed well, thus reducing the aver-

age brightness of the seeded beam. This typically re-

sults in about a factor of two reduction in the average

intensity of the seeded beam. Reduction in the elec-

tron energy jitter would therefore increase the average

seed beam brightness.

• The Kmono bandwidth is 2-4 times larger than the

typical seeded bandwidth, so the apparent peak spec-

tral brightness is diluted by a factor of 1/2− 1/4.

• The length of the seeding undulator U2, is consider-

ably shorter than the length of the SASE undulator,

which is effectively U1+U2. As a result the seeded

beam is not as saturated as the SASE beam. Addi-

tional undulator segments in U2 would drive the beam

further into saturation and increase the seeded beam

intensity.
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theory, ρ = 5.3e−4

Figure 4: Correlation of electron energy with the x-ray

intensity (pulse energy) after passing the seeded beam

through the Kmono. The cyan curve is a running average

while the red curve is a theoretical curve shown for refer-

ence.

Electron Energy Jitter

Considerable information may be gleaned from a study

of the data shown in Fig. 4. Plotted is the correlation of

the intensity of x-ray beam that passes through the Kmono,

against the relative electron energy deviation. For reference

a gaussian with a standard deviation equal to ρ/2 is plotted

in red, and a moving average of the data is plotted in cyan.

Electron energy jitters from shot to shot due to small fluc-

tuations in the phase of RF in the Linac. Typically for hard

x-ray operation, the electron relative energy jitter is less

than, but comparable to ρ/2, so it contributes to the overall

average spectral width but does’t dominate it.
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In seeded operation there are two effects of electron en-

ergy jitter: one is to detune the electron beam from reso-

nance at the seeding wavelength, the other is to add fluctu-

ations to the seed power beyond the statistical fluctuations

from shot noise. In either case the net effect is to reduce

the peak spectral brightness as seen through the Kmono.

If the Kmono were not present when taking the data as

in Fig. 4, the total x-ray pulse energy would be detected

and unseeded pulses would be difficult to distinguish from

seeded pulses. The flattened shape of the cyan curve (mov-

ing average) in Fig. 4, compared with the reference gaus-

sian, is suggestive of saturation effects.

Thus the Kmono helps to show the real effect of the elec-

tron energy jitter on the peak spectral brightness. From

Fig. 4 one can infer that reducing the electron energy jit-

ter to an RMS of approximately ρ/2 ≈ 2 × 10−4, will

both substantially increase the average seeding power and

reduce the level of fluctuations from shot to shot. If all the

data in Fig 4 is included, the ratio of the RMS to average

intensity is 71%. If only the central core representing shots

with low electron jitter is included, the ratio is reduced to

21% and the average intensity approximately doubles.

SASE Bandwidth
SASE spectrum measurements made using the HXSSS

spectrometer [9] at 8465 eV with the seeding chicane in

SASE mode (no crystal and chicane turned off, FEL phase

set to maximize the SASE output) are shown in Fig. 5. The

SASE radiation from U1 incident at the seeding chicane

was measured by kicking the orbit at the chicane, effec-

tively turning off FEL gain from U2. The spectrum at the

output of the undulator is primarily generated by U2, af-

ter the seeding chicane, but includes a small contribution

from U1. The width of the spectrum from U1, 22 eV, is

almost three times larger than the SASE output from U2,

9 eV. And the measured output spectral width, 9 eV, can be

compared with the calculated value for the spectral width

at saturation (eq. 85 in [3] ) which is about 6 eV FWHM.

Note in SASE mode, electron energy jitter can contribute

to the average spectral width.

Intensity vs. Crystal Angle
One of the first steps is setting up seeding operation is to

adjust the seeding crystal angle to center the bragg reflec-

tion wavelength on the SASE spectrum. When the Kmono

is present the angle must be very precisely found because

the bragg angle must correspond to the relatively narrow

range of wavelengths the Kmono will pass. Examples of

this tuning are shown in Fig. 6 where the crystal planes as-

sociated with the peaks have been identified, going from

left to right, as 004, 133, and 220. The normals to the 004

and 220 planes are both perpendicular to the crystal rota-

tion axis. The 133 plane is an asymmetric bragg reflection.

Spatial Profile
When seeded, the average spatial distribution of the FEL

beam is typically narrower than for SASE, and when the

Figure 5: Average SASE spectrum at the seeding chicane

(top) and at the output of LCLS (bottom) for normal SASE

operation.

Kmono is inserted into the seeded beam the profile be-

comes even narrower and more uniform. One example of

measurements made on the seeded beam with the NFOV

imager yields beam sizes in microns without (with) the

Kmono inserted of: σx = 246(166) σy = 163(142). It

is thought that the effective source point of the SASE radi-

ation is further upstream than it is for the seeded radiation,

so the SASE contribution to the x-ray pulse tends to gener-

ate larger spot sizes.

CONCLUSION

Self-seeding works well for long pulses as well as short,

and for various crystal planes. Measurements with the

Kmono facilitate tune-up and interpretation by reducing the

SASE contribution and by providing a fixed direct mea-

sure of the peak spectral brightness. Comparing the in-

tensity seen through a monochromator, self-seeding beams

are typically at least 3 times stronger that the best tuned-up

SASE beams without self-seeding. This increase in aver-

age spectral brightness in hard x-rays will be available for

LCLS experimenters to use starting in the Fall of 2012.
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Figure 6: Intensity after the Kmono as a function of the seeding crystal angle for three different crystal planes.
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SYSTEM DESIGN FOR SELF-SEEDING THE LCLS AT SOFT X-RAY 
ENERGIES* 

Y. Feng#, J. Amann, D. Cocco, C. Field, J. Hastings, P. Heimann, Z. Huang, H. Loos, J. Welch, J. 
Wu, SLAC, Menlo Park CA 94025, U.S.A. 

K. Chow, P. Emma, N. Rodes, R. Schoenlein, LBNL, Berkeley, CA 94720, U.S.A.

Abstract 
The complete design for self-seeding the LCLS at soft 

X-ray energies from 500 to 1000 eV based on a grating 
monochromator is described. The X-ray optics system 
consists of a toroidal variable-line-space (VLS) grating 
and focusing mirrors for imaging the seed pulse onto the 
downstream seeding undulator. The system has a 
resolving power greater than 5000 creating a near-
transform-limited seed pulse from the upstream SASE 
undulator for pulse durations up to 36 fs FWHM at 500 
eV and 18 fs FWHM at 1000 eV. Diagnostics for 
ensuring overlap with the electron beam are included in 
the design. The optical system is sufficiently compact to 
fit within a single 3.9 m LCLS undulator segment. The 
electron chicane system which serves to delay the 
electron beam to match the less than 1 ps delay from the 
optical system is similar to the chicane used in the hard 
X-ray self-seeding at LCLS. The seeded FEL pulse is 
expected to be nearly transform-limited with a bandwidth 
in the 2x10-4 range, potentially increasing the low-charge 
FEL X-ray peak spectral brightness by 1 to 2 orders of 
magnitude. 

INTRODUCTION 
LCLS presently produces X-ray radiation that is 

transversely coherent but not longitudinally.  The 
temporal profile is a spiky structure characteristic of the 
SASE process that starts from the shot noise in the 
electron beam. The spectral domain has a similar spiky 
profile [1] and has been observed experimentally for soft 
[2] and hard [3] X-rays. Seeding (overlapping) the 
electron beam with a monochromatic X-ray beam of 
sufficiently narrow bandwidth and sufficient power would 
force the FEL to produce nearly transform-limited pulses, 
minimal jitter in X-ray wavelength and potentially higher 
spectral brightness by 1 to 2 orders of magnitude if taken 
to full saturation. These enhanced beam qualities will 
benefit the users by not only improving the measurement 
efficiency and data analysis, but also enabling 
experimental studies in many areas of biology, materials, 
chemistry, and atomic, molecular, and optical sciences 
where high spectral brightness or high peak power is 
essential. 

A possible concept for self-seeding, originally proposed 
by a DESY team [4], uses a grating monochromator 
between a SASE and seeding undulator to generate the 
soft X-ray seed. This principle was adopted for a 
conceptual design aimed at seeding the future LCLS-II 
soft X-ray undulator between 200 and 2000 eV with a 
minimum bandwidth of 5x10-5 [5]. A more compact X-
ray optics design ensued for the current LCLS soft X-ray 
undulator in a limited energy range with a more modest 
bandwidth requirement of 2x10-4 [6]. Following the 
successful demonstration of the hard X-ray self-seeding 
(HXRSS) at LCLS using a thin diamond monochromator 
in transmission [7], there is a pressing need for a parallel 
implementation in the soft X-ray energies. To preserve 
the performance of the current LCLS FEL, it is necessary 
that the X-ray optics be designed such that the entire 
seeding system fit within a single 3.4 m LCLS undulator 
segment space in an arrangement similar to that of the 
HXRSS.  This paper describes the overall design of the 
system for soft X-ray self-seeding (SXRSS) the LCLS. 

SEEDING SYSTEM OVERVIEW 
The SXRSS system, proposed to replace the existing 

U9 undulator segment, is shown schematically Figure 1.  
It consists of 3 major components: 1) a complete grating 
monochromator system with its vacuum vessel and 
internal motions, isolation valves, pumps, and gauges, and 
all necessary mechanical supports to the existing 
undulator girder; 2) A weak four-dipole magnetic 
chicane, five rack-mountable power supplies (1 main & 4 
trims) and appropriate cables, chicane vacuum chamber, 
and all necessary mechanical supports to the existing U9 
sliders; 3) Diagnostics to measure the overlap of the 
electron and seeding X-ray beams.  

The system supports both the seeded and SASE mode. 
In the seeded mode, the magnetic chicane is powered, and 
the electron beam breaks from co-propagation with X-
rays in the upstream SASE undulator U8 at the first 
dipole B1 of the chicane and is displaced with proper 
delay and then re-introduced into the downstream seeding 
undulator U10 after the fourth dipole B4. The SASE X-
rays are monochromatized by the grating, the mirror M1 
and the slit and imaged by the mirrors M2 and M3 onto 
the mid-section of the immediate downstream undulator 
U10 to merge with the electron beam to seed the FEL 
process. X-ray and electron diagnostics (not shown) are 
distributed strategically to ensure spatial and pointing 
overlap of the two beams. 
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Table 1: LCLS SXRSS Performance Specifications 

Parameter Nominal Min Max Unit 

Photon energy 500-1000 300 1200 eV 

Electron energy 3.35-4.74 2.6 5.2 GeV 

Repetition rate 120 1 120 Hz 

Bunch charge 150 10 250 pC 

e- bunch length (FWHM) 50 5 100 fs 

� bunch length (FWHM) 36-18 - - fs 

Photon bandwidth 2x10-4 - - - 

 
For operation in SASE mode when seeding is not 

desired, the magnetic chicane is de-powered, and the 
entire grating system retracted allowing the electron and 
X-rays continue co-propagation through the entire section 
nearly unperturbed. Switching between SASE and seeded 
modes should be possible in a few minutes. The overall 
SXRSS performance specifications for seeding are listed 
in Table 1. The nominal range of photon energy refers to 
the energies for which good resolving power and thus 
narrow bandwidth can be achieved. The minimum and 
maximum values are accessible with the machine 
parameters, but the seeding performance may be degraded 
considerably. 

GRATING MONOCHROMATOR 
The SXRSS grating monochromator system was 

designed with refinement from previous concepts to meet 
the overall physics requirements:  

� To fit within a single LCLS undulator section of 
3.87 m. 

� A resolving power greater than or equal to 5000 to 
produce a nearly transform-limited seed X-ray pulse. 

� Photon operating energy range from 500 to 1000 eV. 
� An optical delay less than 1 ps. A variable delay is 

acceptable. 
� To generate 20 kW seed power, sufficient for 

producing seeding with optimal spectral properties. 
� To produce a nearly 1:1 image of the X-ray beam at 

the source point in the SASE undulator onto the re-
entrant point in the seeding undulator. 

� To maintain a stay-clear distance of 2.5 mm between 
the electron beam and including all optics and 
mechanical components. 

� To provide beam steering capability to ensure 
maximum overlap between the X-ray and electron 
beams.  

The complete X-ray monochromator system is shown 
in Figure 1, The optical system consists of a toroidal 
variable-line-spacing [8] (VLS) grating that disperses the 
X-rays, a plane mirror M1, an exit slit, a tangentially 
cylindrical focusing mirror M2, and a plane mirror M3 for 
directing the X-ray beam onto the electron beam. The 
grating, with the tangential curvature in conjunction with 
the VLS construction, focuses at the slit. The grating 
sagittal curvature images at the re-entrant point in the 
mid-section of the seeding undulator U10. The 
horizontally divergent beam emerging from the slit is re-
focused by M2 onto the re-entrant point as well, 
completing a nearly 1:1 imaging of the source point in 
both transverse directions. The post-mirror M1 re-directs 
the dispersed X-rays onto the fixed exit slit. M1, the exit 
slit, and M2 are collinear and the principal ray joining 
them is parallel to the original X-ray beam direction. No 
entrance slit is required in the FEL case since the source 
works effectively as that. 

Figure 1: Layout of the LCLS compact SXRSS system to be located in the space vacated by undulator U9. The grating 
is a toroidal VLS type, M1 is a rotating plane mirror, M2 a tangential cylindrical mirror, and M3 a plane mirror used to 
steer the beam.  The system is drawn for the 1000 eV settings (663 fs delay) with all dimensions approximate. The 
deflections of the electron and photon beams are both in the horizontal plane only. 
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Toroidal VLS Grating 
Since the LCLS FEL X-ray beam is highly collimated 

(angular divergence ≈ 20 �rad at 1000 eV), achieving the 
desired resolving power requires focusing of the dispersed 
radiation to create spatial separation of energies. The 
choice was made to use a variable-line-spacing grating 
where the line density varies in the direction 
perpendicular to the grooves as in the original compact 
design [6]. However, after taking into account the fact 
that the source point in the SASE undulator moves 
upstream with increasing X-ray energy by as much as 1.2 
m over the photon energy range of 500 to 1000 eV [9], 
the “fixed-focus mode” previously imposed on the grating 
design [6] became less effective in keeping a constant 
focus. As such a tangential radius was introduced in the 
grating to minimize the variation in the image distance as 
a function of energy while keeping the incidence angle 
constant using the grating focusing equation F20 = -
n�D1+(cos2�/r+cos2�/r’-cos�/R-cos�/R), where n=1, �, 
D1, �, � are the diffraction order, X-ray wavelength, the 
1st order coefficient of VLS, incident and diffraction 
angles, R the tangential radius, r and r’ the source and 
image distances. The object distance was based on FEL 
simulation of the LCLS undulator at the exit of U9 [9]. 

Table 2: Grating and Slit Parameters 

Parameter Value Required 
Precision Unit 

Line density (D0) 1123 0.2% 1/mm 

Linear coeff. (D1) 1.6 1% 1/mm2 

Quad. coeff. (D2) 0.002 100% 1/mm3 

Groove profile blazed 1.2° - n/a 

Tangential radius 195 1% m 

Sagittal radius 18 5% cm 

Diffraction order +1 - - 

Incident angle 89.00 - ° 

Exit angle 85.61-86.82  ° 

Source distance 2972-4157 - mm 

Source size 30.6-24.7 - �m 

Image distance 1346.7-1348 - mm 

Image size 3-2.4 - �m 

Exit slit location 1350 1 mm 

Exit slit size variable - �m 

Optical delay 797.9-662.8 - fs�

 
The sagittal radius of curvature was also introduced 

into the grating to provide focusing in the direction 
normal to the dispersion plane. Without focusing, the 
beam size could grow 6 fold at 500 eV at the re-entrant 
point to over 160 �m, reducing the seeding power 

significantly. The fixed incident angle produced a fixed 
focal length, minimizing the change in the location of the 
focus in the sagittal plane. The complete list of 
parameters for this toroidal grating is given in Table 2.  

Focusing at Slit 
The waist size of the focus near the slit was found to 

vary nearly linearly from 3 �m at 500 eV to 2.4 �m at 
1000 eV. Both ray-optics and Gaussian beam calculations 
were made. The small difference is a result of the fact that 
the source distance is well into the far-field zone due to 
the small source, and thus short Rayleigh range. The 
location of the focus was found to vary by ~ 2 mm in the 
design energy range from 500 to 1000 eV around the slit 
due to the variation in source point location. As such, the 
wavefront at the slit is not strictly flat, and the virtual 
source point created by the slit is no longer at the slit as in 
the case for incoherent X-ray radiation. This defocusing 
effect was fully accounted for in the Gaussian optics 
treatment by retaining the wavefront curvature in 
propagation to the downstream optical components. 

Energy Tuning 
The grating will operate in the so-called “fixed 

incidence angle mode” in the +1 order. X-ray energy 
tuning is achieved by a single rotation of M1. This tuning 
operation is simpler than the previous design [6] where 
both the grating and the mirror are required to rotate in 
concerted motions. In the current operating mode, there 
are still variations in the total optical path, resulting in an 
energy dependent delay from 798 fs at 500 eV to 663 fs at 
1000 eV as indicated in Table 1. The total tuning from 
500 to 1000 eV requires a change in the M1 mirror angle 
by approximately 10 mrad in total. 

Resolving Power 
Resolving power is achieved by the combination of the 

grating and the exit slit, and the estimated values are 
shown in Figure 2. The design goal of 5000 over the full 
energy range is achieved and produces near-transform-
limited seed pulses for durations up to 36 fs (FWHM) at 
500 eV and 18 fs (FWHM) at 1000 eV.  The estimate 
includes contributions from the number of illuminated 
grooves, the size of the FEL source, the size of the exit 
slit in the dispersion plane at 3 �m, a slope error of 0.25 
�rad for the grating and M1 mirror. The performance was 
calculated using the ABCD matrix method [10] applied to 
fully coherent Gaussian beams [11] and for VLS gratings 
[8]. All contributions are of the same order of magnitude, 
so care must be taken to ensure the assumed 
specifications are met in the actual construction of the 
system. The exact location of the focus was found to vary 
with energy around the slit by ~ 2 mm, which is small 
compared to the Rayleigh range of ~ 8 mm calculated for 
the focal size of 3 �m FWHM at 500 eV. As such, the 
impact of this de-focusing effect on the resolving power is 
negligible. Due to the relatively small source size, the 
current optics design is mostly in the far-field, and ray-
optics and ray-tracing calculations yielded very similar 
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results to those obtained using the full coherent Gaussian 
beam treatment.  

 

 
Figure 2: Calculated resolving power of the grating, 
including contribution from the number of illuminated 
grooves, source size, slope error at 0.25 �rad, and a 
constant exit slit size of 3 �m.  

Groove Profile and Grating Efficiency 
Due to damage concerns, the efficiency of the grating 

bears important discussions. With everything being equal, 
a lower efficiency system would require a higher input 
power on the grating to generate a sufficiently strong 
seed, thus creating a potentially damage condition to the 
grating and the associated optics. Using a laminar grating 
rather than a blazed grating has the advantage of better 
harmonic contamination reduction. On the other hand, a 
blazed grating has higher diffraction efficiency and offers 
the very important advantage for FEL applications that it 
can sustain higher peak power pulses. For laminar 
gratings a fraction of the radiation is absorbed at near-
normal incidence on the leading edge of the lands. This 
condition does not exist for blazed gratings. Since 
tolerances on the grating to achieve the target resolution 
are relatively relaxed and the harmonic contribution is not 
an issue for the present design. This leads to the clear 
choice of a blazed grating for our application. The 
efficiency of the grating depends on the blaze angle. For 
the specified operating range, 500-1000 eV, the best blaze 
angle is 1.2° and the expected grating efficiency with a 
platinum coating is shown in Figure 3. The peak dose in 
platinum coating was estimated to be 0.05 eV/atom, about 
a factor of 10 below the melting threshold, and thus was 
deemed safe.  

Pulse-front Tilt and Elongation 
As with any dispersive optical element, the grating 

produces a one-dimensional pulse-front tilt by virtue of 
the exit angle not being identical to the incident angle and 

the principal rays striking the neighbouring grooves will 
differ in optical path by exactly one wavelength required 
by the grating equation. Consequently, the pulse is 
elongated temporally as well when projected 
longitudinally. From simple geometry, the tilt angle 	 and 
elongation 
T are given by 	 = tan-1(R�/w) and 
T = 
R�/c, respectively, where R, �, and w are the resolving 
power, X-ray wavelength, and the FWHM beam width in 
the dispersion plane. The tilt angle 	 varies from 22.1° at 
500 eV to 14.1° at 1000 eV for an originally flat-top beam 
profile. The total elongation of the temporal profile 
T 
varies from 50 fs at 500 eV to 21 fs at 1000 eV when 
calculated with the nominal resolving power of 5000. The 
tilt for a small beam cross-section as is the case at the slit 
can be rather significant. However, it can be much 
reduced after the beam is re-collimated by the M2 mirror 
at the re-entrant point in the seeding undulator where the 
effect of the tilt on the seeding efficiency was found to be 
of the order of 10 to 20 %.  

 

 
Figure 3: Calculated grating efficiency using a blazed 
groove profile with a blaze angle at 1.2° and platinum 
coating. 

Imaging of Source onto Re-entrant Point 
In the dispersion plane, the incident X-ray beam is 

imaged at the exit slit for achieving resolving power and 
re-imaged at the re-entrant point inside the seeding 
undulator for achieving the optimal overlap with the de-
bunched electron beam. The first stage focusing is done 
by the VLS construction and the tangential curvature of 
the toroidal grating. By properly choosing the linear 
coefficient D1 and the tangential radius of curvature, the 
focal point was nearly constant in the designed energy 
range. The second stage focusing is produced by a 
tangential cylinder mirror, M2, situated at 180 mm from 
the slit. With a tangential radius of curvature of 23.2 m at 
a constant 15 mrad incident angle. With the help of a 
plane mirror M3 also at a constant 15 mrad incident 
angle; M2 re-collimates the virtual image created by the 
slit onto the mid-section of the seeding undulator, U10, 
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for optimal spatial overlapping with the properly delayed 
electron beam.  

In the sagittal plane, the source is imaged in a single 
step at the re-entrance point by the grating with the 
sagittal curvature.  The sagittal radius of curvature is 188 
mm, which at 89° incidence angle produces a variable 
focal length of 2.465 m at 1000 eV or 1.914 m at 500 eV. 
Due to the fact the source point was found by FEL 
simulation to vary with energy, the location of the beam 
waist in both dispersion and sagittal planes moved around 
the designated re-entrant point (mid-section of the seeding 
undulator U10) by as much as 2 m. As such the beam 
sizes in the two planes were found to be about 25% to 
100% larger than at the source. Although the size 
mismatch relaxes the tolerance on electron and X-beam 
overlap, it reduces the effective seeding power. This effect 
was included in calculating the required SASE power for 
generating sufficient seed power of 20 kW. 

SASE and Seed Power 
According to the FEL simulation, a minimum of 20 kW 

for a 50 fs FWHM pulse duration is required to seed the 
FEL process. The overall throughput of the X-ray optics 
was calculated and amounted to between 4 to 7%, by 
including the grating efficiency, the reflectivity of all 
three mirrors (M1, M2 and M3), and the bandwidths 
mismatch between the SASE at 0.3 to 1% and the grating 
resolution at 0.02%. The pulse elongation and the size 
mismatch in both dispersion and sagittal directions reduce 
the effective seeding power by as much as a factor 6. The 
minimum SASE power was then estimated to be between 
3 and 6 �J for a 0.3% SASE bandwidth. The selection of 
U9 as the location of the SXRSS system should ensure 
sufficient SASE power incident onto the grating 
monochromator. 

FOUR-DIPOLE CHICANE SYSTEM 
The SXRSS apparatus contains four dipole magnets 

arranged to create a chicane in the path of the electron 
beam. This chicane has four functions:  

� It creates a local horizontal electron trajectory offset 
so the electron beam avoids getting too close to the 
grating and mirrors. 

� It washes out the SASE micro-bunching produced in 
the upstream undulator sections. 

� It acts as an adjustable delay line for the electron 
bunch to match the seed x-ray delay. 

� It acts as an adjustable delay line for correcting the 
phase error introduced by removing one undulator 
segment.  

The chicane design was optimized so that there is at 
least 2 mm of clearance between the electron beam and 
the nearest optical element for the minimum delay setting. 
Generally the path length must be increased for lower 
photon energy (longer wavelength). X-rays of 500 eV 
require a maximum electron beam displacement of 17.8 
mm. For the extreme case of 300 eV photons, the 
maximum displacement of the electron beam is 19.2 mm. 
In comparison, the optical delay for the hard X-ray self-

seeding [7] was much smaller by a factor at least 10, and 
the electron beam displacement was much smaller than 
that in the current chicane design. 

Normal values and limiting values of electron beam 
chicane parameters are listed in Table 3 along with 
various tolerances.  In the table “Normal” refers to the 
performance for required photon energy range of 500 – 
1000 eV (see Table 1), while “Minimum” and 
“Maximum” refer to the limiting values. For example, the 
electron beam delay varies from 930 fs at 300 eV, to 633 
fs at 1200 eV, but the dipoles and vacuum chamber are 
capable of creating a delay of up to 1000 fs.  

Table 3: Main Parameters of the Electron Beam Chicane  

Parameter Nominal Minimum Maximum Unit 

e- beam delay 633-930 300 1000 fs 
Delay precision 0.1 0 1 fs 

R56 477-397 0 600 �m 

Dipole bend angle 14.91-13.59 0 16.739 mrad 

e- beam displ. 19.2-15.9 0 20 mm 

H. separation 4.3-3.4 2 - mm 

Residual angle 0 0.0 0.1 �rad 

Residual offset 0 0.0 3.0 �m�

 
The chicane, when powered, should deflect the 

electrons horizontally toward the “aisle” of the undulator 
tunnel. Optics can only be inserted when the chicane is 
powered sufficiently that there is at least 2 mm of 
separation between the electron beam path and the nearest 
optical component.  When not in self-seeded mode, (i.e., 
chicane switched off), the LCLS FEL should work in the 
normal SASE mode except for the missing undulator and 
its associated phase shift. This phase shift is corrected by 
powering trim windings on each of the dipoles. The 
strength of the trim coils must be sufficient to correct the 
phase shift error even when running SASE beams with 
the highest LCLS photon energy. For 10 keV X-rays, the 
trim coils should be sufficient to add or subtract up to 
8700 degrees of phase shift.  

For seeded operation micro-bunching developed in the 
beam before the chicane must be suppressed to maximize 
the ratio of the seeded X-ray beam intensity to the SASE 
noise. This is accomplished through the natural energy 
spread of the electrons, together with the R56 of the 
chicane. 

OVERLAP DIAGNOSTICS 
Efficient operation of the self-seeding system requires 

the electron and X-ray seed beam to overlap in the 
downstream undulators for about one gain length and 
within a fraction of the 25 �m beam size.  For the initial 
commissioning diagnostics to measure a 10 �m overlap, it 
is sufficient to generate a seeded FEL signal which can 
then be used for further optimization. The diagnostics 
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foreseen in the long breaks downstream of undulators U9 
and U12 contain a 100 �m thick YAG:Ce screen viewed 
with a CCD to measure the X-ray seed beam position.  
Radiation protection for the undulators does not allow use 
of the YAG:Ce crystal to diagnose the electron beam.  
Instead two crossed carbon wires overlaid on a central 
few mm diameter hole on the YAG:Ce crystal will both 
enable the electron beam to pass through the crystal and 
to provide a beam loss signal from the electron beam 
intercepting the wires.  The electron beam position will be 
obtained by moving the entire diagnostic system by 
means of the supporting undulator girder cams similar to 
the LCLS undulator beam finder wire system.  The 
relative position of the two beams can be inferred from 
the CCD image showing both the seed beam position on 
the YAG:Ce and the wires.  

FEL SIMULATIONS 
A start-to-end simulation was carried out to study the 

performance of the system at 1 keV. Simulation codes 
IMPACT-T and Elegant were used for the electron 
dynamics in the LCLS-I injector and LINAC. To match to 
the resolving power, a 150 pC bunch charge was used. 
The electron bunch longitudinal phase space is shown in 
Figure 4. The electron bunch is compressed to have a 
peak current of 3 kA in the central part, and the double-
horn profile is seen as in Figure 5. The LINAC RF system 
is tuned so that the leading horn (on the left) is much 
smaller to minimize the wakefield effect in the undulator 
system. 

 

 
Figure 4:  Longitudinal phase space of the electron bunch 
at the entrance of undulator system. 

The electron bunch was then sent into the SASE 
undulator sections from U1 to U8 to simulate the SASE 
FEL process. The gain curve is shown in Figure 6. The 
vertical dash line indicates the end of U8 where enough 
SASE power has built up to prepare for a seed for the 
seeding part of the undulator system starting after the 
optics and the chicane at U10. In fact, according to the 
simulation, even at U6 (the dashed circle), there is 
sufficient SASE power to prepare for a seed. The FEL 
spectrum is shown in Figure 7 for the radiation at the 40 
m mark well into saturation, exhibiting a FWHM 

bandwidth of 5.7x10-3 with the predicated spiky features 
characteristics of the stochastic nature of SASE process. 
The spectrum at the end of U8 before the grating is very 
similar to that at 21 m with only slightly narrower 
bandwidth due to the fact that this location is still in the 
exponential growth regime before saturation. 

 

 
Figure 5: Double-horn profile of a 150 pC electron bunch 
compressed to 3 kA peak current in the central part. 

 

 
Figure 6: SASE FEL gain curve. The dashed vertical line 
indicates the end of U8, the dashed circle gives the 
operational point where there will still be sufficient input 
SASE power should it becomes necessary. 

The broadband SASE light is then monochromatized by 
the grating system and recombined with the de-bunched 
and properly delayed electron beam to continue the 
seeded FEL lasing process starting at U10. The required 
seed power is about 20 kW, and the seeded FEL gain 
curve is shown in Figure 8, where the SXRSS system is 
the starting point at 0 m. The vertical dashed line 
indicates the end of U15, just before the hard x-ray self-
seeding (HXRSS) monochromator and chicane section 
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[7]. As such the SXRSS system can reach saturation 
before reaching the HXRSS system should the break in 
the FEL amplification process created by U15 become a 
concern in understanding the performance of the SXRSS 
process. 
 

 
Figure 7: The spectrum of the SASE FEL spectrum at 40 
m undulator, which is similar to that at the end of U8.  

 

 
Figure 8: Seeded FEL gain curve after the SXR system at 
U9. The dashed vertical line indicates the end of U15. 

The seeded FEL spectrum at 21 m, which is slightly 
before the end of U15 in the seeding undulator section, is 
shown in Figure 9. The FWHM bandwidth is fitted to be 
1.6x10-4, about 35 times narrower than that of the SASE 
without seeding. Given the FEL pulse duration at 50 fs 
(the middle plat part between the horns is slightly shorter 
as depicted in Figure 5), the bandwidth is close to 
transform limited and matched to the designed optical 
resolving power specification at 5000. There is still 
residual background close and around the seeding 

wavelength, which in principle could be cleaned up by a 
monochromator for a cleaner experimental measurement. 
 

 
Figure 9: The spectrum of the seeded FEL spectrum at 21 
m mark in the seeding undulator after the SXRSS section 
at 0 m. 

In summary, the strong scientific case requiring higher 
spectral brightness has clearly been made. For LCLS as a 
user facility, a self-seeding scheme provides the best 
choice in not requiring significant changes to the LCLS-I 
undulator structure and allowing an immediate 
implementation.  The system design for the LCLS SXRSS 
is near completion including the X-ray optics, the 
chicane, the overlap diagnostics and the mechanical 
components. FEL simulation supports soft X-ray seeding 
at LCLS with optimal spectral performance producing 
nearly transform-limited pulses with greater than 30 times 
increased spectral brightness. 
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USE OF THE PROJECTED TORUS KNOT LATTICE FOR A COMPACT 
STORAGE RING FEL 

S. Sasaki , A. Miyamoto, Hiroshima # Synchrotron Radiation Center, 
Hiroshima University, Higashi-Hiroshima, Japan

Abstract 
We proposed a new scheme of lattice design for a 

compact storage ring in which a design orbit of electron 
beam closes after completing multiple turns. This new 
lattice can be made by placing necessary accelerator 
components at certain positions on a projected torus knot 
in the horizontal orbit plane. In this type of storage ring, 
the beam trajectory crosses in a bending magnet, i.e. each 
bending magnet accepts two beam orbits. For example, in 
the ring having the (11, 3) torus knot lattice with 11 
bending magnets, a bunch goes through bending magnets 
22-times to complete its 3-turn closed orbit. Since the 
maximum output laser power is proportional to the 
synchrotron radiation loss in the complete turn round a 
closed orbit starting from the optical resonator section, the 
maximum laser power from the projected torus knot 
storage ring FEL can be doubled for 2-turn lattice and 
tripled for 3-turn lattice compared with that from a 
conventional storage ring FEL. The new lattice scheme 
may contribute to more stable operation of a compact 
storage ring FEL. 

INTRODUCTION 
In general, the design orbit in a synchrotron accelerator 

or a storage ring closes in one turn around the ring, i.e. the 
length of closed orbit is equal to the circumference of the 
ring. On the other hand, a stellarator or a heliotron for a 
plasma confinement with magnetic fields has a donut 
(torus) shape with helically wound coils. Each coil 
winding does not close in one turn but closes after 
multiple turns around a torus. The shape of a coil winding 
on a torus is called torus knot. Similar to the coil winding 
of a stellarator, if the beam in an accelerator draws a torus 
knot trajectory, a design orbit closes after multiple turns. 

The realistic multiple-turn lattice can be realized by 
placing conventional accelerator components on a 
projected torus knot in the horizontal plane [1]. The ring 
with this lattice may have larger maximum stored charge 
in multiple-bunch mode, and longer bunch-to-bunch 
interval in a single-bunch mode if compared with a 
conventional ring having the same footprint.  Also, for an 
electron storage ring as the synchrotron light source or the 
ring FEL, a larger number of straight sections may 
accommodate with many insertion devices. 

As a successive machine of current storage ring at 
Hiroshima Synchrotron Radiation Center, we have a plan 
to construct a third generation compact storage ring called 
HiSOR-II in order to serve brilliant synchrotron radiation 
(SR) from VUV to soft X-ray for SR users in the field of 
materials science, solid state physics,  bio-molecular 

science, etc. Due to the requirement for the photon energy 
ranges from user community and the space limitation of 
construction area on the campus of Hiroshima University, 
the expected ring energy is 0.7 GeV and the ring diameter 
should be nearly equal to or smaller than 15 m. To meet 
all requirements including the oscillator FEL capability, 
construction of a compact storage ring with the lattice of 
torus knot architecture seems to be most plausible. 

TORUS KNOT AND LATTECE 
The Möbius strip is a one-sided nonorientable surface. 

It can be made from a band or a single strip by connecting 
both ends, so that one of the ends is half-twisted each 
other. As one can easily see by drawing a line on the 
surface of Möbius strip, the line closes after completing 
two turns (4) around the ring. Analogically, if the top 
and bottom surfaces of a tall triangular prism are twisted 
2/3 angle and then connected, the ridgeline closes after 
three turns (6) [2]. These mathematical features are 
extended, generalized, and categorized as the group of 
torus knots [3]. Figure 1 shows an example of variations 
of (1,3) torus knot. 

 

 
Figure 1: Left: Möbius triangular prizm, Middle: (1,3) 
torus knot wound around a torus, Right: (1,3) torus knot 
without torus. 

Figure 2 shows some other torus knots. 

 
Figure 2: Examples of torus knots.  

#sasakis@hiroshima-u.ac.jp
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The mathematical notations of these examples are: 
from top left to bottom right as (5,2), (7,2), (11,2), (5,3), 
(7,3), (11,3), respectively. Parameters p and q in the 
bracket (p,q) stand for the number of crossing of 
longitude and the number of crossing of meridian of the 
torus, respectively. Parameters p and q should be co-prime 
each other. 

In the practical sense, the particle beam orbit of a 
storage ring lies on the horizontal plane. Therefore, in 
order to generate an accelerator lattice starting from one 
of the torus knot, it is a good idea to project a torus knot 
onto a flat plane. Figure 3 shows projected (5,2) and 
(11,3) torus knots and bending magnet positioning in the 
corresponding lattices.  

 
 

Figure 3: Examples of projected torus knots and bending 
magnet configurations of corresponding lattices. 

As it is obvious from this figure, the basic structure of 
accelerator lattice can be made by placing a bending 
magnet at each crossing point of projected (5,2) torus 
knot, and at each outer crossing point of projected (11,3) 
torus knot. Although particle beam trajectory crosses in 
every bending magnet, the bending radius of either 
trajectory is the same. The orbit entered from inboard exit 
outboard and vice versa. 

Whatever any torus knot as the starting point was 
chosen, one can construct a required lattice by adding 
necessary components after the position of each bending 
magnet is determined. As one can recognize by tracing 
the beam orbit, the unit cell of this type of lattice consists 
of two bending magnets, i.e. the double-bend unit lattice. 
The numbers of unit cells are five for geometrically 5-fold 
symmetry lattice, and eleven for the 11-fold symmetry 
lattice, respectively. 

Figure 4 shows a realistic (11,3) torus knot lattice and a 
one-cell configuration of magnets. This lattice is planned 
to be used for the HiSOR-II storage ring [4, 5]. 
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Figure 4: An example of (11,3) torus knot lattice for a 
compact light source and a unit cell. 

This compact 11-fold symmetry light source ring has an 
outer perimeter of 46 m and a diameter of 14.63 m. The 
length of electron beam orbit is about 130.3 m. The length 
between crossing points of inner straight section is 3.6 m. 
The length of outer straight section is 1.8 m where a RF 
cavity and other necessary accelerator components and 
short insertion devices may be installed. 

LATTICE DESIGN ISSUES 

Low Emittance Lattices 
Generally, Double Bend Achromat (DBA) is well 

known as a low emittance lattice, and it is often used for 
synchrotron light source rings. In recent years, the lattice 
which introduced dispersion into the straight sections is 
used to achieve lower emittance than that of DBA lattice. 

The natural emittance is shown with radiation integrals 
as follows [6]. 
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In MAX-III of MAX-lab, the combined function type 
bending magnet with QD field was adopted, and the 
lattice in that K in I4 is negative value is used to achieve 
ultra low emittance. Learning form this fact, we 
investigated the possibility of adopting the MAX-III type 
lattice to our compact torus knot ring. 

Crossed Orbit in Bending with Gradient Field 
The combined type bending magnet with QD fields are 

necessary for MAX-III type low emittance lattice. 
However in our case, two beam orbits cross with a certain 
angle from the central axis in the bending magnet. This 
causes a slight change of quadrupole strength as well as 
bending radius along the beam orbit. But we found this 
problem can be solved [7]. 

Operating Point and Optical Functions 
New ring has two bending magnets and two straight 

sections with different lengths in a unit cell. Therefore, 
this ring is categorized as the Double Bend system. We 
adopt the combined function bending magnets that we  
described previously. Furthermore, by using three 
families of quadrupole magnets, we can switch two kinds 
of lattice type i.e. MAX-III type and DBA. 

Figure 5 shows the optical functions of 1/3 of the ring 
when the operating point of the ring is set at the low 
emittance mode and DBA mode each, and the natural 
emittance in each mode achieved 17.4 nmrad and 35 
nmrad. The main parameters of (11,3) torus knot lattice 
designed for HiSOR-II storage ring is shown in Table 1. 
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Figure 5: Optical functions on each operating point. 
1):Low emittance mode, 2):DBA mode. 

Table 1: The Main Parameters of (11,3) T-K Ring 
Designed for HiSOR-II Storage Ring 

Perimeter 45.97 m 

Orbit shape (11,3) Torus knot 

Orbit length 130.297 m 

Beam energy 700 MeV 

Straight sections 
3.614 m ×11 
1.800 m ×11 

Harmonic number 88 

RF frequency 202.474 MHz 

Low emittance mode 

Betatron tune (10.54, 6.67) 

Natural emittance 17.4 nmrad 

DBA mode 

Betatron tune (10.78, 6.93) 

Natural emittance 34.6 nmrad 

 

OSCILLATOR FEL 
As it is well known that the maximum output laser 

power of oscillator FEL is proportional to the synchrotron 
radiation loss in the complete turn round a closed orbit 
starting from the optical resonator section [8]. The 
maximum peak power of each micropulse from the 
projected torus knot storage ring FEL can be doubled for 
2-turn lattice and tripled for 3-turn lattice compared with 
that from a conventional storage ring FEL. The new 
lattice scheme may contribute to more stable operation of 
a compact storage ring FEL. 

Figure 6 shows a layout of oscillator section in the 
HiSOR-II ring. 

 
Figure 6: Oscillator FEL configuration in HiSOR-II ring. 
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The orbit length of this ring is as long as 130 m though 
the perimeter of this ring is about 46 m. Therefore, the 
optical cavity length must be about 65 m if the ring is 
operated in a single bunch mode for FEL operation. In 
addition for the single bunch operation, the recirculating 
time becomes three times longer than that of one-turn ring, 
and hence the average power stays the same. To avoid 
these problems, we assume 4-bunch operation so that the 
cavity length should be about 16 m and the bunch-to-
bunch length is 3/4. In other words, if the cavity length is 
the same, averaged laser power can be tripled compared 
with a conventional one-turn ring FEL. 

Figure 7 shows the bird’s eye view of HiSOR-II FEL 
complex. 

 

 
Figure 7: Designer’s view of HiSOR-II ring with an 
oscillator FEL section. 
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Abstract 
During the last year we have been benchmarking FEL 
oscillator simulation codes against the measured 
performance of the three Jefferson Lab oscillator FELs.  
While one might think that a full 4D simulation is de 
facto the best predictor of performance, the simulations 
are computationally intensive, even when analytical 
approximations to the electron bunch longitudinal 
distribution are used.  In this presentation we compare the 
predictions of the 4D FEL interaction codes Genesis and 
Medusa, in combination with the optical code OPC, with 
those using a combination of the 2D & 3D versions of 
these codes, which can be run quickly on a single CPU 
core desktop computer. 

INTRODUCTION 
Since the initiation of the FEL program at Jefferson Lab 

(JLab) in 1995, three FELs have been designed and 
operating; the IR Demo [1], the IR Upgrade [2], and most 
recently the UV Demo [3,4].  All three FELs were 
designed using 1D models as discussed in Ref [5].   
Clearly, use of these programs requires acceptance of a 
number of simplifications, such as the use of analytical 
(parabolic or Gaussian) electron beam distributions that 
interact with a low order TEM optical mode, or some 
superposition of modes that doesn’t vary as the oscillator 
power saturates.  Nevertheless, we found that these two 
FEL simulation tools reasonably (better than 30% 
difference) predicted the lasing efficiency of all 3 FELs 
the IR FELs.  The gain predictions were also in 
reasonable agreement for the IR FELs, but low by about 
50% for the UV Demo.  This discrepancy has been 
studied using 3D and 4D FEL simulation codes [6]. 

While we believe that the use of a 4D code with a start-
to-end (S2E) simulation of the electron bunch 
characteristics will yield the most accurate prediction, in 
our experience the creation of such a distribution takes 
weeks, and then a 4D FEL simulation takes about a week 
when performed on a parallelized cluster of computers 
comprising +40 cpus.  This does not allow one to look at 

the performance of the FEL parametrically on a 
reasonable time scale.  So we investigated whether we 
could use somewhat more sophisticated time dependent 
2D FEL oscillator codes, with time independent 3D 
codes, that fully treat the spatial interaction of the electron 
and optical fields, as a good approximation to the full 4D 
codes.  These lower dimensional codes can be run on dual 
core personal computers quickly, i.e., in seconds to a 
couple of hours,  To keep the computational times 
reasonable for the 4D simulations, all codes used 
parabolic longitudinal distributions.  In this paper, we 
present preliminary results of our investigations to predict 
the measured performance of the 3 JLab FELs 

THE FEL MODELS 
Several performance parameters for the JLab FELs 

were used for benchmarking the codes.  These parameters 
are 1) the lasing efficiency , 2) the detuning length lc, 
and 3) the net gain gnet.  Determining the lasing efficiency, 
equal to the average output power/electron beam power 
allows one to design an FEL to have considerable margin 
in this parameter, to ensure the end user’s requirements 
are met.  Knowing in advance the length of the detuning 
curve tells the FEL designer how insensitive the FEL 
parameters are to small cavity drifts.  And the net gain 
tells the designer whether they are outcoupling the FEL 
efficiently.  The measured values are given in Table I.  
Inputs for each of the FELs are given in Table 2.  The 1D 
pulse propagation codes were discussed in the 
Introduction; we also used two 2D codes and 4D codes, 
and three 3D codes.  In brief, the 2D codes are known as 
Pulsevnm, developed by the Naval Postgraduate School 
[7], and Medusa1D, developed by one of the co-authors 
[8].  The former code has been in use for some time, 
while the latter code has heretofore not been used for 
oscillator modelling.  While both codes model the FEL 
interaction between an optical field and an electron bunch 
matched to the wiggler, there are differences.  Pulsevnm 
averages the Lorentz force equations that describe the 
electron dynamics over a wiggler period.  Medusa1D does 

 ___________________________________________  
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not, so the integration step size must now be small enough 
to resolve the electron motion, typically 30 steps/wiggler 
period are used.  This increases the time to do the 
calculations, however this facilitates the treatment of 
harmonic generation and complex orbit dynamics due to 
different wiggler configurations and, if they exist, beam 
transport magnets between wiggler sections.  Both codes 
treat the oscillator rather simply; Pulsevnm models a 
Gaussian mode defined by the Rayleigh range, whose 
waist is at the center of the oscillator with a known length 
and outcoupling.  Medusa also requires the cavity length 
and outcoupling, but more simply models a mode that 
encompasses the electron beam.  The filling factor can be 
input by the user, or, in high gain situations, with the 
phenomenological equations developed by Xie et al.[9].   

Table 1: JLab FEL Measured Performance Parameters 
The minimum repetition rate min = 4.678125MHz. 

The 3D codes used are discussed in [5] and are 
Wavevnm, Genesis/OPC, and Medusa/OPC.  Finally, we 
used 4D versions of Genesis/OPC and Medusa/OPC.  
Here the time dependent phenomena are restored to the 
3D versions discussed above. 

 
Table 2: FEL Input Parameters Used in All Simulations 
Cavity lengths are scaled by the minimum length Lmin = 

2.00262163m. 

RESULTS 
To quickly judge the agreement between the prediction 

and experiment, the percent difference for each parameter 
(save the detuning length) was calculated and listed in the 
following tables.  Because the detuning lengths for two of 
the FELs are not long (c.f. Table 1), it is better to simply 
take the difference between the calculated and the 
measured values for that parameter.  In an effort to 
discern some dependence of the agreement on other FEL 
parameters, results are tabulated with respect to two 
parameters listed at the end of Table 2, the first is the 
slippage, or coupling parameter equal to the slippage = 
Nw  divided by the rms electron bunch length.  The 
second is the gain to loss ratio. 

We then consider each set of simulations in order of 
complexity.  The 1D results are shown in order of 
descending gain/loss ratio in Table 3, and in order of 
descending slippage parameter in Table 4.  In these tables, 
SS is the spreadsheet model and PP is the pulse 
propagation code. 

Table 3: 1D Model Results in Descending Gain/Loss 
Ratio 

Table 4: 1D Model Results in Descending Slippage 
Parameter 

Inspection of these two tables results in two 
conclusions, 1) that these relatively simple codes do a 
better job predicting lasing efficiency than net gain, and 
2) that as the slippage parameter decreases, the net gain’s 
agreement with experiment becomes poorer.   

2D results are displayed in the same way in Tables 5 
and 6 respectively.  In the Medusa1D code, while a 
provision exists to input a manual filling factor, in 
practice, it is not clear what that should be.  We tried 
several interpretations, such as the ratio of the waist area 
for the electron beam to the optical mode, etc., but 
nothing immediately made sense.  So for now we simply 

 UV 
Demo 

IR 
Demo 

IR 
Upgrade

Cavity length (m) 16Lmin 4Lmin 16Lmin 
Mirror radii (cm) 2.54 2.54 3.81 
Rayleigh range (m) 0.925 0.4 0.75 
Outcoupler radius of 
curv. (m) 

17.72 4.0452 16.0 

High reflector radius of 
curv. (m) 

14.43 4.0452 16.115 

Wiggler period (cm) 3.3 2.7 5.5 
Number of periods 60 40 30 
Krms 0.816 0.99 1.36 
Emittance (microns) 5 8 8 
Matched beta 0.86 0.34 0.877 
Beam energy (MeV) 135 38.45 115 
Energy spread (%) 0.3 0.25 0.4 
Peak current (A) 200 60 300 
rms bunchlength (m) 30 101 36.9 
Slippage parameter 0.8 1.9 1.3 
Gain/Loss ratio 17.2 9.6 6.1 

 

 gnet  
(% diff) 

 lc(m)   
(% diff)

UV Demo - SS -48 ~1 -8 
UVDemo – PP -52 ~3 -14 
IR Demo - SS -17 28 3 
IR Demo – PP 6 10 17 
IR Upgrade - SS -34 7.5 -26 
IRUpgrade – PP -16 3.5 -28 

 

 gnet  
(% diff)

 lc(m)   
(% diff) 

IR Demo - SS -17 28 3 
IR Demo – PP 6 10 17 
IR Upgrade - SS -34 7.5 -26 
IRUpgrade – PP -16 3.5 -28 
UV Demo - SS -48 ~1 -8 
UVDemo – PP -52 ~3 -14 

 

 UV 
Demo 

IR 
Demo 

IR 
Upgrade

Laser wavelength 
(m) 

0.4 4.8 1.6 

Repetition rate 
(MHz) 

min 4min 16min 

 (%) 0.73 1.27 1.55 
gnet (%) 145±10 80±10 80±10 
lc (m) 7 28 5.5 
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report the results for a unity filling factor, admitting it is 
not physical. 

Table 5: 2D Model Results in Descending Gain/Loss 
Ratio 

Table 6: 2D Model Results in Descending Slippage 
Parameter 

One notes that in contrast to the 1D results, the overall 
agreement of the net gains predicted from these 2 codes to 
experiment improves as the slippage parameter decreases.  
There is also a trend for Pulsevnm, but not Medusa1D’s 
lasing efficiency to be in better agreement with 
experiment as the gain/loss ratio decrease. 

In presenting the 3D results we should point out that 
while OPC was used with both Genesis and Medusa, in 
the interest of table formatting it isn’t explicitly listed. 

 

Table 7: 3D Model Results in Descending Gain/Loss 
Ratio 

 
 
 
 

Table 8: 3D Model Results Descending Slippage 
Parameter 

We note that, as Genesis/OPC and Wavevnm use wiggler 
averaging and evaluation on a mesh, both give very 
similar results.  When considered on the basis of gain/loss 
ratio, the lasing efficiency agreement trended in the 
positive direction.  And, for all three FELs, Medusa/OPC, 
did a very good job predicting the lasing efficiency. 
  For the 4D cases, we note that only the IR FELs have 
been modelled with Genesis/OPC. 

Table 9: 4D Model Results in Descending Gain/Loss 
Ratio 

Table 10: 4D Model Results in Descending Slippage 
Parameter 

 
 

The trends noted here are, like with Medusa1D, the laser 
efficiency is too low.  And, for the two FELs studied, 
Genesis/OPC does a very good job predicting the lasing 
efficiency and detuning length. 

 
 

 gnet  
(% diff) 

 
lc(m) 

 
(% diff)

UV Demo - Medusa 16 -1 -14 
UVDemo – Pulsevnm 26 -1.5 160 
IR Demo - Medusa 354 2 -66 
IR Demo – Pulsevnm 30 13 50 
IR Upgrade - Medusa 56 9.5 -34 
IRUpgrade - Pulsevnm 15 4.5 -12 

 

 gnet  
(% diff) 

 
lc(m) 

 
 (% diff)

IR Demo - Medusa 354 2 -66 
IR Demo – Pulsevnm 30 13 50 
IR Upgrade - Medusa 56 9.5 -34 
IRUpgrade – Pulsevnm 15 4.5 -12 
UV Demo - Medusa 16 -1 --14 
UVDemo – Pulsevnm 26 -1.5 160 

 

 gnet  
(% diff) 

 
lc(m) 

 
(% diff)

UV Demo – Medusa 16 - -14 
UV Demo – Genesis -39 - -8 
UV Demo-Wavevnm -39 - -1 
IR Demo – Medusa 122 - 3 
IR Demo – Genesis 36 - 5.5 
IR Demo - Wavevnm 15 - 9 
IR Upgrade – Medusa 85 - 1 
IRUpgrade – Genesis -36 - 39 
IR Upgrade-Wavevnm -35 - 40 

 

 gnet 
(% diff) 

 
lc(m) 

 
(% diff)

IR Demo – Medusa 122 - 3 
IR Demo – Genesis 36 - 5.5 
IR Demo-Wavevnm 15 - 9 
IR Upgrade – Medusa 85 - 1 
IRUpgrade – Genesis -36 - 39 
IR Upgrade - Wavevnm -35 - 40 
UV Demo – Medusa 16 - -14 
UV Demo – Genesis -39 - -8 
UV Demo-Wavevnm -39 - -1 

 

 gnet  
(% diff) 

 
lc(m) 

 
(% diff)

UV Demo – Medusa -18 0 -44 
IR Demo – Medusa -27.5 7 -43 
IR Demo – Genesis -12 -0.5 14 
IR Upgrade – Medusa -25 3.5 -29 
IRUpgrade – Genesis -51 0 6.5 

 

 gnet  
(% diff) 

 
lc(m)

 
(% diff)

IR Demo – Medusa -27.5 7 -43 
IR Demo – Genesis -12 -0.5 14 
IR Upgrade – Medusa -25 3.5 -29 
IR Upgrade – Genesis -51 0 6.5 
UV Demo – Medusa -18 0 -44 
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INTERPRETATION 
Recall that the purpose of this exercise was to see if one 

could take the 2D and 3D results and predict the 4D result.  
To answer this question, one must first make two 
adjustments to the 2D results.  One is to account for gain 
adjustments the 2D models don’t fully account for, the 
filling factor, and 3D effects  As Pulsevnm calculates the 
small signal gain as a function of the Colson parameter 
jF=2g0, we can reduce the gain by multiplying it by the 
filling factor calculated in the spreadsheet model.  This 
corrected jF is then run back through Pulsevnm to 
calculate a corrected pulsed gain.  By comparing the 
calculated CW gain from the corrected jF to the 3D gain 
predicted by Wavevnm or Genesis/OPC, (cf Table 7), we 
can then generate a 3D correction to the 2D gain.  This is 
then used to correct the pulsed gain to get a final estimate 
of the 4D gain.  This 2D gain agrees with the 4D gains 
predicted by Genesis/OPC to better than a 7% difference.  
We can’t do this yet with Medusa, as we don’t have a 
recipe for determining the filling factor it needs.  We will 
report on this in future work.  We have not yet come up 
with a procedure to obtain the 4D efficiency from the 
combination of the 2D and 3D efficiency. 

CONCLUSIONS 
In this brief report we have presented a preliminary 

benchmarking of the JLab FEL oscillators using 
simulation codes of increasing sophistication.  By using 
the wiggler orbit averaging 2D and 3D codes we created a 
procedure that allowed us to estimate the 4D net gain 
value to a high degree of accuracy.  Note that this isn’t the 
same as saying we predicted the experimental gain, as 
Table 9 shows.  We hope to develop a similar procedure 
to see if it works for the 2D version of Medusa. 

  The tables show that in general, calculated lasing 
efficiencies and detuning lengths are usually in better 
agreement with experiment than net gain.  With 3D 
Medusa/OPC or 4D Genesis/OPC the agreement is better 
than 15%, rather amazing when one considers that we are 
using an analytic approximation for the actual electron 
bunch distribution, and that other experimentally-
determined parameters like the emittance have similar 
experimental uncertainties.  Of course, simply using the 
well-known expression[10] that =1/2Nw results in the 
same level of agreement.  However, that simple 
expression does not provide any information on the 
efficiency in the presence of real-world phenomena such 
as thermal deformation or vibration of the cavity mirrors. 
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PRELIMINARY FEL SIMULATION STUDY FOR PAL XFEL

Ilmoon Hwang∗, Jang Hui Han, Yong Woon Parc,
Pohang Accelerator Laboratory, POSTECH, Pohang, Republic of Korea,

Jaeyu Lee,
Department of Physics , POSTECH, Pohang, Republic of Korea

Abstract
Pohang Accelerator Laboratory X-ray Free Electron

Laser (PAL XFEL) will provide X-ray FEL radiation in a

range of 0.1 and 10nm with five undulator beamlines. A un-

dulator section for hard X-ray is designed for 0.1nm SASE

FEL. We present FEL simulation study by using GENESIS.

INTRODUCTION
Pohang Accelerator Laboratory X-ray Free Electron

Laser (PAL XFEL) will generate X-ray FEL radiation in

a range of 0.1 and 10nm in five undulator beamlines [1].

It consists of a photocathode RF gun, a 10-GeV linac with

S-band and undulators. A major goal is a hard X-ray with

wavelength of 0.1nm by Self-Amplified Stimulated Emis-

sion (SASE). The lasing performance in the steady-state

and the time-dependent model is investigated by tracking

simulation, GENESIS [2]. Tapering is considered. The

main parameters for a hard X-ray generation are listed in

Table 1.

Table 1: PAL XFEL parameter for 0.1nm X-ray

Electron energy 10 GeV

Charge 200 pC

Peak current 3 kA

Emittance 0.5 umrad

Energy spread 10−4

Undulator period 24.4 mm

Undulator parameter K 2.0683

Beta function 18 m

UNDULATOR LATTICE

Figure 1: Schematic layout of undulator and FODO cell for

simulation.

∗ imhwang@postech.ac.kr

The saturation power and length are affected by the aver-

aged beta-function. A symmetric FODO configuration can

be adopted in the undulator section. The length of half-cell

is 6.2 m and the phase advance is 45 degrees. The beta

functions at quadrupoles are 24.1m and 10.9m.

SASE SIMULATION

Figure 2: SASE lasing in steady-state with various energy.

The lasing performances are studied by code GENESIS.

At first, the steady-state simulation was performed at 0.1

nm wavelength with the input condition of electron beam

10 GeV, charge 200 pC, normalized emittance 0.5 umrad

and 3 kA beam current. The saturation power of 13.9 GW

and length 53.7 m are expected by Ming Xie’s formula.

Figure 2 shows the saturation power and length along the

longitudinal coordinate. SASE radiation at 0.1 nm can be

saturated at 75 m with 7.5 GW while12 GW power is ob-

tained at 92 m with higher beam energy. These are longer

length and weaker power due to space for quadrupoles and

diagnositics.

Figure 3 shows slice properties of a beam profile for time

dependent simulation. This beam profile satisfies the re-

quirements except the beam current. Some required values

are marked as red line. While the beam current is smaller

than the target value 3kA in most parts, the normalized

transverse emittances are slightly lower than the require-

ments and the energy spread is acceptable. The beam en-

ergy was selected by scan-test and one of the best cases is

shown in Fig. 3. The energy of the center slice is higher

than the theoretical value by 8 in gamma unit.
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(a) (b)

(c) (d)

Figure 3: Slice properties of input beamfile for time-

dependent simulation. (a) Beam current is smaller than tar-

get value, (b) normalized transverse emittances are slightly

lower than requirements, (c) energy is selected by scan-test

and (d) energy spread is acceptable.

(a) (b)

(c) (d)

Figure 4: An example of time-dependent simulation. (a)

radiation power is saturated at 75m and slowly growing,

(b) averaged energy is reduced with lasing, (c) peak power

reaches 30GW while averaged power is 4.5GW at 75m and

(d) radiation wavelength is centered at 0.1nm with 3×10−4

width.

In a time-dependent simulation, SASE lasing is weaker

than the steady-state calculation by various effects as

shown in Fig. 4. The averaged radiation power over whole

range is saturated as 4.5 GW at 75 m in Fig. 4(a), and

the electron energy is dropped as the opposite direction in

Fig. 4(b). The radiation wavelength is 0.1 nm with 3×10−4

width.

TAPERING
As the radiation increases, the beam energy decreases

and the required undulator strength to generate X-ray at

the same wavelength. Therefore undulator gap is opened

to extend the resonance region for higher power. Figure 5

is steady-state simulation that the tapering starts from 60

m and quadratically reduced 0-0.6% at 120 m. In time-

dependent simulation, the optimal condition is 0.3% taper-

ing from 40 m to 120 m as shown in Fig. 6.

Figure 5: Tapering in steady-state simulation.

(a) (b)

Figure 6: Tapering in time-dependent simulation. (a) 0.3-

0.5% quadratic tapering is effective. (b) Variation of undu-

lator parameter in case of 0.3% tapering.

CONCLUSION
The basic properties of SASE 0.1 nm for PAL XFEL

was studied by using GENESIS. Further study about wake-

fields, errors and other beamlines is on going.
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GENESIS 1.3 [7]. Figure 2 shows the results of the FEL 
peak power versus the radiator length to show the 
exponential growth followed by saturation at 10.89 m in 
the radiators. The final outputs of FEL properties such as 
the spectrum and temporal profile are illustrated in Fig. 3. 
The bandwidth and pulse duration are 0.03 nm (FWHM) 
and 5 �m (17 fs, FWHM) respectively.  
 

Table 1: Electron Beam, Seed Laser, and Undulator 
Parameters Taken for the 20 nm Cascade Case 
Electron beam 
Beam energy [MeV] 

 
400 

Relative energy spread 2*10-4 
Emmitance [� mm mrad] 1.5 
Charge [nC] 1 
Bunch length [ps (RMS)] 1 
Peak current [kA] 0.4 
Seed laser  
Wavelength [nm] 40 
Peak power [kW] 10 
Pulse duration [fs (FWHM)] 20 
Undulator (modulator) 
Periodic length of magnets [mm] 
Number of magnets in 1 segment 
Number of segments 
Deflection parameter 
Resonant wavelength [nm] 
Peak magnetic field [T] 

 
15 
200 
1 
2.134 
40 
1.53 

Undulator (radiator) 
Periodic length of magnets [mm] 
Number of magnets in 1 segment 
Number of segments 
Deflection parameter 
Resonant wavelength [nm] 
Peak magnetic field [T] 

 
15 
200 
3 
1.067 
20 
0.76 

    

Figure 2: FEL peak power evolution calculated by 
GENESIS in the 20 nm cascaded FEL case. 

Figure 3: Spectral (red solid line) and temporal (blue solid 
line) distributions calculated by GENESIS in the 20 nm 
cascaded FEL case. 

SENSITIVITY TO ELECTRON BEAM 
PARAMETERS 

The sensitivity is studied for the FEL performances 
versus different electron beam parameters. 

Figure 4 illustrates the FEL power dependences on the 
beam energy. Maximum power is achieved when the 
energy is well tuned to the resonant wavelength defined 
by the undulator magnetic fields. The decrease in peak 
power is sharper for higher energies because the gain 
decreases at shorter wavelength. A 10 % FEL peak power 
reduction from reference case sets a tolerance on the 
electron beam energy between -0.034 % and +0.065 % of 
the reference value (400 MeV). 

Figure 5 illustrates the FEL power dependences on the 
energy spread. An increase of energy spread leads to a 
reduced gain and a smaller peak power. A 10 % FEL peak 
power reduction from reference case sets the tolerance on 
the energy spread of less than + 24 % of the reference 
value (2*10-4). 

Figure 6 illustrates the FEL power dependences on the 
emittance. An increase of emittance also leads to a 
reduced gain and a smaller peak power, such as the 
energy spread. A 10 % FEL peak power reduction from 
reference case sets the tolerance on the emittance of less 
than +4.9 % of the reference value (1.5� mm mrad). 

 Figure 7 illustrates the FEL power dependences on the 
peak current without changing of bunch length. The 
higher the peak current is increased, the higher the FEL 
peak power is also increased since more electrons 
participate to the process. A 10 % FEL peak power 
reduction from reference case sets the tolerance on the 
peak current of more than -3.3 % of the reference value 
(0.4 kA). 
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Figure 4: Power dependences on the beam energy in the 
20 nm cascaded FEL case.  
�: the peak power of the FEL pulse, �: the spectrum 
intensity. 

Figure 5: Power dependences on the beam energy spread 
in the 20 nm cascaded FEL case.  
�: the peak power of the FEL pulse, �: the spectrum 
intensity. 

Figure 6: Power dependences on the beam emittance in 
the 20 nm cascaded FEL case. The matching condition at 
the undulators isn’t changed from the reference case. 
�: the peak power of the FEL pulse, �: the spectrum 
intensity. 

Figure 7: Power dependences on the peak current without 
changing of the bunch length in the 20 nm cascaded FEL 
case.  
�: the peak power of the FEL pulse, �: the spectrum 
intensity. 

SENSITIVITY TO SEEDING SOURCE 
PARAMETER 

Figure 8 illustrates the FEL power dependences on the 
seed power without changing of the seed pulse duration. 
The higher the seed laser power increases, the higher the 
FEL peak power increases. The saturation is achieved at 
about 3 GW because the peak power doesn’t change 
around the region of seeding power. As the results, a 10 % 
FEL peak power reduction from reference case sets the 
tolerance on the seed power of more than -38 % of the 
reference value (10 kW). 

Figure 8: Power dependences on the seed power without 
changing of the seed pulse duration in the 20 nm cascaded 
FEL case.  
�: the peak power of the FEL pulse, �: the spectrum 
intensity. 

SENSITIVITY TO UNDULATOR 
PARAMETER 

Figure 9 illustrates the FEL power dependences on the 
undulator deflection parameter of the radiators. A 10 % 
FEL peak power reduction from reference case sets the 

Proceedings of FEL2012, Nara, Japan TUPD05

XFELs 235 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



tolerance on the deflection parameter of between  
-0.076 % and +0.22 % of the reference value (0.799). 

Figure 9: Power dependences on the deflection parameter 
of the radiators in the 20 nm cascaded FEL case.  
�: the peak power of the FEL pulse, �: the spectrum 
intensity. 

CONCLUSION 
First parameters sensitivities of LUNEX5 have been 

studied by using GENESIS. Table 2 shows the summary 
of the obtained tolerances. The beam energy and the 
deflection parameter of radiators are drastically critical. 
We continue to study the other parameters by using 

GENESIS and deepen the discussions toward the 
implementation of LUNEX5. 
 
Table 2: Required Performance for the Variation of FEL 
Peak Power Less Than 10 % to the Reference 
Parameters Taken for the 20 nm Cascade Case; Electron 
Beam, Seed Laser, and Undulator Parameters 
Electron 
beam 
Beam energy 

Reference 
value 
400 MeV  

Tolerance 
 
-0.034 ~ +0.065 % 

Energy spread 2*10-4  Less than +24 % 
Emmitance 1.5 ���

mm.mrad  
 
Less than +4.9 % 

Peak current 0.4 kA More than -3.3 % 
Seed laser   
Peak power 10 kW More than -38% 
Undulator 
(radiator) 
Deflection 
parameter 

 
 
 
0.799 

 
 
 
-0.076 ~ +0.22 % 

ACKNOWLEDGMENT 
The authors thank the DYNACO contract from the 

Agence Nationale de la Recherche (ANR). 

REFERENCES 
[1] G. Lambert et al., Nature Physics 4, 296-30, (2008);  
 T. Togashi et al., Optics Express, 1, 2011, 317-324:  
 C. Lechner et al., in these proceedings. 
[2] G. Stupakov, Phys. Rev. Lett., 102, 074801 (2009); 

 D. Xiang et al. Phys. Rev. Lett. 105, 114801 (2010). 
[3] K. Nakajima, Nature Physics, 4 (2008) 92;  
 H.-P. Schlenvoigt et al., Nature Physics, 4 (2008) 130-133;  
 M. Fuchs et al., Nature Physics. 
[4] T. Tajima et al., Phys. Rev. Lett. 43, 267-270 (1979) ;  
 V. Malka et al., Nature Physics 4 447-453 (2008); 
 E. Esarey et al., in these proceedings. 
[5] C. Benaderrahmane et al., in these proceedings. 
[6] C. Evain et al., in these proceedings. 
[7] S. Reiche, “Genesis 1.3: a fully 3D time-dependent FEL 

simulation code,” Nucl. Instr. and Meth. A 429 (1999) 243. 

TUPD05 Proceedings of FEL2012, Nara, Japan

236C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

XFELs



GENERATION OF LONGITUDINALLY COHERENT ULTRA HIGH 
POWER X-RAY FEL PULSES BY PHASE AND AMPLITUDE MIXING* 

J. Wu#, SLAC, Menlo Park, CA 94025, USA 
 A. Marinelli, UCLA, Los Angeles, California 90095-1547, USA 

C. Pellegrini, UCLA, Los Angeles, CA 90095-1547, USA, SLAC, Menlo Park, CA 94025, USA 

Abstract 
We study an improved SASE (iSASE) scheme to 

generate narrow bandwidth X- ray FEL pulses by 
introducing repeating delays of the electron beam respect 
to the radiation field, thus mixing the spikes phase and 
amplitude, increasing the cooperation length and 
generating a bandwidth much smaller than in the SASE 
case. The improved longitudinal coherence is used, in 
combination with a tapered undulator, to increase the 
efficiency of energy transfer to the radiation and generate 
ultra-high peak power. We report results of theoretical and 
simulations studies for a hard X-ray iSASE FEL at 0.15 
nm, using an LCLS-II undulator to generate X-ray pulses 
with peak power between 0.1 and 1 TW. The analysis is 
carried out using a time dependent 1-dimensional model 
and with GENESIS numerical simulation including 3-
dimensional effects. 

INTRODUCTION  
The Linac Coherent Light Source (LCLS), the most 

powerful operating source of transversely coherent, few 
to hundred femtosecond pulse duration, X ray Free 
Electron Laser (FEL) [1], offers novel ways to study the 
structure and dynamics of atomic and molecular system. 
LCLS could become even more useful by increasing its 
longitudinal coherence and peak power. Its line width, 
about 5×10-4-10-3, is determined by the temporal spikes 
[2] characteristic of the Self-Amplified Spontaneous 
Emission (SASE) process [3].  The peak power at 
saturation is limited to 30-50 GW.  

Much attention has been given recently to overcome 
these limitations, by using seeding, self-seeding and 
tapered undulators [4-6]. In this paper we consider an 
alternative method, that we call improved SASE (iSASE), 
to achieve both objectives using phase and amplitude 
mixing between spikes.   

 
The spiking and longitudinal coherence of an X-ray 

SASE FEL is limited by the radiation-electron slippage. 
Only electrons within one cooperation length interact 
through their emitted radiation field [2]. The cooperation 
length Lc, is related to the power gain length LG by the 
relationship Lc = 2LG λ/λu, where λ and λu are the 
radiation wavelength and the undulator period. The length 
of each spike is of the order of Lc. An electron bunch 

shorter than the cooperation length generates a transform 
limited X-ray pulse [9]. The FEL bandwidth for a longer 
bunch is determined by the single spike length and is 
larger than the transform limit.  

In this paper we study a method to effectively increase 
the cooperation length using an iSASE FEL. The concept 
is to introduce in the FEL undulator, divided in modules 
separated by a break, additional slippage (i.e. localized 
shifts of the electron bunch respect to the radiation field) 
by repeated delays of the electron beam respect to the 
radiation field. The shifts are introduced with small 
magnetic chicanes at the end of each module, as in Fig. 1. 

A delay of the order of the cooperation length 
introduces a correlation between the electromagnetic field 
phases and amplitudes of the spikes, in effect increasing 
the slippage length and the longitudinal coherence. The 
most important parameters in the mixing process are the 
electron delay, δ, the cooperation length Lc, the number of 
delays introduced and the gain in each module. This 
concept has been studied before, in one case to increase 
the FEL power output [10], in another case to introduce 
mode locking in the radiation field [11] or improve its 
temporal coherence [12].  
This paper extends the previous work to include 3-
dimensional effects, a more general sequence of delays to 
minimize the line width, and using a tapered undulator to 
increase the peak power. We show that a choice of delays 
increasing geometrically along the undulator can yield a 
line width about ten times smaller than what can be 
achieved by the constant delay considered in Ref. [12].  
When using a tapered undulator we compare iSASE with 
a SASE and a self-seeded FEL. Recent work on self-
seeding [7] has demonstrated the feasibility but also the 
limitations of this method, including expected large 
intensity fluctuations associated with shot to shot changes 
in electron beam energy and current distribution [8]. We 
show in this paper that iSASE is not sensitive to electron 
beam energy fluctuations. 

THE UNIVERSAL 1-D MODEL AND 
BANDWIDTH REDUCTION 

We use a universal 1-D model to study the dependence 
of the line width on the choice of the delays and of the 
gain of each undulator module.  

 ___________________________________________  

*Work supported by the U.S. Department of Energy under contract DE-
AC02-76SF00515 
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Figure 1: An undulator section showing two modules and chicanes to delay the electrons. The number and strength of 
the chicanes, and the number and length of modules, is determined by optimizing the iSASE FEL power and bandwidth. 

 
A SASE FEL starts from noise in the initial bunching 

distribution. The radiation field establishes a correlation 
between different electrons only within one cooperation 
length, Lc≈λ/4πρ where ρ is the FEL parameter [3] 
proportional to the bandwitdth Δω/ω≈ρ. 

The effect was first discussed in Ref. [2] using a 1-D 
universal model, valid in the linear FEL regime, with one 
normalized field variable, A, and two collective electron 
variables, B and P, to describe the electron bunching and 
energy modulation. The equations are. 

 

where, =z/LG is the scaled position along the undulator 
axis, =c(z/vz–t)/Lc is the scaled position along the 
electron bunch,   vz is the electron velocity along the z-
axis. We consider only the case of zero initial energy 
spread and a bunch length much larger than the 
cooperation length.  

Introducing the Fourier transform respect to the bunch 
variable we have. 

 

with )/()( rr   is the detuning normalized to 

 and )2/()1( 22  Kur   . The solutions are. 

 

where  n  are the solution of the cubic equation 

 

A delay δ of the electrons between undulator modules 
introduces a phase factor in the bunching at the next 
module entrance modifying the equation for the field as 

 

The delay is equivalent to applying a filter between 
modules, thus modifying the spectrum. We evaluate the 1-
D model for a case with eight undulator modules, each 
with a power gain length equal to 3, and 7 chicanes.  The 
bunch length is 200 times the cooperation length. The 
spectra obtained in three cases, with different choices of 
the delay, are shown in Figure 2, where we compare the 
spectra for: a) a SASE case, δ=0, with a bandwidth, in 
units of the FEL parameter ρ, of about one; b) constant 
delay δ=3, bandwidth reduced to 0.2 in agreement with 
Ref. [12]; c) a delay increasing geometrically, δ=1, 2, 4,... 
64, line width reduced to about 0.02. For a bunch of 200 
cooperation length, the transform limited bandwidth is 
0.015 , so approaching that in the geometric case. 

 
Figure 2: Spectra comparison for three cases: δ =0, SASE, 
purple, line width about 1; δ =3, 3, 3, 3, 3, 3, 3, green, line 
width about 0.2; δ=1, 2, 4, 8, 16, 32, 64, red, line width 
about 0.02. 

 
The difference between the constant and the 

geometrical delay can be explained as follows: at each 
delay stage, the effective correlation length is improved at 
most by a factor 2, since a delay larger than the existing 
coherence length would leave a fraction of the electron 
beam unaffected by the increased slippage. Starting with a 
delay of one cooperation length and doubling at each 
stage yields a final correlation length Lcoh = Lcoop 2N, N 
being the number of delay stages. In contrast, a constant 
delay introduces a total correlation length Lcoh = (N+1) 
Lcoop. For the geometrical delays the field intensity at the 
undulator exit is however smaller than in the other cases. 

The output radiation intensity and spectrum is not 
sensitive to beam energy fluctuations, in contrast to the 
self-seeding case. A change in beam energy only moves 
the iSASE central frequency. Compared to self-seeding or 
seeding it gives a similar line width but the intensity does 
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not fluctuate with the electron beam energy. There is also 
no problem associated with crystal heating or vibration 
when using a high repetition rate of electron bunches with 
a superconducting linac. 

iSASE FOR LCLS-II 
In this section we consider using the iSASE scheme for 

LCLS-II, to reduce the bandwidth and prepare a seed for a 
tapered undulator.  We consider an LCLS-II type variable 
gap undulator and electron beam parameters. The analysis 
is done numerically using GENESIS including time 
dependent and 3-dimensional effects. The electron beam 
parameters are: Energy, 13.5 GeV; Emittance, 0.3 m-
rad; slice energy spread, 1.3 MeV; peak current, 4 kA 
with 60 pC flattop current distribution of 15 fs duration; 
-function, 15 m. The photon wavelength is 0.15 nm. 

The undulator is composed of modules 3.4 m long, with 
period of 3.2 cm, and break sections 1 m long. In each 
break there is a 5 optical wavelength slippage delay 
between the optical pulse and the electron bunch. The 
power gain length is about the length of a module and the 
cooperation length is about 230 wavelengths or 35 nm. 

We use the geometrical delay pattern, starting with a 
delay of 415 optical periods after the first three modules, 
followed by an additional 800 optical periods after the 6-
th undulator module, and 1600 optical periods after the 9-
th undulator module. At this point the FEL power is 
already large, so we add only one undulator segment the 
10-th, before an additional 3200 optical period’s shift is 
introduced to complete preparing the seed for the tapered 
undulator. The iSASE seed is then amplified to above 0.6 
TW in the next 22 undulator modules.  

The iSASE, blue, and SASE, red, spectra after the tenth 
module are shown in Figure 3. The iSASE spectrum is 
dominated by a single line with a FWHM bandwidth of 
5.1E-05, close to transform limit. The SASE spectrum has 
a FWHM of 1.5E-03. iSASE effectively shrinks the 
spectral width by a factor of 30, compared to 50 in the 1-
D theory for a different delay sequence. The power after 
10 undulator modules is lower in the iSASE case. The 
FEL temporal profile is shown in Figure 4. 

 
Figure 3: Spectrum of iSASE (blue) and SASE (red) 
radiation after 10 undulator modules. iSASE FWHM 
bandwidth is 5.1E-05,  compared to 1.5E-03 for SASE. 

 
Figure 4: Temporal profile of the iSASE seed (blue) after 
10 undulator segments compared to SASE (red). 

 
 

iSASE TAPERED FEL 
The efficiency of a tapered undulator FEL depends 

strongly on the longitudinal coherence of the input seed 
[13]. In this section we evaluate and compare the 
efficiency for SASE, iSASE and self-seeding. 

Self-seeding to generate a coherent seed has been 
demonstrated at LCLS. However large FEL intensity 
fluctuations are observed. With an ideal crystal, there can 
be 5 MW seed into the second undulator. Optimizing the 
undulator taper we obtain the result shown by the black 
dashed curve in Figure 5 reaching TW. In the same Figure 
5, we also show the power gain curve for a SASE (black 
dash-dotted) and for an iSASE (black solid) FEL with 
optimized tapers and seed prepared with 10 undulator 
modules, as discussed before. 

 
Figure 5: FEL power gain curve variation for a ±0.1 % 
energy jitter: on-energy (black), 0.1 % (red), and -0.1 % 
(blue), and SASE (dash-dotted), iSASE (solid), and Self-
seeding (dashed). 

 
Notice that, for the iSASE, since the bunching is well 

developed, it starts quickly in the tapered undulator; while 
for the Self-seeding or the SASE, they need to go through 
the exponential growth in a much longer distance. 
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Figure 6: iSASE spectrum, tapered undulator end, 
bandwith close to transform limit. Red curve is a fitting to 
the raw data (blue diamond connected by green line). 

 
With a tapered undulator to bring the FEL power to 

above 0.6 TW in the iSASE example, the FEL narrow 
bandwidth is nicely preserved as shown in Figure 6. 

EFFECT OF ENERGY JITTER  
Large FEL intensity fluctuation is observed in the self-

seeding experiment, mainly caused by electron beam 
energy jitter. Here we simulate how iSASE, SASE, and 
Self-seeding intensities change for a 0.1 % electron beam 
centroid energy variation. 

 

 
Figure 7: iSASE FEL spectrum change for a ±0.1 % 
energy jitter: on-energy (black), 0.1 % (red), and -0.1 % 
(blue). 

 
As in Figure 7, the centroid energy jitter causes a change 
in the FEL central wavelength. The bandwidth however 
remains narrow in all three cases. Figure 5 shows that, 
while the wavelength moves with the beam energy, the 
FEL power is essentially unchanged as the set of solid 
curves. In contrast to the iSASE stable power, in the self-
seeding case the FEL power fluctuates by 100 % as in 
Figure 5 as the set of dashed curves. To complete the 

comparison we simulate also a tapered SASE system with 
a ± 0.1 % energy jitter. The results in Figure 5 show that 
the tapered SASE system is also stable as the set of dash-
dotted curves. 

CONCLUSIONS  
The results obtained show that iSASE is an effective 

method to improve the longitudinal coherence of an X-ray 
FEL, and that it can be used to generate X-ray pulses in a 
tapered undulator FEL with peak power much larger than 
in the SASE case. In the case studied the iSASE peak 
power is less than in the self-seeded case. However the 
output intensity is much less sensitive to beam energy 
fluctuations. 

The results presented here are based on a designed 
LCLS-II undulator. We intend to continue the iSASE 
exploration considering undulator/delay designs 
optimizing both the longitudinal coherence and the 
efficiency. Additional work will also be done to fully 
evaluate the system tolerances, all sources of fluctuations, 
and perform a proof of principle experiment on an 
existing FEL. 
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TOLERANCES FOR A SEEDED FREE ELECTRON LASER* 

J. Wu#, T. O. Raubenheimer, SLAC, Menlo Park, CA 94025, USA

Abstract 
Tolerance and stability are important issues for 

designing and operating accelerator and FEL. Jitter can 
come from various sources. We identify and study well-
known sources as well as some particular ones, important 
for a seeded tapered high power FEL.  Seed laser phase 
error, electron bunch current profile, self-seeding residual 
density bunching and energy modulation after the 
chicane, and undulator wakefield are just a few important 
examples.  

INTRODUCTION  
The Linac Coherent Light Source (LCLS), the most 

powerful operating source of transversely coherent, few 
to hundred femtosecond pulse duration, X ray Free 
Electron Laser (FEL) [1], offers novel ways to study the 
structure and dynamics of atomic and molecular system. 
LCLS is becoming more attractive because of the recent 
upgrade to have self-seeding functionality [2]. Recent 
work has demonstrated narrow bandwidth source in such 
a self-seeding scheme, but also the limitations of this 
method, including expected large intensity fluctuations 
associated with shot-to-shot changes in electron beam 
energy and current distribution [3]. How to overcome 
these issues become critical. In fact, tolerance and 
stability are important in general for designing and 
operating accelerator and FEL due to various jitter 
sources in such complicated systems. Here we discuss 
well-known sources as well as some particular ones, 
important for a seeded tapered high power FEL. 

For a Seeded FEL (SFEL), one has to study the 
imperfectness of the seed laser and how it affects the FEL 
performance. For this regard, we look at seed laser 
imperfection in its chirp, curvature, and modulation. In 
fact, the electron bunch can also have energy chirp, 
curvature, and modulation which are seen in start-to-end 
simulation. Due to the accelerator system jitter, e.g., RF 
jitter and compressor jitter, the electron bunch properties 
will jitter in energy, the pulse duration, and current 
profile. Besides these bunch global properties, the 
electron bunch slice properties also varies from slice to 
slice, which will affect the phase coherence in a SFEL, 
and therefore, affect the SFEL intrinsic bandwidth. For a 
self-seeding FEL (SSFEL), some additional issues can be 
important, e.g., the temporal and spatial overlap of the 
seed and the electron bunch at the beginning of the 
second undulator. Furthermore, the by-pass chicane can 
greatly smear out the density microbunching generated 
from the SASE process in the SASE FEL, yet, it normally 
does not smear out the residual energy modulation along 
the electron bunch. Such residual energy modulation will 
be further converted into density modulation due to the 

R56 in the by-pass chicane and the R56 in the SFEL 
undulator. These effects from the residual modulation call 
for a scheme to use a fresh bunch in the SFEL undulator. 
Using a dominant coherent seed with large signal-to-noise 
ratio, the SFEL undulator can be tapered after the 
exponential growth saturation point to further amplify the 
FEL to high power at the terawatts (TW)-level. However, 
such a high tapered undulator system requires a stable 
electron bunch both in the centroid energy and the current 
profile. Jitter in accelerating phase can largely affect the 
tapered FEL performance; hence tolerance on the jitter 
becomes very stringent.  

EFFECTS OF VARIOUS 
IMPERFECTNESS AND JITTER 

 In the following, we discuss more details, which 
should be studied to budget the tolerance of a SFEL. The 
simulation is done with three codes: GENESIS [4] for the 
FEL simulation, IMPACT-T [5] for the injector dynamics 
and elegant [6] for the LINAC beam dynamics. 

Seed Laser Imperfectness 
In a SFEL, the undulator strength jitter or the electron 

centroid energy jitter will translate into amplification 
efficiency of the seed, if the seed is perfect as shown in 
Fig. 1, where the undulator parameter variation is aw/aw 
= ±5E-04. Thinking this as the variation in electron 
centroid energy, we are essentially seeing the well-known 
detuning theory. 

 
Figure 1: A SFEL subject to a variation of aw: aw/aw = 
5E-04 (red), 0 (black), and -5E-04 (blue). 

In contrast to a perfect seed with a bandwidth narrower 
than the FEL amplification bandwidth, if the seed has a 
chirp of 0.1 % over the seed duration, the effective 
bandwidth of the seed is now wide enough as compared 
with the FEL amplification bandwidth in our example. In 
this case, rather than what is predicted by the detuning 
theory, i.e., the SFEL wavelength is fixed, the 
amplification frequency peak can be no longer at the seed 

 ___________________________________________  
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wavelength, but at the FEL amplification peak as shown 
in Fig. 2, where again a same amount of variation of the 
undulator parameter is introduced. 

 
Figure 2: A SFEL with a chirp seed subject to a variation 
of aw: aw/aw = 5E-04 (red), 0 (black), and -5E-04 (blue). 

RF Phase Jitter 
Now let us look at the effects of the RF jitter. We here 

use LCLS Hard X-Ray Self-Seeding (HXRSS) as a 
concrete example. Using a downstream spectrometer, we 
can measure the energy profile of the LCLS electron 
bunch as shown in Fig. 3, which is a map [7] of the 
longitudinal current profile of the LCLS electron beam. 

 
Figure 3: Longitudinal phase space measurement of the 
LCLS electron bunch: over-compression (left), up-right 
(middle), and under-compression (right). 

Using the method above, we measure the shot-to-shot 
current profile of the electron bunch. Typical shot-to-shot 
variation is shown in Fig. 4. The RF jitter changes not 
only the compression factor, thus the electron bunch 
duration, but also the current profile, in particular, the 
double-horn distribution, besides the centroid energy. 

 
Figure 4: Typical variation of the current profile of the 
LCLS electron bunch. 

The change of the electron centroid energy leads to a 
detuning effect on a seeded FEL, hence changes the 

efficiency, and leads to a fluctuation in the FEL power. 
The change in the electron bunch length and current 
profile on the other hand changes the FEL bandwidth. We 
illustrate these with a concrete example. In LCLS 
configuration, the L1S and L1X before the BC1 provide 
the energy chirp on the electron bunch, and with proper 
design, cancel the second order energy curvature on the 
electron bunch so to linearize the electron bunch 
longitudinal phase space. We introduce ±0.5o S-band 
degree in L1S phase and ±0.5o X-band degree in L1X 
phase. The FEL performance for various cases due to 
these phase jitter sources are shown in Fig. 5. 

 
Figure 5: RF phase jitter (L1S and L1X) induced FEL 
energy fluctuation. Colour map is in Table 1. 

To quantify the different contribution, we use a 
constant seed power of 1 MW and profile, but let L1S and 
L1X phase jitter as in Table 1. The starting point of the x-
axis in Fig 5 stands for the beginning of the SFEL 
undulator. To extract as much power as possible, the taper 
is optimized to start at 30 m and have a total amount of 
0.4 % from 30 m to the undulator end (65.7 m). The FEL 
energy varies from about 0.2 to 0.4 mJ as detailed in 
Table 1.   

Table 1: Different Cases with RF Jitter 

L1S L1X Colour FEL energy 
(mJ) 

22 160 black 0.356 

22 159.5 red 0.417 

22 160.5 blue 0.295 

21.5 160 magenta 0.225 

22.5 160 cyan 0.427 
 

RF jitter causes the jitter in the compression factor, 
therefore the FEL pulse duration varies as shown in Fig. 
6. Besides, the RF jitter causes a jitter in the electron 
centroid energy, therefore affects the amplification 
efficiency as in detuning theory. Furthermore, due to the 
residual energy chirp along the electron bunch, the self-
seeding dictated seed frequency will unavoidably be 
resonant to different part of the electron bunch; therefore, 
different part of the electron bunch will amplify the seed. 

TUPD08 Proceedings of FEL2012, Nara, Japan

242C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Seeding and Seeded FELs



This is seen in Fig. 6. The FEL temporal profile varies 
dramatically.  

 
Figure 6: RF phase jitter (L1S and L1X) induced FEL 
pulse duration and temporal profile fluctuation. Colour 
map is in Table 1. 

A direct consequence is the variation of the FEL 
bandwidth as shown in Fig. 7, where the spectrum profile 
can significantly change. Hence, maintain a stable 
machine is crucial for a stable SFEL performance. 

 
Figure 7: RF phase jitter (L1S and L1X) induced FEL 
spectrum bandwidth fluctuation. Colour map is in Table 1. 

It is worthwhile to mention that here we use a constant 
seed of 1 MW, but in reality the seed power follows a 
negative-exponential distribution, and inherently 100 % 
fluctuation in the initial seed power. This coupling to the 
RF jitter of the machine can make the final FEL power 
fluctuate more. 

Residual Energy Modulation in Self-Seeding 
FEL 

In a self-seeding scheme, noticeable microbunching has 
been built up in the electron bunch in the SASE FEL 
undulator. The by-pass chicane can smear out the 
microbunching due to Landau damping. However, the 
energy modulation imprinted by the SASE process still 
exists, hence due to the R56 in the by-pass chicane and the 
R56 in the seeded undulator itself, the energy modulation 
is converted into density modulation and hence coherent 

start-up is seen in seeded FEL undulator as shown in Fig. 
8 as the green curve. As a comparison, a fresh bunch case, 
i.e., assuming that we introduce a fresh bunch into the 
second undulator to start the amplification process is 
shown as the blue curve in Fig. 8. Also, a quiet start-up in 
a steady-state simulation is shown as the red curve. 

 
Figure 8: Coherent start-up due to residual bunching after 
the self-seeding chicane (green) as compared to SASE 
start-up (blue) due to noise and steady-state (red) quiet 
start-up. 

Due to the factor that this residual energy modulation is 
generated from the SASE process, the start-up of the self-
seeding FEL is subject to another source of fluctuation. 
As a consequence, this introduces another source of 
fluctuation in the respond to an optimized taper profile [4-
7]. This also leads to an earlier saturation of a tapered 
FEL as shown in Fig. 9, where the colour map is the same 
as in Fig. 8.  

 
Figure 9: Saturation of a TW-level FEL. Colour map is 
the same as that in Fig. 8. 

Undulator Wakefield Effect 
In the small gap undulator, the resisitive-wall wakefield 

together with other source of wakefield introduces an 
additional energy chirp on the electron bunch. As a 
concrete example, an electron bunch having double-horn 
current profile and compressed to 2.5 kA is shown in Fig. 
9 with the longitudinal phase space shown in Fig. 10, 
where an energy chirp is seen where the electron bunch 
head is to the left. The wakefield will make the tail part of 
the electron lose more energy, hence the wakefield 
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induced energy chirp will compensate the initial energy 
chirp in this particular case as detailed in Fig. 12. 

 
Figure 10: A double-horn current profile of the LCLS 
electron bunch compressed to 2.5 kA at the center. 

The top curve in Fig. 12 stands for the current profile as 
in Fig. 10. The below 8 curves are the centroid energy of 
each slice. Notice that as compared to Fig. 10 and Fig. 11 
where the horizontal axis of in time, the horizontal axis in 
Fig. 12 is s in units of m. Hence, the head is to the right. 

 
Figure 11: The longitudinal phase space showing an 
energy chirp along the bunch. 

The set of 8 curves in Fig. 12 shows the rotation of the 
electron bunch longitudinal phase space. From top to 
bottom, the curve stands for the slice centroid energy at 0, 
10, 20, 30, 40, 50, 60, and 65.7 m into the seeded 
untulator. The effect of wakefield compensating the initial 
energy chirp is clearly seen.  

 
Figure 12: The wakefield induced energy chirp 
compensates the initial energy chirp along the electron 
bunch. 

The energy chirp along the electron bunch couples to 
the R56 in the seeded undulator will lead to compression 
or decompression of the FEL wavelength as shown in Fig. 
13. In this case, since the energy chirp along the electron 
bunch makes the head to have lower energy, the R56 in the 
seeded undulator will compress the bunch, so lead to a 
blue shift of the FEL wavelength along the undulator. 

 
Figure 13: Compression in the undulator leading to a 
blue-shift of the FEL wavelength along the undulator. 

Due to the fact that the RF jitter will change the current 
profile of the electron bunch, the head-horn will jitter so 
to cause a jitter in the wakefield effect in the undulator. 
The above mentioned shift of the FEL wavelength along 
the undulator is then fluctuating from shot-to-shot. 

CONCLUSIONS  
In this paper, we identify a few jitter sources which can 

cause the intensity or frequency shift of a seeded FEL. 
Some of the jitter sources are common to any accelerator 
or FEL configuration; some are unique to a seeded FEL 
or a self-seeding FEL. 
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STATUS OF POLARIZATION CONTROL EXPERIMENT AT SHANGHAI 
DEEP ULTRAVIOLET FREE ELECTRON LASER* 

Haixiao Deng#, Tong Zhang, Lie Feng, Bo Liu, Jianhui Chen, Zhimin Dai, Yong Fan, Chao Feng, 
Yongzhou He, Taihe Lan, Dong Wang, Xingtao Wang, Zhishan Wang, Jidong Zhang, 

Meng Zhang, Miao Zhang, Zhentang Zhao, SINAP, Shanghai 201204, China 
Lin Song, BUAA, Beijing100191, China

Abstract 
A polarization control experiment by utilizing a pair of 

crossed undulators has been proposed for the Shanghai 
deep ultraviolet free electron laser test facility. Numerical 
simulations indicate that, with the electromagnetic phase-
shifter located between the two crossed planar undulators, 
fully coherent radiation with 100 nJ order pulse energy, 5 
picoseconds pulse length and circular polarization degree 
above 90% could be generated. The physical design study 
and the preparation status of the experiment are presented 
in the paper. 

INTRODUCTION 
With the rapid development of accelerators and other 

related techniques, scientists now have the ability to 
investigate into realms with much smaller and faster scale, 
especially thanks to the great success of x-ray FEL light 
sources, LCLS [1] and SACLA [2]. On the other hand, in 
order to study the regime such as electron spins, bonding 
dynamics and the valence charge [3] etc., the light sources 
with controllable polarization is necessary. Taking the 
great advantages of FEL, scientists can obtain the light 
sources with both powerful and polarization controllable 
coherent radiations within the full spectral regime from 
far infrared to the hard x-ray. Conventionally, polarization 
controllable light can be directly made from the helical 
undulators, e.g. APPLE-type [4], at the 3rd synchrotron 
radiation light sources [5]. However, it is quite difficult to 
achieve fast helicity switching by the abovementioned 
approach. 

One possible solution for fast helicity switching is the 
technique of crossed planar undulators [6]. The so called 
crossed planar undulators are a pair of planar undulators 

with the orthogonal magnetic orientation, thus providing a 
combined radiation with various polarization. The crossed 
undulators have been successfully utilized to generate the 
circularly polarized radiation at storage ring-based FELs 
[7, 8], and was proposed at high-gain FELs [9-14]. 

In the following sections, we report the recent progress 
of the polarization control FEL experiments proposed at 
Shanghai deep ultraviolet free electron laser (SDUV-FEL) 
test facility, both the physical designs and the hardware 
status will be covered. 

PHYSICAL DESIGN AND SIMULATION 
The SDUV-FEL is a versatile test bed, well suited for 

testing novel FEL principles [15]. Up to now, various 
great successes have been achieved on this machine 
experimentally, including SASE [16], HGHG saturation 
[17] and first lasing of EEHG [18]. In order to carrying 
out the FEL polarization control experiment, actually a 
proof-of-principle experiment for the future x-ray FEL, a 
few hardware modifications have to be performed. 

The schematic layout of the FEL polarization control 
experiment at SDUV-FEL is shown in Figure 1 [19], from 
which, a pair of planar undulators with crossed magnetic 
orientation and phase-shifter between them can be found. 

The three-dimensional start-to-end simulation has been 
accomplished with the codes ASTRA [20], ELEGANT 

[21] and GENESIS [22]. The electron beam with energy 
of ~136MeV interacts with the seed laser (1047 nm) in 
the modulator (EMU65), so as to form beam energy 
modulation. The dispersive Chicane-I is introduced to 
convert the energy modulation into longitudinal density 
modulation, so as to enhance the harmonic bunching (here 
is 523 nm, i.e. 2nd harmonic of the seed laser). 

   
Figure 1: The schematic layout of polarization control FEL experiments at SDUV-FEL. 

 ____________________________________________  
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With a pair of crossed undulators downstream, coherent 
FEL radiations with orthogonal polarized orientation 
could be achieved. Additionally, tuning the strength of the 
phase-shift between the two crossed planar undulators, 
the circular polarization control of the final combined 
radiation could be also realizable. In principle, as the 
tuning of the electromagnetic phase-shifter is so easy, that 
the fast polarity switching could be fulfilled. 

The preliminary physical design and calculations can 
be reached from ref. [19]. Here the upgraded simulation 
results are presented according to the recently frozen 
experiment configuration. In Figure 2, it is apparently that 
with tuning of the phase-shifter, circular polarized FEL 
could be varied between the maximum (~90%) and the 
minimum values accordingly. Furthermore, the final 
output FEL radiations show good coherence and narrow 
bandwidth which inherent from the seed laser. 

 

 
Figure 2: Start-to-end simulation of the FEL polarization 
control with the frozen configuration at SDUV-FEL 
(upper panel). The output FEL radiations with both x and 
y directions in time and frequency domain, respectively 
(lower panel). 

STATUS 
As it is mentioned before, only some minor hardware 

modifications needs to be performed, in order to make the 
SDUV-FEL suit for FEL polarization control experiment.  
The configuration under upgrading is listed as following: 
 A new customized permanent planar undulator 

(PMU50-V) whose magnetic field orientation is 
orthogonal with the existing one (PMU50-H); 

 A small phase-shifter section which consists of 
three electromagnetic dipoles; 

 The layout configure updating at SDUV-FEL, i.e. 
rearrangement of the devices on the SDUV-FEL 
beam line to form the optimal experiment setup 

according to the simulation results; 
 The preparation of the optical diagnostics site for 

the measurements of the polarization performance 
of the FEL lights; 

 Other related issue, e.g. the control panel of newly 
added hardware sections, etc. 

Up to now, the PMU50-V which is responsible for the 
vertical polarized FEL is on the components assembly 
stage. The undulator girder and the transmission system 
are ready, seen in Figure 3. Once the magnetic blocks are 
measured, the whole undulator manufacture will be 
completed around the beginning of this September, and 
the next plan will be magnetic field measurements and 
calibrations. 

   
Figure 3: PMU50-V girder (left) and transmission control 
system (right). 

The phase-shifter manufacture was completed, seen in 
Figure 4, and the magnetic field is under measurement. 

 
Figure 4: Phase-shifter section between the two crossed 
planar undulators, which is made up of 3 electromagnetic 
dipoles. 

Other components, e.g. the modified vacuum chambers, 
bellow pipes and various holders will be ready by the end 
of this August. Once all the elements are ready, final 
installation on SDUV-FEL will be carried out around this 
October, i.e. two months later. Figure 5 illustrates the 
hardware updating from the present configuration to the 
optimal one for the polarization control FEL experiments. 
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Figure 5: The CAD designs of the part of SDUV-FEL for 
polarization FEL control experiments, the configuration at 
present (upper) and the modified one for the experiments 
(lower). 

OPTICS DIAGNOSTICS 
One of the most important issues of this experiment is 

the measurement of polarized status of the final output 
FEL radiations. In ref. [19], we have already proposed a 
method for polarization measurements. The proposal is 
based on the basic optic principle, i.e. to figure out the 4 
Stokes parameters [23], thus calculate the polarization 
degrees. The optical diagnostics station has been already 
finished design and installation, now the workbench is in 
the drive-laser hutch for off-site testing and calibration 
(see Figure 6). 

 

 
Figure 6: Optical diagnostics station, schematic layout 
(upper) and photograph (lower). 

The off-line calibrations of the optical workbench have 
already been finished by using a standard 523 nm laser, 
i.e., the 2nd harmonic of the photocathode driven laser. By 

tuning the polarizer and the quarter-wave plate, several 
groups of intensity can be obtained by energy-meter, from 
which Stokes parameters can be calculated, then the total 
polarization and circular polarization degrees. Figure 7 
shows us two groups of the measurement results, and the 
corresponding calibrated results can be found in Table 1. 

 
Figure 7: Two groups of off-line calibration results at the 
optical diagnostics station. 

Table 1: The Optical Diagnostics Off-line Calibrations 
 S0 S1 S2 S3 Pcircular

Circular 1.000 0.057 0.144 0.947 94.7% 
Elliptical 1.000 0.588 0.567 0.547 54.7% 

CONCLUSIONS 
SDUV-FEL is well suited for FEL polarization control 

experiments on the basis of the crossed planar undulators 
approach. The physical designs indicate that the optimal 
configuration is that the two crossed undulator keeping as 
close as possible, and then the final polarization degree 
could be larger than 90%. By tuning the phase-shifter, fast 
helicity switching could be also achievable. Up to now, 
the phase-shifter, the undulator for vertical polarized FEL 
light, the vacuum chamber modification, and the optical 
diagnostic sites are under their way. And the experiments 
are expected to be accomplished at the end of this year. 
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OPTIMIZATION OF HHG SEEDING AT FLASH II

S. Ackermann∗, B. Faatz, DESY, Hamburg, Germany
V. Miltchev, J. Rossbach, University of Hamburg, Hamburg, Germany

Abstract
FLASH, the Free-Electron Laser inHamburg, generates

coherent XUV radiation used in various research projects.
In order to provide more beam time for the growing com-
munity of photon users, DESY in collaboration with HZB
started the FLASH II project. FLASH II is an extension of
FLASH consisting of a new undulator section (See Fig. 1)
in a separate tunnel and a new experimental hall. The two
FEL share the same super conducting linac. Due to the
fixed gap undulators used in the present FLASH setup the
FEL-wavelength can be changed only by changing the elec-
tron energy. FLASH II, in contrast, will benefit from vari-
able gap undulators which will allow to have largely inde-
pendent radiation wavelength.

In the range of 10 nm to 40 nm a direct HHG seeding op-
tion is foreseen to improve the FEL radiation quality. For
experiments it is important to have the saturation point of
the FEL radiation at a constant longitudinal position, close
to the end of the undulator. On the other hand, one would
like to keep the waist of the HHG seed at a fixed longitu-
dinal position, too, for all wavelengths. In this paper, we
present an optimized configuration of the undulator gaps,
assuming fixed positions for both, the HHG seed waist and
the FEL radiation saturation point.

INTRODUCTION
The free-electron laser FLASH [1],[2] consists of a pho-

tocathode RF gun followed by a superconducting linac,
which delivers a maximum electron energy of 1.25GeV.
The linac is followed by 27m of fixed-gap undulators. The
FEL operates in the SASE mode, producing FEL radiation
with a wavelength down to 4.12 nm, corresponding to the
maximum electron energy. Since FLASH can only deliver
SASE radiation to a single experiment at a time, DESY and
HZB proposed the FLASH II project - a second undula-
tor branch driven by the same superconducting accelerator
modules (see Fig. 1) [3].

The FLASH II project
For FLASH1 and FLASH2 (the two beamlines of the

FLASH II facility) two different photocathode lasers will
be used to produce two bunch trains within the same RF
pulse, which consist of two temporally separated flat tops,
one for each bunch train. Therefore the bunch trains will
experience different acceleration gradients and phases al-
lowing to independently tune the charge, beam energy and
compression for each bunch train. A set of kicker magnets
combined with a septum, downstream the last acceleration

∗ sven.ackermann@desy.de

module, will extract one of the bunch trains to FLASH2 [4].
After a matching section the electrons enter the FLASH2
undulator beam line, consisting of 12 variable gap undula-
tors installed in a FODO lattice. The current status of the
project will be presented in [5], additional information can
be found in [6].

Seeding option
For wavelength range between 10 nm and 40 nm a direct

high-harmonic generation (HHG) seeding option is fore-
seen. A novel gas jet target has been developed for the seed
source [7]. Alternatively, for the longer wavelengths, a tar-
get similar to the one of the sFLASH experiment (where
seeding at 38.1 nm has already been demonstrated [8]) can
be used. In order to reduce the overall number of mirrors
and therefore the technical complexity of the HHG seed in-
jection beam line, it is desirable to keep the seed waist po-
sition fixed. According to zemax calculations for the HHG
setup at FLASH2, this point is inside the third undulator.

Photon user requirements
The photon users have to image the saturation point of

the radiation to the respective target. The position of the
saturation point depends among others on the FEL gain
length and wavelength. The required effective undula-
tor length increases with the decreasing wavelength. For
SASE one can open undulators upstream such that the re-
quired saturation length is achieved. If the position of the
source point (the onset of the FEL saturation) is kept at a
fixed position, then from the users side focus adjustments
will not be needed.

NUMERICAL SIMULATIONS
Goal

The goal of the numerical studies is to determine the
optimal undulator configuration (gaps closed or opened),
while keeping the HHG seed waist and FEL saturation
point position fixed.

Undulator and simulation setup
The individual simulations were performed using the full

3D FEL simulation code GENESIS 1.3 [9]. The FLASH2
undulator section consists of 12 variable gap undulators.
The undulator parameters are given in Table 1. For seeding,
only the undulator modules #3 through #12 are used. The
position of the waist of the HHG beam is located inside un-
dulator module #3. It is assumed that the gap of this undu-
lator is always closed as the interaction of the seed and the
electron beam takes place here. It has been also assumed
that undulator gap #12 is always closed since the saturation
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Figure 1: Schematic layout of FLASH with the FLASH II extension.

Undulators
Number of undulators 10 (of 12)

Undulator period λu 31.4mm
Undulator length Lu 2.3864m

Periods per undulator Nperiods 76

Undulator intersection Ldrift 87.92 cm
Max. K parameter (rms) Krms 2.0

HHG pulse
Temporal shape Gaussian

Wavelength λHHG 37.6 nm
Pulse energy EHHG 70 pJ
Peak power Pmax,HHG 2.5 kW

Duration (rms) τHHG 12 fs
Rayleigh length zray 2m

Electron beam
Peak current Imax 2.5 kA

Bunch Length (rms) σe− 30μm
Energy E 700MeV

Energy spread σE 500 keV
Normalized emittance εx,n 1.4mm · mrad

εy,n 1.4mm · mrad

Table 1: Typical FLASH II parameter set used in the nu-
merical simulations. For seeding only 10 undulators are
considered.

point should be located here. The gaps of the remaining
eight undulators #4 through #11 can be opened or closed
independently. Undulators with gaps opened are treated as
drift spaces. All consecutive drift spaces are simulated as
one long drift space. The gap of undulators #4 through
#12 is assumed to be either opened or closed. Additional
2.5m of virtual undulator length are simulated downstream
to check for FEL saturation.

OPTIMIZATION OF UNDULATOR GAPS
CONFIGURATION

For many wavelengths the total length of the undulators
installed at the FLASH2 beam line will be considerably
larger than the saturation length. In such cases some of
the undulator gaps have to be open in order to reach sat-
uration in the last undulator (i.e. to keep the saturation

point fixed). Obviously, more than one possible undula-
tor gap configurations are possible. In this contribution the
optimization process for the undulator configuration will
be shown using the initial conditions listed in table 1. With
these initial conditions a number of time independent simu-
lations have been performed in order to find a starting point
for further optimization. The used figure of merit has been
the peak power of the FEL radiation in the last undulator.
The undulator configuration with the highest output power
has been used in the next iteration of the optimization. Af-
ter this time-independent run, a time-dependent simulation
has been performed in order to check spectral properties
of this undulator setting. As shown in Fig. 2 for the op-
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Figure 2: Best undulator gap configuration for a time-
dependent simulation. Yellow bars mark closed undulators.
The green bar is an additional undulator added for the sim-
ulation to check whether the FEL is in saturation or not.
The blue line is the FEL peak power.

timal settings five consecutive undulator gaps have to be
opened. This large drift space of about 17m is introduc-
ing a slippage between electron bunch and FEL radiation.
Due to the irregular arrangement of active undulators the
slippage between radiation and electron motion introduces
a complicated temporal profile of electron bunching and
FEL radiation illustrated in Fig. 3(a). Inside undulator #9
the bunching introduced in undulator #3 will cause radia-
tion while the radiation pulse from undulator #3, carrying a
peak power of about 75 kW, will ”seed” the bunch at a dif-
ferent longitudinal position. In undulator #11, after another
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drift space, the first and second bunched regions inside the
bunch start radiating. Due to the slippage inside the undu-
lator, the first bunched region becomes wider. In undulator
#12, both bunched regions radiate FEL pulses with a tem-
poral difference. The undulator configuration is imprinted
to the electron bunch in terms of bunching.
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Figure 3: Longitudinal power distribution (a) and spectra
(b) for a temporal offset of 54 fs, i.e. the electron bunch
peak current arrives at the entrance of the first undulator
54 fs earlier than the HHG seed pulse. The head of the
pulse is to the right. The radiation pulse yields an energy
of 328μJ.

Since the pre-pulse seen in Fig. 3(a) carries a significant
amount of power, it could decrease the contrast and/or the
temporal resolution of the user experiment. In order to
study how to reduce the negative effect of this pre-pulse,
several simulations were performed using different tempo-
ral offsets between the HHG seed and electron bunch. As
shown in Fig. 4(a) the second pulse almost vanishes when
the power peak of the seed pulse passes the first undulator
entrance 7 fs prior to the current peak of electron bunch.
In this case the seeded FEL pulse has an energy of about
395μJ, while SASE contributes 114μJ (see Fig. 5). How-
ever, one has to know that in the studies presented above a
conservative estimation of the HHG seed pulse energy has
been considered. As listed in Table 1 the assumed HHG
pulse energy is about 70 pJ at the undulator entrance.

One can now look at the longitudinal position with the
highest energy contrast. According to the power spectra
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Figure 4: Longitudinal power distribution (a) and spectra
(b) for a different offset. The peak power of the HHG seed
radiation pulse arrives 7 fs earlier than the peak current of
the electron beam (i.e. the seed pulse has been shifted by
+68 fs with respect to Fig. 3. The head of the pulse is to
the right. The radiation pulse yields an energy of 395μJ.
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Figure 5: FEL pulse energies and energy contrast.
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shown in Fig. 6(a) and the longitudinal power distribution
shown in Fig. 6(b) the radiation pulse yields around 1.2μJ
SASE pulse energy (about 12MW of power) and about
21μJ (roughly 1GW) in seeded operation. Since 70 pJ is a
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Figure 6: Longitudinal power distribution (a) and spectra
(b) at the position of the highest energy contrast (instead of
the end of the last undulator as in Fig. 4) for the optimized
temporal offset of 7 fs, optimized in terms of pre-pulse re-
duction. The head of the pulse is to the right. The radiation
pulse yields an energy of 21μJ.

conservative estimation, a number of simulations has been
performed for HHG seed pulse energies in the range from
50 pJ to 10 nJ. The maximum energy contrast which can
be expected from simulation can be seen in Fig. 7.

SUMMARY AND OUTLOOK
The direct HHG seeding option for FLASH II has been

studied by the means of numerical simulations, assuming
fixed positions for the HHG seed waist and the FEL satu-
ration point. For a set of typical linac and HHG parameters
an optimized undulator gap configuration has been found
and investigated. The effect of the temporal offset between
HHG seed and electron bunch on the longitudinal power
distribution has been examined. However, optimization of
this parameters leads to a longer FEL radiation pulse. It
has been shown that at the position of the maximum energy
contrast the radiation pulse is shorter but also less powerful
and carrying less energy.
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Figure 7: Maximum pulse energy contrast in dependence
of the HHG seed pulse energy.

In the future several other wavelength and electron beam
energies have to be studied in order to find the best solution
for each of the possible operation parameters of FLASH II.
Furthermore, tolerance studies have to be performed on the
misalignment of quadrupole magnets as well as other beam
line elements and linac parameters. It has to be investi-
gated if different HHG seed pulse positions could increase
the performance of the seeded FEL. In addition, a proce-
dure to find the optimal setting in the erimental setup has
to be developed and the agreement of the simulations and
the experiment has to be investigated.
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EXTENSION OF SELF-SEEDING TO HARD X-RAYS > 10 keV AS A WAY
TO INCREASE USER ACCESS AT THE EUROPEAN XFEL

G. Geloni, European XFEL GmbH, Hamburg, Germany
V. Kocharyan, E. Saldin, DESY, Hamburg, Germany

Abstract
We propose to use a self-seeding scheme with single

crystal monochromator at the European X-ray FEL to pro-
duce monochromatic, high-power radiation at 16 keV. The
FEL power of the transform-limited pulses can reach about
100 GW by exploiting tapering in the tunable-gap baseline
undulator. The combination of high photon energy, high
peak power, and very narrow bandwidth opens a new range
of applications, and allows to increase the user capacity
and exploit the high repetition rate of the European XFEL.
Dealing with monochromatic hard X-ray radiation one may
use crystals as deflectors with minimum beam loss. To this
end, a photon beam distribution system based on the use
of crystals in the Bragg reflection geometry is proposed for
future study and possible extension of the baseline facil-
ity. They can be repeated a number of times to form an
almost complete (one meter scale) ring with an angle of 20
degrees between two neighboring lines. The reflectivity of
crystal deflectors can be switched fast enough by flipping
the crystals with piezo-electric devices. It is then possible
to distribute monochromatic hard X-rays among 10 inde-
pendent instruments. More details can be found in [1].

INTRODUCTION
Radiation from SASE XFEL consists of many indepen-

dent spikes in both the temporal and spectral domains.
Self-seeding is a promising approach to significantly nar-
row the SASE bandwidth to produce nearly transform-
limited pulses [2]-[16]. We discussed the implementa-
tion of a single-crystal self-seeding scheme in the hard X-
ray lines of European XFEL in [17, 18]. For this facil-
ity, transform-limited pulses are particularly valuable, since
they naturally support the extraction of more FEL power
than at saturation by exploiting tapering in the tunable-gap
baseline undulators [19]-[26]. Tapering is implemented as
a stepwise change of the undulator gap from segment to
segment. Simulation results presented in [17, 18] show that
the FEL power of the transform-limited X-ray pulses may
be increased up to 0.4 TW by operating with the tapered
baseline undulator SASE1 (or SASE2). In particular, it
is possible to create a source capable of delivering fully-
coherent, 7 fs (FWHM)-long X-ray pulses with 2 · 1012
photons per pulse at a wavelength of 0.15 nm, Fig. 1.

We can apply the same scheme to harder X-rays, and
obtain 100 GW fully-coherent X-ray pulses at a wave-
length of 0.075 nm. In this paper we propose to per-
form monochromatization at 0.15 nm with the help of self-
seeding, and amplify the seed in a first part of the output un-
dulator. The amplification process can be stopped at some

Figure 1: Sketch of an undulator system for high power
mode of operation at a photon energy of 8 keV.

Figure 2: Generating high power, highly monochromatic
hard X-ray beam at a photon energy of 16 keV.

position well before the FEL reaches saturation, where the
electron beam gets considerable bunching at the 2nd har-
monic of the coherent radiation. A second part of the output
undulator tuned to the 2nd harmonic frequency, follows be-
ginning at that position, and is used to obtain 2nd harmonic
radiation at saturation. One can prolong the exchange of
energy to the advantage of the photon beam by tapering
the last part of the output undulator on a segment by seg-
ment basis. Fig. 2 shows the design principle of our self-
seeding setup for harder photon energy mode of operation.
Two self-seeding cascades, identical to those considered in
[17, 18] (see Fig. 1), are followed by the same output undu-
lator with changed gap configuration, compared to Fig. 1.

An advantage of the proposed scheme is the possibility
to increase user capacity. In this paper we describe a photon
beam distribution system, which may allow to switch the
hard X-ray beam quickly among many experiments in or-
der to make a more effective use of the facility. Monochro-
maticity is the key for implementing multi-user operation
in the hard X-ray range, which can be granted by using
crystal deflectors and small absorption of the radiation in
crystals at photon energies larger than 15 keV. In contrast
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Figure 3: Concept for a hard photon beam deflector based
on the use of a crystal in Bragg reflection geometry.

to the broadband SASE bandwidth, transform-limited hard
X-ray bandwidths are of order of 0.007%, and match the
Bragg width of crystals. Thus, using 0.05 mm thick dia-
mond crystals one may obtain two beams, one transmitted
and one Bragg reflected, with minimum intensity loss. We
suggest to flip crystals for switching reflectivity similarly
as for polarization switching techniques with X-ray phase
retarders at synchrotron radiation facilities, that is based
on the use of piezo-electric components. Crystal deflectors
can be repeated a number of times to form an almost com-
plete ring. It is then possible to distribute monochromatic
hard X-rays among ten independent experiments.

SERVING MORE USERS
SIMULTANEOUSLY

In this section we describe a concept for a photon beam
distribution system, which may allow to switch the FEL
beam quickly among many instruments in order to make a
more effective use of the facility. The high photon energy,
and monochromaticity of the output radiation are the key
for reaching such result.

In fact, dealing with 16 keV monochromatic radiation
one may use crystals as deflectors, Fig. 3. The deflector
is constituted by a diamond plate with a thickness of 0.05
mm. The crystal is used in Bragg reflection geometry and
exploits the C(111) reflection plane. For the C(111) reflec-
tion, the angular acceptance of the crystal deflector is of
the order of 10 µrad, and the spectral bandwidth is about
0.006%. As a result, the angular acceptance of the deflec-
tor is much wider compared to the photon beam divergence,
which is of the order of a microrad. The bandwidth of the
hard X-ray pulse is of order of 0.007% and matches the
Bragg width of the crystal. In this case, more than 99% of
the peak reflectivity can be achieved and only 4% of the
incoming 16 keV radiation is absorbed outside of the re-
flection range. Thus, by use of a 0.05 mm-thick diamond
crystal one may obtain two beams, a transmitted as well as
a Bragg reflected beam, with minimal intensity loss.

One of the biggest advantages of using a crystal deflec-
tor in Bragg geometry is that the reflected beam can be
switched on and off by changing the crystal angle only.
The typical angular change necessary for the switching is

Figure 4: A photon beam distribution system based on flip-
ping crystals can provide an efficient way to obtain a many-
user facility. The monochromaticity of the output at 16 keV
constitutes the key for reaching such result.

Figure 5: Top view of a hard-photon ”ring” distribution
system. Separation between two neighboring lines is about
20 degrees. The layout of the user instruments follows a
similar approach as for synchrotron radiation sources.

less than 0.1 mrad. This opens a new possibility of fast
switching of the reflectivity, which is necessary for many-
user operation. In order to achieve a stable photon beam
deflection, the rotation error must be less than 0.01 mrad.
Existing technology enables rotating crystals to satisfy this
requirements. For example, at synchrotron radiation fa-
cilities, X-ray phase retarder crystals are driven by piezo-
electric devices operated at hundred Hz repetition rate,
which flip the crystals with a rotation error of about a frac-
tion of a micro-radian [23].

A photon beam distribution system based on flipping
crystals can provide an efficient way to obtain a many-user
facility. A possible layout is shown in Fig. 4. The output
radiation passes through the distribution system, consisting
of a series of crystals in Bragg geometry. Photon macro-
pulses at 16 keV photon energy can then be fed into 10
separate beamlines. The switching crystals need to flip at
frequency 1 Hz, so that each user receives one macropulse
per second. It should be noted that the single crystal pro-
vides a sufficiently large deflection angle (of order of 20
degrees), so that the problem of separation of neighboring
beamlines does not exist.

A second possible layout of a future hard X-ray labora-
tory based on a hard-photon ”ring” distribution system is
shown in Fig. 5. One can use a number of crystal reflectors
to form an almost complete ring. The photon beam trans-
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Table 1: Parameters for the Low-Charge Mode of Opera-
tion at the European XFEL Used in This Paper

Units
Undulator period mm 40
Periods per cell - 125
K parameter (rms) - 2.15
Total number of cells - 35
Intersection length m 1.1
Wavelength nm 0.15
Energy GeV 14.0
Charge pC 28

port line guiding photons from SASE1 (or SASE2) to the
experimental hall is connected tangentially to one of the
straight section of the photon ring, and the beam is injected
by the reflecting crystal. Using flipping crystals in each
photon ring cell it is possible to quickly switch the pho-
ton beam from one instrument to the other, thus providing
many-user capability. This layout of the laboratory follows
a similar approach as for synchrotron light sources.

Finally, it should be remarked that the proposed beam
distribution system operates at fixed wavelength. However
as reported in [27]: ”for many scattering experiments it is
not necessary to continuously vary the X-ray wavelength or
fine-tune to a core shell resonance. Generally, however it is
desirable to have a large photon energy exceeding 10 keV.
This optimizes probing condensed matter systems on the
atomic length scale by minimizing deleterious absorption,
while preserving scattering cross sections”. Obviously, our
idea to increase the user access by means of a ”photon ring”
has advantages for such kind of experiments and can be
applied to the European XFEL as well as to the LCLS-II
design.

FEASIBILITY STUDY
In this Section we report on a feasibility study performed

with the help of the FEL code GENESIS 1.3 [28] run-
ning on a parallel machine. We will present a feasibility
study for a short-pulse mode of operation of the SASE1
and SASE2 FEL lines of the European XFEL, based on a
statistical analysis consisting of 100 runs. The overall beam
parameters used in the simulations are presented in Table 1.
We refer to the setup in Fig. 2. Up to the output undula-
tor, simulations are identical to those already presented in
[18]. The choice of the FODO lattice parameters is also
kept identical. This is in agreement with the present con-
cept to use the self-seeding setup at the European XFEL
in [18] to produce monochromatic beams using harmonic
generation simply by acting on the gap of the output undu-
lator.

The output power and spectrum after the first part of the
output undulator (5 cells) tuned at 0.15 nm is shown in
Fig. 6.

The tapering law used in the last 19 cells is shown in
Fig. 7.

The output power and spectrum of the entire setup, that is
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Figure 6: (Plot above) Output power and (plot below) out-
put spectrum after the first part of the output undulator (5
cells) tuned at 0.15 nm. Grey lines refer to single shot real-
izations, the black line refers to the average over a hundred
realizations.

after the second part of the output undulator (19 cells) tuned
at 0.075 nm, is shown in Fig. 8. More detailed simulation
results can be found in [1].
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Abstract 
   Using the undulators and chicanes developed for an 
Optical Replica Synthesizer (ORS) experiment together 
with the sFLASH 800 nm seed laser, undulators and 
diagnostics, a High Gain Harmonic Generation (HGHG) 
seeding experiment will be conducted at the Free-Electron 
LASer in Hamburg (FLASH) starting in September 2012. 
For this experiment, a 30 mJ 160 fs FWHM 800 nm laser 
pulse has been transported with a new, evacuated laser 
transport line. On an in-vacuum optical breadboard, the 
laser frequency was tripled through second and third 
harmonic generation in beta-BBO crystals. Longitudinal 
and transverse overlap with the electron beam has been 
achieved through streak camera and Ce-YAG screen 
diagnostics. Once the HGHG seeding has been 
established, a shutdown period in early 2013 will be used 
to add a UV-TG FROG diagnostic for seed laser 
characterization. An additional alpha BBO crystal will be 
installed in order to split the 270 nm beam longitudinally 
into two pulses with orthogonal polarization states 
corresponding to the orthogonal orientations of the ORS 
undulators, setting the stage for Echo-Enabled Harmonic 
Generation (EEHG) seeding experiments in 2013. 

INTRODUCTION 
High Gain Harmonic Generation (HGHG) seeding has 

been successfully demonstrated by several facilities [1-3] 
and has been used to deliver fully coherent FEL pulses 
with wavelengths ranging from 20-50 nm to users at the 
ELLETRA facility in Trieste since 2010 [4]. At FLASH, a 
new 270 nm laser transport line has recently been added 
to the existing sFLASH seeding infrastructure [5-9] in 
order enable similar HGHG seeding experiments in the 
sFLASH section.  

 
 
 
 

 
 
 
E0=1.15 GeV 
 
 
 
 
 
 
 
 

First overlap between seed and electron bunch was 
achieved in June 2012 and first seeding is expected during 
shifts scheduled for September-November 2012. After 
learning from the sensitivity of HGHG seeding to laser 
and chicane parameters, we plan to upgrade the laser 
setup during a shutdown in early 2013 to begin Echo-
Enabled Harmonic Generation (EEHG) seeding 
experiments at 14 nm. This constitutes an attempt at 
external seeding in a wavelength range which is shorter 
than what has been achieved by any facility to date. 
     EEHG is a technique which was proposed in 2008 [10, 
11] that calls for the co-propagation of an electron bunch 
and laser pulse through a series of three undulators and 
two chicanes (Fig. 1). Through interaction with a seed 
laser, the electron beam develops an energy modulation in 
the first undulator which is then over-compressed in the 
first chicane. The electron bunch is then modulated again 
in the second undulator by another laser pulse and 
compressed in the second chicane, resulting in vertical 
stripes of charge in longitudinal phase space with a 
periodicity of a mixture of seed laser harmonics.  

 EEHG schemes have been proposed for several seeded 
FELs [12-14] and two experiments have been able to 
generate low harmonics of the seed laser wavelength 
[15,16]. These EEHG schemes all call for a large R56 (1-
10 mm) in the first chicane. With the first Optical Replica 
Synthesizer (ORS) chicane at FLASH [17], one can 
achieve a maximum R56 of 0.7 mm and while this is 
somewhat small compared to other proposed schemes 
[12-14], the amount of laser power available in this 
section is large, enabling EEHG for seeding wavelengths 
between 10 and 30 nm. 

If seeding at 14 nm is successful, using the beam to 
seed at the 3rd harmonic in the subsequent SASE 
undulator section would be a natural next step. This 
would potentially produce fully coherent 4.7 nm radiation 
for users (Fig. 1). 
 
 
 
 
 
 

 
 
 
 

 
 

 

R56<0.7 mm 
P<10GW 
λseed =270 nm 

ORS und. ORS und. 

laser 

Figure 1: The FLASH I ORS section is located directly prior to the sFLASH undulators. The sFLASH undulators are 
followed by a small chicane and the “SASE” undulators. Using EEHG to seed the sFLASH undulator section with 14 
nm could enable an HGHG scheme at 1.15 GeV to seed the SASE undulator section with 4.7 nm. The laser, 
diagnostics, chicanes, and undulators are already commissioned.  

λrad =4.7 nm λrad = 14.1 nm 
    sFLASH und.        SASE und. 
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Existing sFLASH [17] diagnostics, like YAG/OTR 
screens, spectrometers, streak camera, have already been 
commissioned and are all ideally suited for use as HGHG 
and EEHG diagnostics. The transverse deflecting cavity, 
LOLA [18], will be instrumental in diagnosing seed 
overlap and slice energy spread. 

UNCORRELATED ENERGY SPREAD 
The principle advantage of EEHG over HGHG lies in its 

tolerance of the uncorrelated energy spread of the electron 
beam. By stretching out and folding over the 
microbunches, the effective slice energy spread of a 
microbunch is reduced. This is especially apparent when 
one plots the bunching factors which can be achieved at 
various harmonics for HGHG and EEHG with different 
uncorrelated energy spreads (Fig. 2). At FLASH, 250 keV 
is a reasonable expectation for the uncorrelated energy 
spread, but it can be better under some circumstances 
[18]. Based on this, we can make lower limits on the 
achievable wavelengths for HGHG and EEHG of 20 nm 
and 10 nm respectively. 
 

HGHG Uncorrelated Energy Spread Sensitivity 

 
 

EEHG Uncorrelated Energy Spread Sensitivity 

 
 
Figure 2: The sensitivity of HGHG and EEHG to rms 
uncorrelated energy spread with the bunching factor 
plotted as a function of the harmonic number. Bunching 
factors which are greater than 0.05-0.1 are typically 
sufficient for seeding. The arrow indicates the operation 
point for the 14 nm EEHG seeding scheme. 
 

SEED PROPERTIES 
   The sFLASH seed laser system produces 800 nm light 
with a pulse energy which can be adjusted up to 30 mJ 
and a pulse length which can be adjusted between 30 fs 
and a picosecond. The laser and a pulse compressor are 
followed by a Galilean telescope on an optical table in a 
laser lab adjacent to the tunnel. After the telescope, the 16 
mm (FWHM) diameter beam is periscoped down through 
a hole in the floor into a pit. The pit is connected to the 
accelerator tunnel by a 7 meter long tube. The first of the 
ORS undulators is 5 meters after the injection point in the 
tunnel (Fig. 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Location of new laser transport line with respect 
to the accelerator tunnel, laser table and first ORS 
undulator. 
 
   The new, 10-6 mbar evacuated laser transport pipe starts 
in the pit with a 5 mm thick fused-silica window followed 
by 8 meters of evacuated DN50 ISO-KF pipe. The laser 
beam then enters the first of two 70x30x30 cm evacuated 
boxes installed in the accelerator tunnel. These boxes are 
followed by another segment of pipe and two flange 
mounted steering mirrors, the last of which reflects the 
laser beam onto the electron beam axis.  
    The evacuated boxes contain optical breadboards on 
which a frequency tripler, a polarization controller, a 
Galileo telescope, and two motorized steering mirrors can 
be mounted. Two more motorized steering mirrors are 
mounted in vacuum flanges following the boxes. A 
window directly after the last box marks the transition 
between the high vacuum (10-6 mbar) of the laser 
transport line and the ultra-high vacuum (10-9 mbar) of the 
accelerator. The layout of these components is depicted in 
Fig. 4. 
 
 
 
 
 
 
 

 

laser lab 

pit 
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e-beam 
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for ORS and EEHG 
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(top-view) 

TUPD13 Proceedings of FEL2012, Nara, Japan

258C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Seeding and Seeded FELs



 

           
 
Figure 4: Layout of optics in the accelerator tunnel. 
Frequency tripler and polarization control optics are 
followed by a Galilean telescope and four motorized 
steering mirrors. A window sits between the last two 
mirrors. 
 
   The optics in these boxes were assembled in a clean 
room before they were installed in the tunnel. In the 
tunnel, it is possible to access the optics by opening one 
of the panels on the box. Opening and closing the boxes 
and pumping back down to 10-6 takes a matter of a few 
hours. Full clean room protocols have not been followed 
in the tunnel, and, so far, in six months, we have not yet 
identified problems with dirty optics. It is, however, an 
item of concern. 

The beam size must be made as large as possible when 
it travels through windows and air. This is due to the non-
linear phase shift in refractive materials. Two Galilean 
telescopes, one in the laser lab and one in the tunnel, can 
be used to first enlarge the beam and then create a beam 
waist between the two first undulators. In the design 
shown in Fig. 4, a 760 μm (FWHM) beam waist in the 
undulator section would be positioned between the two 
undulators, so that a 170 fs (FWHM) beam with 1.6 mJ of 
pulse energy can have a maximum intensity of ~1·1012 
W/cm2 in each undulator and a non-linear phase shift at 
the 1 mm thick crystalline quartz window equal to 0.35, a 
value which is well enough below one that pulse 
distortions should not be a problem. 

During commissioning of this design, we found that the 
tripler crystals which were selected and simulated were 
too thin to achieve our target pulse energy for a 170 fs 
(FWHM) pulse. Instead, the tripling efficiency was 
maximized for 30 fs long pulses, leaving us with an 
appropriate peak power, but a pulse which is shorter than 
we would like. We will install thicker crystals next month 
and hope to reach our design target with them. 

For initial experiments in 2012, we have also found that 
without the additional telescope in the tunnel, we still 
have adequate control over a 500 um (FWHM) waist in 
the ORS section. The waist can be adjusted by tuning the 
800 nm telescope in the laser lab. While changing the 
beam size at the tripler has an impact on the tripling 
efficiency, we have found this impact to be slight and are 
very pleased at the reduction in complexity that the single 
telescope solution affords. When we need more control 
through, for example, wavefront tuning with deformable 
mirrors, we will add the second telescope to the setup. 

Polarization control and synchronization will be 
accomplished through a half-waveplate and a birefringent 
crystal which will split the pulse longitudinally into pulses 
with orthogonal polarizations corresponding to the 
orthogonal orientations of the undulators (Fig. 5). 25 fs 
synchronization between seed and electron beam will be 
accessible through the optical synchronization system 
[19]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Generating a delay between s and p polarization 
so that the pulse can be used to seed in both undulators. 
The undulator labeled H und. produces horizontal 
oscillations and V und. produces vertical oscillations. 

WAVEFRONT CONTROL 
   The wavefront quality of the laser becomes important as 
one attempts to reach shorter wavelengths with HGHG or 
EEHG [7]. It is especially of concern for wavelengths 
below 20 nm, as the best wavefront measurements do not 
have a resolution below 3 nm. Although it is important to 
point out that for HGHG cascades where saturation is 
reached in the first stage, the wavefront would be 
effectively cleaned up through the amplification process. 
 

 
 
Figure 6: Sensitivity of bunching factor to seed wavefront 
distortion. Distortions below 3 nm cannot be directly 
measured. 
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   In order to reach the shortest wavelengths, it is 
anticipated that an adaptive optics package involving two 
deformable mirrors and measurements of the wavefront 
will be required in order to modulate the energy of a 
sufficient transverse portion of the electron bunch with 
sufficient quality. The quality of the laser wavefronts will 
directly translate to the quality of the microbunches.  
   A deformable mirror would be beneficial prior to the 
tripler (out-of-vacuum) and after the tripler (in-vacuum). 
The first mirror would be used to optimize tripling 
efficiency and the second would be used to optimize the 
focus in the e-beamline. One can tune such a deformable 
mirror with learning algorithms which use either screen 
images or direct measurements of the wavefront. This 
work is planned to start in early 2013. 

CONCLUSION 
   EEHG is a new technique and the ORS-sFLASH section 
is suitable for HGHG experiments with wavelengths 
down to 20 nm and EEHG experiments generating 
wavelengths ranging down to 10 nm. Using the 14 nm 
EEHG beam in an HGHG cascade into the SASE 
undulators could enable seeding at even shorter 
wavelengths. The already commissioned sFLASH 
hardware is ideally suited for use with a HGHG and 
EEHG experiments. A new laser transport line has been 
commissioned to deliver 270 nm seed pulses to the 
sFLASH section. Transverse and longitudinal overlap was 
achieved in June 2012, first HGHG seeding is expected in 
Sept 2012. Remote control of the laser steering, power, 
and polarization has been commissioned. Wavefront 
tuning with adaptive optics and seed characterization with 
a TG FROG will be started in early 2013 in parallel with 
an upgrade from HGHG to EEHG experiments. 
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Abstract 
An Optical Replica Synthesizer (ORS) was 

commissioned at the Free Electron LASer in Hamburg, 
FLASH, in 2008 using an 800 nm seed. The experiment 
was affected by radiation from unwanted microbunches 
which were generated upstream of the experiment. Given 
new, 270 nm seeding infrastructure and the understanding 
that microbunches with separations smaller than 600 nm 
can effectively be smeared out in the dogleg of the 
machine, the experiment will be attempted again with this 
new wavelength. The new, 270 nm laser has been 
successfully overlapped with the electron beam in July 
2012 and a measurement of the pulse energy which can be 
radiated in an optical replica will follow. The UV-TG-
FROG diagnostic which will be used to measure the 
longitudinal profile of the optical replica has been 
delivered and is undergoing tests in a laser lab. Following 
these tests, it will be installed in the FLASH tunnel for the 
ORS experiments in 2013. 

INTRODUCTION 
Characterization of the relativistic and ultra-short 

electron bunches of a linac-based free electron laser (FEL) 
is important for machine operation. This need has 
triggered the development of several successful methods 
for measuring the longitudinal profile of the electron 
bunch, including the transverse deflecting cavity [1], 
electro-optical sampling [2], and single-shot THz 
spectrometer [3]. A different method for electron bunch 
characterization, called Optical Replica Synthesizer (ORS), 
was proposed in 2005 [4] and first attempted at the Free 
Electron LASer in Hamburg, FLASH, in 2008 [5]. 

The ORS technique, depicted in Fig. 1, uses an external 
laser to produce seed pulses which interact with the 
electrons in an undulator, thereby modulating the energy 
of the electrons in a sinusoidal fashion. The energy 
modulation is transformed into a density modulation of 
the electrons in the following chicane. When the beam 
then traverses the undulator located downstream of this 
chicane, it radiates coherently and the emitted light pulse 
will have the same longitudinal profile as the electron 
beam; it is called the optical replica. The replica pulse and 
seed pulse are then extracted from the vacuum pipe by a 
mirror and directed onto an optical table where a polarizer 
can be used to separate the seed from the replica. This is 
facilitated by making the first planar undulator orthogonal 
______________________________________________  

 
 
Figure 1: ORS infrastructure. The beam energy is 
modulated by a laser pulse in the first undulator, bunched 
in the first chicane, and the optical replica is radiated in 
the second undulator with a polarization which is 
orthogonal to the seed laser pulse. The replica and the 
seed laser are then outcoupled in the second chicane and 
separated with a polarizer. The spectrum and spectral 
phase of the replica are measured with a FROG, thereby 
giving a measurement of the longitudinal profile of the 
electron beam. 
 
to the second. The spectrum and spectral phase of the 
replica pulse can then be measured by a FROG 
(Frequency Resolved Optical Gating) device. This 
measurement directly gives the longitudinal profile of the 
electron bunch with a resolution that is ultimately limited 
by the slippage of the laser over the electron bunch as 
they co-propagate through a 5 period undulator with a 
period length of 20 cm. For our seed wavelength of 270 
nm, this resolution limitation is around 5 fs, but practical 
considerations related to measuring extremely short laser 
pulses would likely limit the resolution of the 
measurement before the slippage plays a role.  
    The first attempt at demonstration of the ORS 
technique was conducted at FLASH in 2008 with an 800 
nm seed [5] and for fully compressed bunches with 
several kA of peak current. It was affected by unwanted 
radiation from microbunches which were not generated 
through the interaction with the laser seed. This radiation 
produced a background to the optical replica signal and 
was not easy to filter out. These undesired microbunches 
have a broadband spectrum and are created/amplified by 
coherent synchrotron radiation in the upstream bunch 
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compressor chicanes. Measurements of how this 
microbunched beam structure evolves have been 
undertaken through single-shot THz spectrometers 
installed before and after the dogleg of FLASH (Fig. 2) 
[3]. They have shown that after the bunch travels through 
the dogleg of the machine, the broadband spectrum of the 
microbunches is truncated at shorter wavelengths. The 
mechanism is that the shorter wavelengths are smeared 
out transversely through a transverse-longitudinal 
coupling. The cut-off wavelength is determined by the 
beam size and R56 in the dogleg [6]. For a typical FLASH 
setup, this cut-off is around 600 nm and for an ORS to 
function, a seed wavelength of less than this value should 
be selected. We have selected 270 nm, the third-harmonic 
of radiation from a Titanium:sapphire laser, because it has 
been chosen for new seeding experiments starting this 
year [7]. 

 

Figure 2: FLASH machine layout. THz spectrometers are 
located before and after the dogleg, ORS is located at the 
beginning of the sFLASH section, and the transverse 
deflecting cavity is after the sFLASH section. 
 

Direct-seeding infrastructure at FLASH was installed in 
2010 under the project name sFLASH [9]. For sFLASH, 
an 800 nm laser is used to generate high harmonics in a 
gas jet. One of these harmonics is used to seed the 
electron bunch and make stronger, more longitudinally 
coherent FEL radiation than SASE can provide. In 2011, 
additional uses for this infrastructure, including ORS, 
electro-optical electron bunch form measurements, and 
Echo Enabled Harmonic Generation (EEHG), were 
proposed in [9]. The anticipated difficulties associated 
with parasitic operation of these experiments were 
explored in [10], simulations and tolerances for the EEHG 
experiment were described in [11], and the hardware and 
experimental setup for the EEHG experiment were 
detailed in [12]. For all of the schemes described in [10], a 
270 nm beam must be injected into the electron beam line 
(Fig. 3). This infrastructure was built at the end of 2011 
and has been commissioned in 2012 with longitudinal and 
transverse laser-electron overlap first attempted and 
achieved in July 2012. 
    sFLASH diagnostics, like YAG and OTR screens, 
spectrometers, streak camera, etc., have already been 
commissioned and are all ideally suited for use as ORS 
diagnostics. The transversely deflecting structure, LOLA, 
will be instrumental in diagnosing seed overlap and slice 
energy spread. It is the benchmark against which all ORS 
measurements can be compared having reached a 
resolution of 7 fs and 100 keV [1]. The primary 
component of the ORS experiment which has not been 

commissioned is the FROG device. It is undergoing 
laboratory tests and it is anticipated that to measure the 1 
kA beams which are typically present in FLASH today, 
further investment in evacuated-transport of the replica 
and a more sensitive FROG camera would be required. 
Proof-of-principle measurements should, however, be 
possible in 2013 with higher, 3 kA peak currents.  

SEED PROPERTIES 
The sFLASH Ti:sapphire seed laser system produces 

800 nm light with a pulse energy up to 30 mJ and a pulse 
length which can be adjusted between 30 fs and a 
picosecond. The laser and a pulse compressor are 
followed by a Galilean telescope on an optical table in a 
laser laboratory adjacent to the FLASH tunnel. After the 
telescope, the 16 mm (FWHM) diameter beam is 
periscoped down through a hole in the floor into a pit. The 
pit is connected to the accelerator tunnel by a 7 meter long 
tube. This is where the new, evacuated laser transport pipe 
starts with a 5 mm thick fused-silica window followed by 
8 meters of evacuated pipe. The laser beam then enters the 
first of two 70x30x30 cm evacuated boxes installed in the 
accelerator tunnel. The evacuated boxes contain optical 
breadboards on which a frequency tripler, a polarization 
controller, and two motorized steering mirrors are 
mounted. Space for a Galilean telescope is available. Two 
more motorized steering mirrors are mounted on vacuum 
flanges on pipes following the boxes, the last of which 
reflects the laser beam onto the electron beam axis. A 
window directly after the last box marks the transition 
between the high vacuum (10-6 mbar) of the laser 
transport line and the ultra-high vacuum (10-9 mbar) of the 
accelerator. The 270 nm beam has a design pulse energy 
of 1-2 mJ for a pulse length of 170 fs (FWHM). More 
details on the setup can be found in [7-12]. 

UV-TG-FROG 
A new FROG device has arrived from Swamp Optics 

and is undergoing tests in a laser lab. The FROG from the 
first ORS run at 800 nm could not measure UV pulses. 
The new device is a Transient Grating (TG) type of 
FROG which overlaps 3 beams in a thin piece of glass 
[13]. Figure 4 shows the TG-FROG concept with 
transmissive optics. The custom design which was 
purchased utilizes the same principle as [13], but it is built 
with all-reflective optics, similar to [14].  
   In first tests with the device, a 70 fs (FWHM) long pulse 
with 70 μJ of pulse energy was measured with a filter in 
place which let only 30% of the UV light through, while 
blocking other wavelengths. The TG signal scales with 
the input pulse intensity cubed, so 140 fs pulses should 
require ~560 µJ and 35 fs pulses should require ~9 µJ. It 
is anticipated that, in its present configuration, the FROG 
can accurately measure down to 30-40 fs (FWHM) pulses 
and up to 200 fs long pulses, given enough single-shot 
pulse energy. The plan is to make it useful for measuring 
both the EEHG seeding experiment pulses [7] and the 
ORS pulses. 
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Figure 4: UV-TG-FROG from www.swampoptics.com 
[13]. The same concept was used in the FROG purchased 
for ORS, but with reflective optics. 
 
    By replacing the 1 mm piece of glass with a thinner 
piece, one can enable the measurement of sub-30 fs 
pulses. Even few-cycle UV pulses as short as 4 fs have 
been measured with a similar method [15]. However, to 
measure such a short optical replica, the replica must be 
extracted from the electron beam line and measured 
before it is dispersed in a thick window or air. Presently, 
the 5 mm thick fused silica window through which the 
optical replica is coupled out of the electron beam line is 
followed by about one meter of air. If the ORS method is 
to be pushed towards its 5 fs limit, the window from the e-
beam line would need to be replaced with a 1 mm thick 
crystalline quartz window which would serve as the 
boundary between the 10-9 mbar vacuum of the electron 
beamline and a 10-6 mbar vacuum chamber containing the 
FROG.  
   By reducing the thickness of the 1 mm glass, one would 
increase the input pulse energy requirements, but if the 
optical replicas do not have enough pulse energy, one can 
replace the existing camera with a more expensive, back-
illuminated, cooled UV camera. This could gain a factor 
of 13-18 in terms of the quantum efficiency. Additional 
gains/losses in pulse energy requirements from filtration 
should also be expected. 

ELECTRON BUNCH REQUIREMENTS 
Through the optical synchronization system with 

longitudinal intra-bunch train feedback, 25 fs (rms) 
synchronization between seed and electron beam can be 
accessed for these experiments [16]. Due to the ~170 fs 
(FWHM) length of the seed pulses, the ORS experiment 
can only measure electron bunches which are much 
shorter than this and provided there is adequate overlap 
with the seed. Typical, present day SASE bunch lengths at 
FLASH are slightly shorter than this (50 - 100 fs (rms)) 
but there is a parallel research program in progress which 
aims at 10 fs (rms) bunches at FLASH [17]. 
   GENESIS [18] simulations of how much pulse energy 
can be expected of an optical replica for various electron 
bunch lengths and charges show that the 20 pC, 10 fs long 
bunches with 1 kA of peak current from [17] will only 

radiate a couple of micro-Joules in an optical replica, 
while a possible SASE bunch with a 50 fs (rms) bunch 
length and 1 kA of peak current would radiate ~20 μJ. If 
the peak current is increased to 2 kA, it radiates ~40 μJ 
(Fig. 5).  Higher peak currents are easily possible, but 
they they tend to produce beams with a larger emittance 
and energy spread. 
  

Peak Current vs. Pulse Energy for ORS Radiator 

 
 
Figure 5: Radiated pulse energy in an optical replica as a 
function of electron bunch peak current for a 50 fs (rms) 
bunch plotted in red and a 100 fs (rms) bunch shown in 
blue. 
 
   Since the electric field of the optical replica pulse is 
proportional to the current, the intensity goes with the 
square. Thus, a 50 fs (rms) electron bunch corresponds to 
an optical replica of about 80 fs (FWHM) for a Gaussian 
pulse form. The current FROG camera would require 
several times more pulse energy than would be radiated 
by a 1-2 kA bunch. Either more peak current or a more 
sensitive camera would enable the measurement of such 
bunches.  

ADDITIONAL OPTION 
Using the same 270 nm laser beam, the FROG may be 

used with an “electro-optical” technique to measure the 
same quantity as the ORS experiment [9]. The idea is that 
when the electron beam passes adjacent to an electro-
optical medium, a laser beam will see the changes in the 
birefringence, transmittance or polarization of the 
medium. By measuring these changes with a FROG, one 
can measure the longitudinal profile of the electron bunch. 
This technique is not typically attempted with a FROG as 
the diagnostic, because the pulse energy requirements are 
much higher than for a typical electro-optical experiment. 
With up to a few milli-Joules of pulse energy, this is not 
something which is a problem for our setup. Operation in 
the UV also provides a venue for testing new electro-
optical materials. 
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CONCLUSION 
An Optical Replica Synthesizer (ORS) can be re-

commissioned at FLASH in 2013 using a 270 nm seed. 
The new experimental design seeks to avoid the problems 
with radiation from unwanted microbunches which 
drowned out the seeded optical replica signal for fully 
compressed electron bunches in the original, 800 nm 
version of this experiment conducted in 2008. To date, the 
270 nm seed has been successfully overlapped with the 
electron beam and a measurement of the pulse energies 
which can be radiated in various optical replicas will 
follow. The UV-TG-FROG diagnostic which will be used 
to measure the longitudinal profile of the optical replica 
has been delivered and is undergoing tests in a laser lab 
setting. Following these tests, it will be installed in the 
FLASH tunnel for the EEHG seeding and ORS 
experiments planned for 2013. Significant enhancements 
to the FROG setup would be required for it to measure 
typical SASE bunches at FLASH, but it will be possible 
to use it in the present configuration on a proof-of-
principle basis to measure bunches with higher peak 
currents. The research is conducted to determine the 
viability of an upgrade targeted at measuring 10 fs (rms), 
20 pC bunches. 

ACKNOWLEDGEMENTS 
This work was supported by DESY, BMBF 05K10PE1, 

and grant 621-2009-2926 of the Swedish research council. 

REFERENCES 
[1] C. Behrens, et al., Constraints on photon pulse 

duration from longitudinal electron beam diagnostics 
at a soft x-ray free-electron laser, Phys. Rev. ST 
Accel. Beams 15, 030707 (2012). 

[2] B. Steffen, Electro-optic methods for longitudinal 
bunch diagnostics at FLASH, Univ. Hamburg DESY-
THESIS-2007-020.  

[3] S. Wesch et al., A multi-channel THz and infrared 
spectrometer for femtosecond electron bunch 
diagnostics by single-shot spectroscopy of coherent 
radiation, Nucl. Inst. and Methods A 665 (2011) 40. 

[4] E. Saldin, et al., A simple method for the 
determination of the structure of ultrashort relativistic 
electron bunches, Nucl. Inst. and Methods A 539 
(2005) 499. 

[5] P. Salen, et al., Results from the optical replica 
synthesizer experiment at FLASH, FEL 2009, 
Liverpool, England (THOB02). 

[6] E.A. Schneidmiller and M.V. Yurkov, Phys. Rev. ST 
Accel. Beams 13, 11070 (2010). 

[7]  K. Hacker, et al., Progress towards HGHG and 
EEHG seeding at FLASH, this conference. 

[8] C. Lechner, et al., sFLASH: direct seeding at 38.1 
nm, this conference. 

[9] K. Hacker, et al., New uses for the ORS section at 
FLASH, TESLA-FEL-NOTES-2011-03. 

[10] K. Hacker, Requirements for parasitic operation of 
the ORS section, TESLA-FEL-NOTES-2011-04. 

[11] K. Hacker, et al., Tolerances for echo-seeding in the 
FLASH ORS section, TESLA-FEL-NOTES-2011-
05. 

[12] K. Hacker, et al., Progress towards echo-seeding in 
the FLASH ORS section, TESLA-FEL-NOTES-
2011-06. 

[13] D. Lee, et al., Experimentally simple, extremely 
broadband transient-grating frequency-resolved-
optical gating arrangement, Optics Express 15 (2007) 
766. 

[14] T. Nagy, et al., Single-shot TG FROG for the 
characterization of ultrashort DUV pulses, Optics 
Express 17 (2009) 8144. 

[15] U. Graf, et al., Intense few-cycle light pulses in the 
deep ultraviolet, Optics Express 16 (2008) 1856. 

[16] W. Koprek, et al., Optical synchronization system at 
FLASH, Proc. of FEL’10 (Malmoe). 

[17] J. Roensch-Schulenburg, et al., Generation of ultra-
short electron bunches at FLASH, this conference, 
THPD33. 

[18] S. Reiche, GENESIS 1.3: a fully 3D time-dependent 
FEL simulation code, Nucl. Instr. and Meth. A 429 
(1999). 

TUPD14 Proceedings of FEL2012, Nara, Japan

264C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Seeding and Seeded FELs



SEEDED COHERENT HARMONIC GENERATIONWITH
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Abstract
The test-FEL at MAX-lab already demonstrated seeded

coherent harmonic generation down to 40 nm [1]. As a step
further in the development of our seeding techniques, we
plan to use a gas target to generate harmonics of the drive
laser and seed the electron beam with them. In order to
optimize the injection process, our aim is to place the gas
target for harmonic generation as close as possible to the
first undulator. In order to minimize the losses the trans-
port of the drive laser is done with a minimal number of
mirrors and there are neither focusing nor filtering elements
between the harmonic chamber and the first undulator. The
goal is to test whether the harmonic intensity in the undula-
tor is high enough to induce full energy modulation of the
electron beam. The wavelength range of the harmonics that
will be used as seed is around 100 nm and we plan to detect
the coherent harmonic signal of the second harmonic gen-
erated in the radiator. The flexibility of the setup will allow
us to drive the harmonic generation process with the fun-
damental wavelength of the laser or the second harmonic
or the combination of them. Adding the second harmonic
will lead to the generation of even harmonics, thus increas-
ing the range of seeding wavelength.

INTRODUCTION
Due to the increasing interest in seeding at short wave-

lengths and in the optimization of the injection process, we
plan to implement a new configuration for seeding with
harmonics generated in a gas target. The basic setup is
borrowed from the test-FEL at MAX-lab, which already
demonstrated seeded coherent harmonic generation (CHG)
and variable polarization down to 40 nm [1]. Since our aim
is to minimize the losses in the transport and focusing, the
gas target for high-order harmonic generation (HHG) will
be placed directly in front of the first undulator. Prelimi-
nary analytical estimations indicate that the co-propagation
of the electrons with the drive laser and the harmonics
should not degrade the quality of the electron beam. We ex-
pect to imprint full energy modulation to the electron beam
which will lead to produce bunching at the fundamental
wavelength and its higher harmonics. This can be demon-
strated detecting the coherent harmonic signal of the sec-
ond harmonic generated in the radiator. The whole setup

∗ francesca.curbis@maxlab.lu.se

is very flexible and it makes possible to drive the HHG
process also with a combination of the fundamental wave-
length and second harmonic, which opens to a better wave-
length tunability.

EXPERIMENTAL SETUP
The Test-FEL at MAX-lab
The test-FEL utilizes the injector for the MAX-lab rings

and consists of two linac structures plus a recirculator that
allows to reach almost 400MeV after the second passage
of the electron beam through the linacs (see Fig. 1). The
thermionic gun is used as photocathode gun [3], with the
heating almost turned off and the BaO cathode is illumi-
nated by the second harmonic of a Ti:Sa laser. The bunch
can be compressed mainly in the extraction chicane after
the second passage through the linacs. Then a dog-leg lifts
up the beam to the level where the undulators are placed.

Modulator

Chicane

Radiator

Half-

chicane

Linac 1 Linac2

Recirculator

Gun

Dump

Mono-
chromator

Seed 

laser

Gun 

laser

λ λ/n

Figure 1: Layout of the experimental setup.

Before the first undulator (modulator) a half-chicane al-
lows to insert an external laser for seeding. The second
undulator (radiator) has different period length. In between
the undulators a small chicane is used both for producing
some bunching and for stopping the seed laser (if needed).
After the second undulator the electron beam is bent to the
beam dump while the radiation produced is detected by a
spectrometer. More details about the setup and the undula-
tor parameters can be found in [1, 2].
The typical parameters of the electron beam for the test-

FEL operations are shown in Tab. 1.

Table 1: Electron Beam Parameters
Energy 375MeV
Charge 40 pC
Bunch length 1 ps
Energy spread 0.5·10−3
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The New Drive Laser
The drive laser is a diode pumped dual stage kHz

Ti:sapphire system. The first stage, a regenerative am-
plifier, is installed on a carbon fiber base plate result-
ing in improved beam stability for both vibrational and
thermal effects. Both amplifier stages have cryo-cooled
crystals further improving stability and flexibility to pump
laser conditions. Main laser performance parameters are
listed in Tab 2. Both gun laser and seed laser oscillators
are locked to the 2.998775GHz main accelerator RF, dis-
tributed through a low-loss coaxial cable.

Table 2: Seed Drive Laser Performance
KMlabs dual stage Wyvern-1000

Pulse energy 8mJ
Pulse duration 45 fs
Repetition rate 1 kHz
Pulse-pulse energy fluctuation 1% RMS

Harmonic Generation Source for Seeding
The test-FEL has been already commissioned in 2010

and seeding with a conventional laser at 263 nm has been
demonstrated. In our new setup the seed laser will be re-
placed by a HHG source. Among different configurations,
all aimed to minimize the optics for the laser transport, we
have chosen the one in Fig. 2. The HHG chamber is placed
about 1m from the entrance of the first undulator (modu-
lator). The electron beam co-propagates with the driving
laser and passes through the 10mm long, 1mm diameter,
Xe-filled gas cell where the harmonics are generated. The
generated harmonics co-propagate with the driving field
and the electron beam in the forward direction, i.e., into
the modulator, without any additional refocusing. The sys-
tem relies on the focusing of the infrared beam, which is
done before the insertion in the vacuum pipe about 10m
upstream with two curved mirrors.

Gas cell 
chamber

Modulator

Chicane

drive laser

Gas inlet 

Harmonics

electron beam

Half-Chicane

Figure 2: Layout of the HHG seeding arrangement.

This direct way of seeding the electron beam also fea-
tures no filtering of the HHG comb: all the harmonics are
sent together with the infrared laser beam into the undula-
tor without passing through a monochromator or filter. All

the light is stopped in the magnetic chicane before the radi-
ator. Although we intend to optimize the HHG source for
low harmonics (around 100 nm) to match the low energy of
the electron beam, the setup can be used to generate much
higher harmonic orders. The expected energy of the se-
lected harmonic from the gas cell is at least 1μJ. The con-
figuration chosen will allow to easily change the drive laser
from 800 nm to 400 nm by means of a thick BBO crystal
and we could also use a combination of the fundamental
and the doubled frequency, which has been shown to en-
hance the output power [4].

New Diagnostics
In order to characterize the HHG radiation after the seed-

ing, a new spectrometer equipped with MCP detector will
be placed in the chicane section between the undulators.
A new extraction chamber with a 45◦ mirror has been de-
signed to couple out the seed laser and the harmonics while
the electron beam is deviated from the straight path. The
drive laser will be removed in the chicane to avoid con-
tamination in the second spectrometer which is placed after
the radiator and which is the main diagnostics for the CHG
process.

EXPECTED PERFORMANCE
The field of the seed modulates the energy of the elec-

tron beam when they are coupled with the magnetic field
of the first undulator. The energy modulation is converted
into bunching when the electrons pass through the mag-
netic chicane. The second undulator will be tuned to the
second harmonic of the seed and we expect to detect radia-
tion from CHG at the 50-65 nm.

The Effect of Infrared Feld on the Electron Beam
One of the challenges of this project consists in preserv-

ing the quality of the electron beam despite the interaction
with the very strong infrared field in the modulator. Unfor-
tunately the 3D FEL codes generally used for this purposes
cannot simulate the interaction of the electron beam with a
radiation with longer wavelength than the seed laser. How-
ever 1D simulations show that the effect of a lower har-
monic field cancels out when the number of undulator pe-
riods is an integer multiple of the resonant harmonic num-
ber [5]. Of course this is not true for any other number of
undulator periods and can lead to exotic bunching content.
Although this is an interesting feature, one should keep in
mind that 1D modeling neglects the diffraction of the in-
frared laser in the undulator.

HHG Simulations
The HHG simulations start from single-atom response

in the laser field solving the time dependent Schroedinger
equation. The macroscopic response is obtained taking
into account atomic polarizabitliy, free electrons, absorp-
tion, dispersion and beam geometry. This code has been
benchmarked with experimental results [6] and fine-tuned
for the case of very low harmonics.
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The amplitude and the phase of the sixth harmonic
(equal to the third harmonic of the doubled frequency)
HHG field is shown in Fig. 3 for a particular position along
the pulse, close to the maximum of the intensity.
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Figure 3: Amplitude and phase of the sixth harmonic at the
maximum of the intensity.

FEL Simulations
We used the code developed by the Lund Laser Center

to extract the complex field of the HHG pulse and with this
we fed a time-independent GENESIS simulation. The in-
duced energy spread by HHG creates bunching, as shown
in Fig. 4 and thus indicates that a significant second har-
monic content can be expected.
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Figure 4: Bunching at the fundamental wavelength and its
second harmonic along the modulator.

Further studies are on going in order to model the elec-
tron beam and the radiation field in more details. Be-
sides time dependent simulations are envisaged to deter-
mine eventually the expected energy of the CHG radiation.

CONCLUSIONS
In this paper we presented the status of the HHG seed-

ing project at the test-FEL at MAX-lab. Various challenges
will be addressed by this new in-line setup: the electron
beam has to propagate collinearly with the drive laser in-
side the HHG chamber, the harmonics will not be filtered
and the drive laser will shine in the first undulator. Pre-
liminary estimations show that the influence of the infrared
field on the electron beam (and the CHG process) should
be negligible. Besides only the harmonic in resonance with
the magnetic field of the undulator will interact with the
electron beam. The new setup will be implemented during
this fall and the commissioning will follow.
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Abstract  
Instead of seeding a free electron laser in the UV-VUV 

with a frequency doubled or tripled laser or high order 
harmonics, here we investigate and present the first 
results on seeding the SPARC-FEL with a fibre-based 
tunable ultraviolet source. The seed generation system 
consists of a kagome hollow-core photonic crystal fibre 
(HC-PCF) filled with noble gas. Diffraction-limited DUV 
pulses of > 50 nJ and fs-duration which are continuously 
tunable from below 200 nm to above 300 nm are 
generated. The process is based on soliton-effect self-
compression of the pump pulse down to a few optical 
cycles, accompanied by the emission of a resonant 
dispersive wave in the DUV spectral region. The quality 
of the compression highly depends strongly on the pump 
pulse duration, and ideally, pulses < 60 fs should be used. 
Our experimental set-up and associated GENESIS 
simulations enable us to study the utility of the seed 
tunability, and the influence of the seed quality, on the 
performance of the SPARC-FEL in the 200-300 nm 
range. 

 
Single-pass free-electron lasers (FELs) can be used to 

generate powerful short pulses at very short wavelengths. 
Moreover, when seeded with an appropriate pulse, the 
overall properties of the FEL are greatly enhanced 
because the temporal coherence of the seed is transferred 
onto the FEL output wavelength [1,2]. Pulse-to-pulse 
fluctuations usually present when the FEL runs in the self-
amplification spontaneous-emission (SASE) regime are 
also reduced. In addition, in a seeded configuration, the 
required length of the undulator is shorter than a SASE 
configuration. This is an advantage when striving for a 
more compact source. For short wavelength FELs, 
seeding sources include harmonics in gas [3] or 
harmonics of a mode-locked Ti:sapphire (Ti:Sa) laser [4]. 
Here we propose a recently developed ultra-compact 
deep-UV laser source. This tunable source consists of a 
HC-PCF filled with Argon, and pumped with fs-pulses. 
For the conversion from the pump to the UV to be 
efficient, the input pulse duration should not be too long 
(typically < 40 fs) and for this reason it is important to 
adapt our device to seed the SPARC-FEL [5]. 
Calculations using GENESIS show possible 
amplification.  

In HC-PCFs, light propagates in an effectively 
diffraction-free manner, and can then interact efficiently 
with any material filling the core region. Furthermore, the 
very broad transmission window and the ultra-low 
dispersion of a kagome-lattice HC-PCf make it a unique 
tool for controlling nonlinear effects and especially 
spectral broadening [6,7]. Under appropriate conditions, 
an input pulse can experience soliton effects and be self-
compress down to a few cycles, at which point it emits a 
resonant dispersive wave at a phase-matched wavelength 
in the UV spectral range [7,8]. The ultra-low dispersion of 
the fibre can be tuned through the gas pressure. Varying 
the filling pressure allows the tuning of the phase-
matching conditions [9], and therefore the wavelength of 
the generated band. Tunability from < 200 nm to 320 nm 
with argon-filled fibre is possible (Fig.1d). More 
important, the UV band emerges in a single-lobed mode. 
To generated UV-light efficiently, we used ~20 cm of 
kagome HC-PCF sealed between two gas-cells (Fig.1). 
The fibre has a ~28 μm core diameter and low 
transmission loss (~1.1 dB/m at 800 nm) from 700 nm to 
1.2 μm and the pressure of argon can be continuously 
adjusted up to 20 bar. Pumped with a 30 fs long pulse 
from an amplified Ti:Sa laser system, we measured a 
conversion efficiency of more than 8% from the pump 
wavelength to the UV [7].  
 

 

 
Figure 1: (a) Experimental set-up for the generation of 
tunable UV light. (b) A scanning electron micrograph and 
(c) an optical microscograph of the kagomé-fibre. (d) 
Tunable UV generated with various combinations of 
pressure/input power. Each colour corresponds to a 
different spectrum.  
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The process can be explained by numerically solving the 
generalised nonlinear Schrödinger equation, which 
models the propagation of the input pulse along the fibre: 
 

A
z
 i 1 i

0 t
A 2 A  

                    (1) 

 
where A is the complex envelope of the optical field, t is 
the time in a reference frame moving at the group velocity 
v of the input pulse,  is the wavelength-dependent loss,  
is the axial wavevector and  is the inverse Fourier 
transform and 0 is the central frequency of the input 
pulse. The nonlinear contribution of the gas is 
 n2 / (cAeff ) , where n2 is the nonlinear refractive 

index, c the speed of light in vacuum and Aeff  the 
effective area of the core and  the angular frequency of 
the pump. In our case, the core diameter was 28 μm and 

2.2 10 6 W-1m-1
at 10 bar of argon.  Propagation 

of a 1.5 μJ, 30 fs pulse at 800 nm in this fibre filled with 
10 bar of argon is presented in Fig. 2. 
 

 
Figure 2: Temporal and spectral evolution of a 1.5 μJ 
30 fs Gaussian pulse propagating inside 20 cm of 
kagome-fibre filled with 10 bar of argon gas. The 
dispersive wave is generated after ~ 6 cm.  

 
Initially the pulse undergoes soliton-like compression 

(in the time domain) due to self-phase modulation 
induced by the Kerr-nonlinearity and the very low 
anomalous dispersion of the waveguide ( 2=−0.3 ps2/km 
at the pump wavelength). The shock derivative term 
causes the spectrum to extend asymmetrically into the UV 
region. In the second stage the compressed pulse radiates 
resonant dispersive waves into the UV region. In the 
reference frame of the soliton, the phase-matching 
condition between the soliton and the emitted wave is 
given by  

 

disp.( )  sol.( ) (2) 
 
where the wavevector of the soliton is βsol = γP0/2, P0 
being the peak power of the soliton at the point of 
emission [10]. Since the dispersion of the filled-fibre 
depends strongly on the gas pressure, the phase-matching 
condition and consequently the wavelength of the 
generated UV are tunable by varying the pressure. When 
generated, the radiation quickly separates from the 
residual pump due to strong group velocity walk-off 
(Fig. 2a). From the simulations we estimate that the UV 
pulse duration immediately after its generation is ~10 fs. 
A crucial point in this process is the initial compression of 
the soliton. The compression factor (Fc) as well as the 
length required to reach the maximum compression (Lfiss) 
are directly related to the soliton order N by [8] 
 

Fc ~ 4.6 N , Lfiss ~ LD
N

  (3) 

  
where LD=t0

2/| 2| is the dispersion length, t0 is the input 
pulse duration. The soliton order is given by N2 = PLD. 
Unfortunately, the quality of the compression is  N 1, 
the quality of the generated band is then strongly affected 
by N: the longer the pulse duration, the less clean is the 
emerging UV band (Fig.3).  
 

 
Figure 3: Influence of the input pulse duration with 
t0/N=0.2. Spectrum of the UV band is dramatically 
degraded as the input pulse duration increases.  

In the case of the SPARC-FEL, harmonics are generated 
with an amplified Ti:Sa with 160 fs long pulses. To use 
the fibre-base UV-source, it is important to include an 
extra stage in order to compress these pulses down to 20-
30 fs. The compression stage at the output of the 
amplified Ti:Sa prior the UV generation scheme (fig. 4) 
consists of 2 cm of 37 μm core diameter kagome HC-PCF 
filled with 20 bar of krypton. Under such conditions, the 
input pulse propagates in the normal dispersion regime 
and experiences both temporal and spectral broadening. 
The linear chirp of the pulse is then compensated using a 
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pair of chirped mirrors and the pulse is compressed down 
to ~ 25 fs, sufficient for the generation of UV.  

 

 
Figure 4: Two stage set-up. The compression stage 
consists of 2 cm of Kr-filled kagome fibre with 37 μm 
core diameter followed by a pair of chirped mirrors. 
Graphs are simulated from a perfect sech-pulse at the 
input of the compression scheme.    

  
To explore the potential of this new source for seeding a 

FEL, we used the GENESIS code [11] with parameters 
corresponding to the SPARC-FEL. Table 1 presents the 
different parameters used in the simulations, for seed 
pulses at 275 nm.  

  
Table 1: Parameters Used for GENESIS Simulation in the 
Case of Seeding of the SPARC-FEL 

E-beam    
 Energy 176 MeV 
 Current 50 A 
 Emittance 1.0 .mm.rad 
 Energy spread 10-4 
Undulator   
 Period 28 mm 
 Nb. periods/section 77 
 Nb. of sections 6 
 Deflexion parameter K = 0 to 3.4 
Seeding pulse   
 Wavelength 275 nm 
 Energy/pulse <100 nJ 
 Pulse duration 10 fs 
 Peak Power 10 MW 
 
 
Fig. 5 shows the main results of the GENESIS 

simulations. Seeding at 275 nm with an input pulse of 
10 fs-FWHM duration and 10 MW peak power (Fig. 5a), 
leads to amplification in the FEL by one order of 
magnitude. However, the seed rapidly slips over the 
electron bunch and the power then grows at the rear of the 
pulse. This leads to a significant temporal broadening of 
the input pulse. The spectrum is significantly narrowed by 
the FEL bandwidth and shows small ripples on the edged 
of the main spectral peak.  
 
   In summary, we proposed here a new source of tunable 
UV for seeding FELs. The source generates deep-UV 

light, widely tunable by varying the gas-pressure in an 
argon-filled kagome-lattice HC-PCF. The UV is always 
generated in the fundamental mode and conversion 
efficiencies of up to 8% have been measured. The set-up 
is extremely compact and could be integrated into an 
existing FEL, providing access to continuously-tunable 
seed light from < 200 to 320 nm. Simulations on the 
SPARC-FEL show amplification for a typical achievable 
wavelength of 275 nm.  

A European grant (CENILS) has recently been 
accepted with the aim of implementing this fibre-based 
source at FERMI@Elettra, in Trieste. 
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Figure 5: Simulations using the Genesis code with 
parameters given in Table 1. 
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THE RADIATOR-FIRST HGHG MULTI-MHz X-RAY FEL CONCEPT

M. Reinsch∗, G. Penn, LBNL, Berkeley, CA 94720, USA
P. Gandhi, J. Wurtele† , University of California, Berkeley, CA 94720, USA

Abstract
A novel configuration for a high repetition rate X-ray

FEL is investigated. In this scheme longitudinally coherent

FEL pulses are obtained using a high gain harmonic gen-

eration (HGHG) system in which the seed power is gener-

ated in an FEL oscillator downstream of the HGHG sec-

tion. The oscillator is powered by the spent beams that

leave the HGHG radiator. Radiation from the oscillator is

sent to the modulator of the HGHG section. The dynamics

and stability of the radiator-first scheme is explored analyt-

ically and numerically. A single-pass map is derived using

a semi-analytic model for FEL gain and saturation. Iter-

ation of the map is shown to be in good agreement with

simulations. A numerical example is presented for a soft

X-ray FEL in which the oscillator operates at 13.4 nm and

HGHG radiation is generated at 1.34 nm. This radiator-first

configuration potentially solves (i) the challenge of finding

sources to seed future FELs driven by multi-MHz super-

conducting RF linacs and (ii) the difficulty of producing

X-ray radiation with a bunch that exits an oscillator in the

more “natural” configuration in which the oscillator pre-

cedes the radiator.

INTRODUCTION
Superconducting linear accelerators (sc linacs) operating

in continuous wave (cw) mode have the ability to produce

high quality electron beams with bunch repetition rates of

MHz and above [1]. There is a strong interest in X-ray

beamlines that can deliver pulses with a high average flux

at a non-destructive peak flux. FEL oscillators can meet

these goals and provide longitudinal coherence, but tun-

ability and availability at specific wavelengths are limited

by mirror technologies. In the soft x-ray regime, the state

of the art multilayer mirrors can only be made to reflect

at certain wavelengths. Many seeding schemes have also

been proposed to provide longitudinal coherence and allow

for tunability, but rely on high power external lasers [2] that

would limit the repetition rate at which they can operate.

Wurtele, et al., [3] have proposed various schemes for

producing longitudinally coherent light at high repetition

rates by modifying these seeding schemes to remove the

need for external lasers. The underlying idea is to use the

electron beam to generate the required radiation instead of

using a laser. The “radiator first” scheme makes further use

∗mwreinsch@lbl.gov
† also at LBNL, Berkeley, CA 94720, USA

of the electron beam after the target radiation has been gen-

erated in order to produce the seed radiation for a harmonic

generation scheme [4, 5]. Wurtele et al originally proposed

this in conjuction with echo-enabled harmonic generation

(EEHG) [6]; here we consider a high gain harmonic gen-

eration (HGHG) [7] scheme. The current configuration is

less technically challenging in terms of hardware and re-

quirements. It also allows for a straightforward analysis

which yields useful expressions for quickly finding work-

able parameters, and provides insight into the operation of

coupled radiator-oscillator FEL systems.

In this paper, we first provide a description of the HGHG

radiator-first scheme, and then give examples of a simpli-

fied pass-to-pass map which models the evolution of this

system. The dynamics predicted from this map are com-

pared to time-independent, one-dimensional simulations

for a soft x-ray case.

A MODIFIED HGHG LAYOUT
The major motivation for considering the type of scheme

diagrammed in Fig. 1, as was mentioned in the introduc-

tion, is that it eliminates the need for an external seed laser.

Since the electrons are doing all the work of generating the

seed and target radiation, the limiting factor on the repeti-

tion rate is now the electron source and accelerator. The

HGHG section is laid out as in the conventional scheme,

but it is surrounded by a system for the production and

transport of the modulating laser pulse, based on the elec-

tron beam after passing through the radiator. While the ra-

diator delivers a stream of radiation pulses to the user, the

electron beam coming out of the radiator is also used to

drive an oscillator which is tuned to the same wavelength

as the modulator. Each seed pulse has been outcoupled and

transported from this oscillator during the previous pass or

passes. The longitudinal coherence of the oscillator pulse

should lead to longitudinal coherence of the pulse delivered

to users.

Others have considered similar schemes in which the os-

cillator is used in place of the modulator, but only with the

oscillator placed before the radiator [8, 9, 10]. This may

seem like the simplest option since the combined modula-

tor/oscillator produces its own field, but the oscillator tends

to induce a large energy spread that significantly degrades

the performance of the radiator. It is also difficult to prevent

the beam from becoming overbunched out of the modula-

tor at saturation. While using a transverse optical klystron

configuration has been shown in simulations to help control
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Figure 1: A schematic of a radiator-first configuration for oscillator seeding of a high gain harmonic generation FEL.

Electron bunches are shown as blue ovals and the path of the radiation as dashed red lines. The power in the modulator

seen by a bunch is generated in the oscillator by earlier bunches. The transfer line taking the electron beam from the

radiator to the oscillator is not shown in detail because it has little effect on performance; the only requirement is that

short-wavelength bunching should be suppressed.

the saturation power [3, 11], there is no need for this in the

radiator-first scheme as we are not interested in the phase

space of the electron beam after the oscillator, and thus are

less constrained in oscillator design.

The radiator section and oscillator section each have a

distinct energy bandwidth, and the energy spread will grow

to some fraction of this bandwidth. To approach optimal

performance, it is beneficial to have as large a difference

between the FEL bandwidths as possible, and to have the

bandwidth of the upstream elements be narrower than the

downstream elements. Because the radiator wavelength is

the shortest one, its FEL bandwidth is usually smaller than

that of the oscillator. This is one major reason why it is

convenient to arrange for the electron beam to pass through

the radiator first, and then the oscillator. For simplicity, our

simulations include a strong chicane between the radiator

and oscillator to fully debunch the beam.

We consider an oscillator at 13.4 nm wavelength, where

multilayer mirrors are available [12] that can achieve a

round-trip reflectivity of 0.5, and a radiator tuned to the

10th harmonic.

SIMPLIFIED PASS-TO-PASS MAP
The generation and transport of radiation from the oscil-

lator to the modulator forms a loop which leads to feedback

from one pulse to the next. This has a significant impact on

the dynamics, including the equilibrium state and its stabil-

ity. Generally, if more (or less) radiation is extracted in the

radiator, the energy spread of the beam will be increased

(or decreased) as it enters the oscillator, which acts to de-

crease (or increase) the gain in the oscillator. This leads to

a change in the modulation induced at a later pass, and thus

in the power produced in the radiator.

We have developed an analytic map for the dynamics

of the radiator-first HGHG configuration based on a one-

dimensional FEL model which includes a correction for the

effect of energy spread [13]. The full details of the map

analysis will be found in Ref. [14]. This map can be used

to estimate and understand the output levels and dynam-

ics of this configuration, including whether or not a stable

equilibrium point will be reached.

The simplest result occurs for the case where each bunch

receives the radiation produced by the preceding bunch (in

turn affected, via the oscillator, by all earlier bunches as

well). In this case, the peak intensity, I , in the oscillator

satisfies the following nonlinear iterative map from bunch

to bunch:

Ik = RIk−1
G(σk)

1 + [G(σk)− 1]RIk−1/Isat(σk)
, (1)

where R is the total power reflection coefficient for the ra-

diation after one pass around the oscillator, σk is the rel-

ative energy spread of bunch k going into the oscillator,

Isat(σk) is the nominal intensity at saturation, and G(σk)
is the linear gain through the undulator in the oscillator.

The energy spread σk depends on both the final oscillator

power from the previous pass and the parameters of the

HGHG stage [16].

This expression incorporates a decrease in growth rate

as the intensity approaches the saturation value [15] (hence

the factor Ik−1/Isat in the denominator) and the effect of

energy spread to reduce both the linear growth rate and sat-

uration intensity [13]. The dependence of the equilibrium

point on the choice of R56 is shown in Fig. 2. The oscilla-

tor is taken to have R = 0.5 and G(σ = 0) = 9.5. Note

that the slope, which is the multiplication factor for small

deviations from the equilibrium point, always has magni-

tude less than unity, corresponding to stable dynamics. At

the optimum choice of R56, the oscillator intensity is 0.70

of the maximum possible saturation value, while the radia-

tor intensity is 0.16 times the equivalent maximum output

at 1.34 nm. Also of interest is that, based on estimates of

shot noise, the system always reaches its saturation value

after less than 20 bunches have passed through, although

for a poor choice of R56 that saturation value will be es-
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sentially zero. This rapid convergence arises naturally from

optimizing the power coming from the radiator, but is not

necessarily the best choice if stability is the predominant

concern.
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Figure 2: Bottom plot: Equilibrium intensity of oscillator

(red) and radiator (blue); dashed lines show nominal sat-

uration values. Top plot: Slope of transfer map from one

pass to the next; values with magnitude > 1 would corre-

spond to unstable dynamics, leading to oscillations.

We can also use this analysis to consider the sensitivity

to drift in electron beam parameters. For example, changes

in peak current or energy spread will modify the gain and

saturated intensity levels in both the radiator and oscillator.

If we consider only variations to energy spread for a fixed

beamline configuration (including the value of R56), the

resulting changes in the dependence of oscillator power on

oscillator power in the previous stage are shown in Fig. 3.

Here the intensity X is scaled to Isat(σ = 0). We note that

a reduction in energy spread by roughly 15% increases the

gain sufficiently to lead to an unstable equilibrium point.

Even before the fixed point becomes unstable, the value

of the equilibrium point shows a strong sensitivity to the

energy spread, as shown by the shift in position of the in-

tersection of the curve with the line Xk = Xk−1. Note that

higher energy spread leads to higher equilibrium power in

the oscillator, because it reduces the bunching at the start

of the radiator, and thus the final power and energy spread

coming out of the radiator.

Overall, the model considered here agrees well with sim-

ulations using time-independent, one-dimensional dynam-

ics including energy spread. However, both the model and

simulations should be extended to include pulse propaga-

tion in time and multi-dimensional effects. More sophisti-

cated treatments of both the oscillator and radiator should

be incorporated in the future.
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Figure 3: A selection of maps characterizing the depen-
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previous pass. The nominal energy spread and several per-

turbations from this value are shown.
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Prospects for a 1 Å Free-Electron Laser, Sag Harbor, NY,
1990, edited by J.C. Gallardo, BNL Report 52273 (1991)

Proceedings of FEL2012, Nara, Japan TUPD19

Seeding and Seeded FELs 275 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



[9] F. Ciocci et al., IEEE J. Quantum Electron. 31 (1995) 1242–

1252.

[10] G. Dattoli, B. Faatz, L. Giannessi and P.L. Ottaviani, IEEE

J. Quantum Electron. 31 (1995) 1584–1590.

[11] J.N. Corlett et al., “Design Studies for a Next Generation

Light Source Facility at LBNL”, Proceedings of the 2010
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SOFT X-RAY SASE AND SELF-SEEDING STUDIES FOR A
NEXT-GENERATION LIGHT SOURCE

G. Penn∗, P.J. Emma, D. Prosnitz, J. Qiang, M. Reinsch, LBNL, Berkeley, CA 94720, USA

Abstract
In the self-seeding scheme, the longitudinal coherence

and spectral density of an unseeded FEL can be improved

by placing a monochromator at a location before the radi-

ation reaches saturation levels, followed by a second stage

of amplification. The final output pulse properties are de-

termined by a complex combination of the monochroma-

tor properties, undulator settings, variations in the electron

beam, and wakefields. We perform simulations for the out-

put of SASE and self-seeded configurations for a soft x-ray

FEL using both idealized beams and realistic beams from

start-to-end simulations.

INTRODUCTION
The longitudinal coherence and spectral density of a

SASE FEL can be improved without using an external seed

by introducing a monochromator in the middle of the un-

dulator beamline [1]. The narrow bandwidth selected by

the monochromator will act as a seed in the following un-

dulators, leading to a final bandwidth that can be much

narrower than the original SASE bandwidth. A hard X-

ray version of such a device [2] has been implemented and

tested at LCLS [3]. A soft X-ray self-seeding beamline is

currently under development for implementation at LCLS

as well [4]. Here, simulations of a soft x-ray self-seeded

beamline are presented using a beam tracked from an RF

injector through a superconducting (SC) linac.

SELF-SEEDING SCHEME
The self-seeding scheme, shown in Fig. 1, breaks the

SASE configuration into two parts, with a monochromator

and chicane in between. The noisy SASE bunching is elim-

inated by the chicane, and the monochromator selects a nar-

row bandwidth to seed the second stage. The monochroma-

tor should be roughly in the middle of the undulator length,

constrained to be far enough downstream so that enough

power gets through the monochromator to overcome shot

noise, but not too far that the increased energy spread of

the beam entering the second stage seriously degrades the

FEL performance. To reach saturation, the total undulator

length must be increased from that of a SASE beamline by

enough to compensate for the following effects: the reduc-

tion in radiation power due to both the narrower bandwidth;

losses or mismatch in the radiation transport; an effective

loss in power by a factor of roughly 9 as some of the radia-

tion field couples to FEL modes which do not get amplified;

and the increased gain length in the second stage due to the

increase in energy spread. For a monochromator with a

∗gepenn@lbl.gov

bandwidth selection of around 20 meV, for a relative band-

width of a few times 10−5, and a 10% transport efficiency

in this bandwidth, an extra 5 undulator sections (16 m of

undulator) are required. Overall, there is a factor of almost

104 in power amplification, which corresponds to around 9

gain lengths, that must be added to the FEL beamline.

Only planar undulators are considered; polarization con-

trol can be obtained through the use of cross-planar un-

dulators at the very end of the beamline [5]. The current

design places two such undulator sections at the end of the

beamline for maximum flexibility. The possibility of ad-

ditional undulators are added to the beginning and end of

the beamline to account for expected imperfections, such as

undulator field errors and steering errors which are allowed

a budget of a 10% increase in gain length, and unknown

effects which may degrade the electron beam quality or the

efficiency of the monochromator.

BEAMLINE PARAMETERS
The nominal parameters and those obtain in full start-

to-end (S2E) simulations starting from the injector [6] and

passing through a SC linac [7] are shown in Table 1. How-

ever, the beamlines are designed to be able to handle a

worse beam emittance, of up to 0.9 μm, as well as an en-

ergy spread of 150 keV. The energy spread is adjustable by

the use of a laser heater [8], to damp out microbunching

instabilities.

Table 1: Electron beam parameters, both original nominal

parameters and results from S2E simulations. Except for

bunch charge, parameters correspond to typical values in

the core region of the bunch.

Nominal S2E core

Bunch charge 300 pC 300 pC

Electron energy 2.4 GeV 2.4 GeV

Slice energy spread 100 keV 90 keV

Slice transverse emittance 0.60 μm 0.75 μm

Peak current 600 A 450 A

The beamline is designed to cover the range in photon

energies from 270 eV (just below the Carbon K-edge) up

to 1.24 keV. We focus on undulators using superconduct-

ing (SC) technology with relatively short undulator period,

to provide the full tuning range with reasonably large (not

much smaller than unity) dimensionless undulator param-

eter at the highest photon energy. SC undulators have the

advantage of being able to produce higher magnetic fields

for a larger gap, especially for undulator periods shorter
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Figure 1: A schematic of the self-seeding configuration. The last two undulator sections are for polarization control. The

two before that are contingency in case the beam quality is worse than expected, as are the first three undulator sections.

An additional undulator before and after the monochromator are to make up for steering and undulator errors, which have

not been included in the simulation.

than 30 mm. This allows for more compact beamlines,

and lower energy beams, and larger undulator parameters.

There is also the possibility that SC undulators will be

more robust to the environment resulting from a high aver-

age beam power that could approach 1 MW. The undulator

period is taken to be 19.4 mm, and the magnetic gap be-

tween undulators is 7.5 mm, which allows the inner diam-

eter of the beampipe to be 6 mm. Each undulator section

has a length of 3.3 m, with breaks of 1.1 m containing a

quadrupole, phase shifter, diagnostics, and orbit correctors.

At a resonant photon energy of 1.24 keV, the gain length

is 2.0 m, and the effective FEL parameter is 4× 10−4. The

effective shot noise power is 35 W. To ensure that shot noise

is strongly suppressed in the second stage, we intend to

keep the seeding power delivered by the monochromator

above 100 times this value, or 3.5 kW.

START-TO-END SIMULATIONS
Simulations for a 300 pC electron bunch have been per-

formed from the injector through the first set of cryomod-

ules for acceleration using the ASTRA code. These parti-

cles have then been tracked through the linac and spreader

using Elegant. The longitudinal beam distribution at the

entrance of the undulators is shown in Fig. 2. Although a

model for the laser heater has been included in these stud-

ies, the full range of self-forces which lead to longitudinal

instabilities have not been included, so the microbunch-

ing instability is not accurately modelled. Nevertheless,

the FEL performance should not be significantly affected

if a modest additional increase in initial energy spread is

required.

The FEL itself is modeled using the GENESIS simula-

tion code [9], plus a simplified model for the monochro-

mator which assumes a narrow enough selected bandwidth

that the resulting radiation pulse is nearly coherent both

longitudinally and transversely. At the entrance to the

monochromator, the radiation at 1.24 keV has of order 100

SASE spikes, with peak powers at the level of 10 MW.

The total pulse energy is 1.8 μJ. If continued to saturation,

the total pulse energy would grow to 140 μJ. The assumed

monochromator performance reduces the bandwidth to the

point where the seed pulse going in to the next undulator is

close to the transform limit, the pulse energy is reduced to

1.8 nJ, and the peak power is roughly 4 kW. In contrast to

SASE radiation, the temporal profile is smooth as well.

Figure 2: Longitudinal phase space of the beam entering

the FEL. Insignificant power is generated for t > 0, and

this region is not included in simulations.

In the second stage, the radiation remains mostly coher-

ent and grows to 210 μJ. The resulting spectrum is shown

in Fig. 3, with a FWHM bandwidth of 25 meV; most of the

power lies within a range of 70 meV. By contrast, the spec-

trum for an equivalent SASE simulation is shown in Fig. 4.

Without the monochromator, the bandwidth is of the order

of 1 eV, and the individual spikes will vary shot to shot.

Even the strongest spikes in the spectrum are over an order

of magnitude below the self-seeded spectrum in terms of

spectral density.

To understand the reason for the presence of radiation

outside of the monochromator bandwidth, it is necessary

to look at the variation of the slice average energy with

longitudinal position. In addition to the initial longitudi-

nal distribution at the first undulator, resistive wall wake-
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Figure 3: Spectrum from a full S2E run for the self-seeded
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Figure 4: Spectrum from a full S2E run for a basic SASE

beamline. The total length of undulator used is 36 m. Note

the difference in horizontal scale.

fields induce additional energy chirps in the electron beam

as it propagates through the undulators. The small beam

pipe diameter of 6 mm causes these wakes to be signifi-

cant. In these simulations, the wakes were calculated using

a model for cold copper (∼ 4K) which takes into account

the anomalous skin depth effect.

These energy variations lead to position-dependent shifts

in radiation phase, as seen in Fig. 5. The regions where

the radiation phase is flat correspond to the flat regions in

the original energy profile and in the resistive wall wake

fields. The beam used here had less bunch compression ap-

plied to it than in the nominal configuration. One benefit

of lengthening the bunch is to lengthen the flat regions in

the bunch. Additionally, the peak wake field near the head

of the pulse due to the “impulse” of the onset of the bunch

mostly misses the target region of the beam where the cur-

rent is high. These two benefits together allow for a long

section of the output pulse with a fairly flat phase. Finally,

reducing the peak current reduces the magnitude of both

the wakes and energy offsets. The amplitude of the en-

ergy variations maps directly to the amplitude of the phase

modulations, which in this case are mostly held to a range

of ±1 radian, except for the region around −100 fs where

there is a “knee” in the longitudinal distribution. This re-

gion near the tail of the high-current core of the beam is the

largest contributor to the distortion of the laser seed coming

out of the monochromator.

A good approximation for the shift in phase due to en-

ergy deviations in the electron bunch is given by:

Δθ � 0.6× 4π
Lu − 1.5Lg

λu
η , (1)

where η is the relative energy offset from the optimal value.

This expression holds in the exponential regime where the

growing mode dominates over the other modes, but before

saturation. At saturation, and even near saturation, not only

does the rate of phase slippage decrease but the energy off-

sets themselves begin to damp out due to nonlinear effects.

Linear 1D theory yields a factor of 2/3 rather than 0.6. The

phase shift of an electron relative to a nominal plane wave

is given by the same expression without the factor of 0.6.

Thus, the actual phase drift can be viewed as the electrons

and radiation field adopting a compromise phase between

their natural values. Because wake fields lead to a linear

change in energy with propagation distance, they will intro-

duce a quadratic dependence of phase on undulator length,

but the process is the same.

CONCLUSIONS
A start-to-end example of a soft x-ray self-seeded FEL

has been studied based on an electron beam simulated from

the injector to the final beam energy. This example has

been shown to yield only a small increase of the bandwidth

beyond that selected by the monochromator. The good co-

herence of the x-ray pulse was achieved by reducing the

bunch compression in the linac from the nominal value, in

order to make the slice energy more uniform through the

high-current portion of the pulse. Other techniques for im-

proving the coherence of the output pulse should be evalu-

ated, in order to allow for higher peak current in the core of

the electron bunch if so desired.
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SELF-SEEDING DESIGN FOR SwissFEL 

E. Prat, S. Reiche, PSI, Villigen, Switzerland 
D.J. Dunning, ASTeC, STFC Daresbury Laboratory, United Kingdom

Abstract 
The SwissFEL facility, planned at the Paul Scherrer 

Institute, is based on the SASE operation of a hard        
(1-7 Å) and soft (7-70 Å) X-ray FEL beamline. In 
addition, seeding is foreseen for the soft X-ray beamline 
(down to a wavelength of 10 Å), and it is currently also 
under consideration for the hard X-ray beamline. We have 
investigated two methods, Echo-Enabled Harmonic 
Generation (EEHG) and self-seeding for each of the two 
FEL beamlines. Presently we consider self-seeding the 
most robust and lowest risk strategy for both lines. The 
paper discusses our considerations and presents the design 
of self-seeding implementation for the soft and the hard 
X-ray beamlines including the layout and simulation 
results.  

INTRODUCTION 
Seeding for FELs has several advantages in comparison 

to SASE radiation: the longitudinal coherence is increased 
and therefore the FEL brilliance is improved, the pulse to 
pulse spectral stability is increased, the temporal pulse 
shape is improved, etc. Operation of a seeded soft X-ray 
beamline is planned at SwissFEL for 2018 down to a 
wavelength of 1 nm [1], and it is presently also under 
investigation for the  hard X-ray beamline.  

Echo-Enabled Harmonic Generation (EEHG) [2] has 
been considered until recently the first choice for seeding 
at the soft X-ray beamline of SwissFEL, based on 
successful demonstration for wavelengths of hundred 
nanometers [3, 4] and the potential to produce high 
bunching directly at 1 nm. A design of seeding based on 
EEHG for the soft X-ray beamline of SwissFEL was 
presented one year ago at this conference [5]. We 
considered some effects like ISR/CSR that limit the 
EEHG performance at short wavelengths (i.e. below        
5 nm). However, other effects such as the transport of the 
fine EEHG structures through the magnetic lattice or 
intra-beam scattering [6] limit even more the EEHG 
performance and make it very difficult and risky to work 
at 1 nm.  

Self-seeding [7] is currently the only seeding scheme 
that does not exhibit stringent “short wavelength” 
limitations, like all the other “laser-based” approaches do, 
therefore being the most robust and lowest risk strategy to 
seed a soft X-ray [8]. The classical self-seeding proposals 
had a long monochromator section (of about 20-25 m) 
and a complicated electron beam line with many 
quadrupoles and sextupole magnets. Recently a compact 
design with reduced resolution within less than 4 m has 
been proposed [9], making this option much more feasible 
and realistic. As a consequence we consider self-seeding 
as the first option for seeding the soft X-ray beamline of 
SwissFEL. 

Self-seeding is also a strategy, so far the only one, 
which allows to seed a hard X-ray FEL [10, 11]. A proof-
of-principle experiment of the self-seeding scheme based 
on the proposal of Geloni et al [11] was successfully 
carried out at LCLS for hard X-rays at the beginning of 
this year [12]. Therefore we are also considering 
implementing the self-seeding scheme in the hard X-ray 
beamline of SwissFEL.  

Self-seeding uses the SASE-FEL radiation output to 
provide an at-wavelength seed signal within the FEL 
beamline. Figure 1 shows a generic layout of the self-
seeding scheme for soft and hard X-rays. The first 
undulator stage generates normal SASE-FEL radiation. 
After that the FEL radiation goes through a 
monochromator, while the electron beam travels through 
a magnetic chicane. Finally in the second undulator stage 
the transmitted “short-bandwidth” radiation overlaps with 
the electron beam to produce seeded-FEL radiation. Apart 
from separating the electron beam from the radiation, the 
chicane delays the electron to allow the longitudinal 
overlap between the electrons and the photons, and 
smears out the electron bunching created at the first 
undulator section to eliminate the SASE information 
imprinted in the electron bunch. The first undulator stage 
works in the exponential regime before saturation to 
avoid a blow-up of the energy spread of the electron beam 
that would prevent the beam to amplify the FEL signal in 
the second stage. At the same time it has to provide 
enough radiation so that at the second undulator stage the 
seed power is well above the shot-noise level. 

The difference between the hard and the soft X-ray is 
the monochromator. For soft X-rays a grating 
monochromator can be used, while for hard X-rays a 
crystal (e.g. diamond crystal) is used. For both cases the 
intersection with the monochromator (grating or crystal) 
and the chicane can be placed in a section of about 4 m, 
i.e. roughly the space occupied by a typical undulator 
module. 

 

 

Figure 1: Generic layout of the self-seeding scheme for 
soft and hard X-rays.  
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SOFT X-RAY BEAMLINE 
The SwissFEL undulator modules for the soft X-ray 

beamline are 4 m long, the period length is 40 mm and 
they have a variable gap. The section between modules is 
0.75 m long and contains quadrupole magnets to focus the 
beam and to perform beam-based alignment, and dipole 
correctors to control the electron trajectory. The electron 
energy can be tuned between 2.5 and 3.3 GeV, which 
allows to cover the total wavelength range for SASE   
(0.7 nm – 7 nm) and seeding (1 nm – 7 nm).  

We have reserved the space of one undulator module 
(4.75 m) for the grating monochromator and the chicane. 
We use the concept of the monochromator developed by 
Feng et al at LCLS [9]. The proposed monochromator is 
composed of three mirrors and a rotational VLS grating. 
The grating adopts a constant focal-point mode in order to 
have a fixed slit location. The first mirror focuses the FEL 
beam generated at the first undulator stage on the slit 
position. The second mirror and the grating select the 
wavelength with little variation in path length, resulting in 
an optical delay between 3.3 and 3.5 ps for a range 
between 200 and 1000 eV, which is compensated by 
adapting the strength of the magnetic chicane. The last 
mirror focuses the FEL to match the size with the electron 
beam at the entrance of the second undulator stage. The 
total optical beamline length from the source to the image 
is about 6 m, and the length between first and last optical 
components is about 2.3 m. The resolving power is about 
4500 at wavelengths around 1.5 nm, and we assume a 
transmission efficiency of 1% at resonant frequency.    

 The four dipoles of the magnetic chicane are 0.4 m 
long and can deflect the electron beam up to an angle of 3 
degrees. The drifts between dipoles are 0.5 m long.  This 
is sufficient to provide a time delay to the electron beam 
up to approximately 7 ps.   

Electron Beam Requirements and Lattice Design 
In order to find an optimum solution which balances 

the electron beam requirements, the FEL performance and 
the number of required modules, we have done 
simulations for different electron currents and number of 
modules in the first undulator stage. Simulations are done 
for a radiation wavelength of 1 nm. The chosen energy is 
3.3 GeV, since for higher energies higher FEL powers are 
generated. Moreover the transverse emittances and beam 
sizes are smaller for higher energies. 

For each setting we have placed the necessary modules 
in the second station to reach saturation. Genesis [13] is 
used to perform the simulations in the two undulator 
stages. For the grating monochromator we assume a 
transmission efficiency of 1% at the central wavelength, 
with a resolving power of 4500.  

We use the SwissFEL design parameters: a normalized 
emittance of 0.43 μm and an initial uncorrelated energy 
spread of 350 keV. The bunch charge is 200 pC. We have 
considered electron beam peak currents of 2.7 kA 
(nominal case for the hard X-ray beamline at 200 pC)   
2.0 kA and 1.5 kA. Five or six modules are sufficient in 

the first undulator section for 2.7 and 2.0 kA, while for 
1.5 kA at least seven modules are required for the first 
stage.   

Figure 2 shows the FEL power along the second 
undulator stage for the different considered cases, and 
table 1 indicates the FEL power and the bandwidth 
improvement with respect to SASE at the end of the 
second undulator stage. We have done five different 
simulations per each case using different seeds for the 
generation of the shot noise, to account for the 
fluctuations of the seed signal. Considering the spectrum 
bandwidth indicated in the table, the best cases are five 
modules in the first stage at 2.7 kA and six modules at  
2.0 kA. We have decided to choose the solution with     
2.0 kA since the performance is similar to the one with 
2.7 kA, only two more modules are needed, and the 
electron beam requirements are significantly relaxed. The 
bunch has 50% less compression than for the nominal 
case (2.7 kA), which relaxes the rf tolerances and 
mitigates the CSR effect in the switchyard that separates 
the two beamlines of SwissFEL. For longer wavelengths 
the bunch can be further decompressed.  
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Figure 2: Power along the second undulator stage for the 
different considered cases at 1 nm (logarithmic scale).  

Table 1: Seeded FEL Performance  

Current [kA] # modules Power [GW] 
Spectrum 

improvement 

2.7 5/6 8.5 ± 0.69 21.5 

2.7 6/6 4.5 ± 0.52 11.6 

2.0 5/7 5.2 ± 0.49 12.7 

2.0 6/7 5.0 ± 0.2 21.5 

1.5 7/7 3.2 ± 0.13 10.5 

 
The final lattice consists of seven modules in the first 

stage (6+1 reserve) and eight in the second stage (7+1 
reserve). All the simulations presented below are 
considering 6 and 7 modules and a beam current of 2 kA. 
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Figure 3 shows the spectrum after the first undulator stage 
(SASE) and after the second undulator stage (seeded 
radiation) for simulations with different shot-noise seeds.  
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Figure 3: Spectrum for self-seeding (blue) and SASE 
(red). The bandwidth gets reduced by a factor of 20. 

Optimization by Detuning and Tapering 
The performance of the second FEL stage can be 

improved by detuning, i.e. by reducing the undulator field 
below the resonance condition. This allows the electron 
beam to resonate with the FEL radiation longer than the 
resonant case, and it compensates the energy loss of the 
electrons in the first stage. Optimization to minimize the 
gain length or to maximize the FEL power is mutually 
exclusive. In our case we have optimized the gain length. 
Apart from detuning we have introduced linear tapering 
in the last three modules: we have gradually decreased the 
field strength of these modules to allow the electrons with 
lower energy to maintain the resonance condition with the 
FEL radiation, therefore increasing the FEL power above 
the saturation level. We have done the simulations for one 
representative case of the five shot noise realizations.  
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Figure 4: Gain length as a function of detuning amplitude 
(left plot) and FEL power as a function of linear taper 
amplitude (right plot).  

The left plot of figure 4 shows the dependency of the 
gain length of the second stage as a function of the 
detuning amplitude; i.e. the relative change of the K-
parameter of the second stage with respect to the first one. 
To minimize the gain length the undulator parameter has 
to be reduced by about 0.5 %. The right plot shows, for 
the best detuning parameter, the dependency of the final 
FEL power as a function of the linear tapering amplitude, 
defined as the relative change of the undulator field over 
the entire taper length. The maximum FEL power is 
above 16 GW and corresponds to a linear taper amplitude 
of 1.2 %. Figure 5 shows the FEL power along the whole 
undulator beamline for the chosen configuration, with and 
without optimization.  
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Figure 5: Radiation power with and without optimization. 

HARD X-RAY BEAMLINE 
The present design lattice for normal SASE operation 

consists of 12 undulator modules, which are 4 m long, 
have variable gap and their period length is 15 mm. The 
distance between modules is 0.75 m. The beam energy is 
5.8 GeV, which allows achieving a wavelength range 
between 1 Å and 7 Å. The facility is able to accommodate 
up to seven more modules for potential future upgrades. A 
study has been carried out to assess the potential for 
implementing self-seeding using a wake monochromator 
[11] at the shortest wavelength of 1 Å.  

The present study has been done at 10 pC, since for 
lower charges the required undulator length to achieve 
saturation is reduced, and because it is more efficient and 
practical to provide the delay introduced in the 
monochromator (about 25 fs) to shorter bunches.  

The FEL interaction is simulated with Genesis [13]. For 
the monochromator we use a model based on dynamic 
diffraction theory, which confirms the model by Geloni et 
al [11] that reconstructs the transmission function of the 
crystal based on the Kramers-Kronig relation. As an input 
for the simulations we use the electron beam design 
parameters for 10 pC: the peak current is 1.5 kA, the 
normalized emittance is 0.15 μm, the energy spread is  
350 keV, and the bunch length is 2.66 fs (rms).  
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The first part of the study was to optimize the number 
of modules required in the first undulator stage. The 
number of modules was varied between 4-6 and sufficient 
length was allowed in the second stage to reach 
saturation. For each case, ten simulations were carried out 
with different shot noise seeds. Figure 6 shows the seed 
generated in the monochromator, together with output 
from the second undulator stage, for 4-6 modules in the 
first stage. Increasing the number of modules in the first 
undulator stage increases the seed power, with the case 
with 6 modules in the first stage showing the clearest 
seeding effect in the spectral plots. The bandwidth 
improvement with respect to SASE is about 10. It should 
be noted that with seven (or more) modules in the first 
stage the FEL would saturate, which would generate a 
blow-up of the energy spread that would prevent the FEL 
amplification in the second stage. The final optimized 
lattice consists of six modules in the first stage and seven 
in the second (plus two modules for reserve).  

 

Figure 6: Simulation results for (a) 4, (b) 5, and (c) 6 
modules in the first stage. For each case the seed 
generated in the monochromator (left), power profile at 
saturation in the second stage (centre) and corresponding 
spectrum (right) are shown. Grey lines are individual shot 
noise realizations and black lines are the average. 
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Figure 7: Radiation power along the second undulator 
stage, with and without detuning.  

The second undulator stage has been optimized by 
detuning for the case with six modules in the first stage. 
One of the ten shot noise realizations was chosen as a 
representative case for this. The resonant wavelength of 
the second undulator stage was varied by detuning the 
undulator parameter in order to minimize the gain length. 
The optimum detuning was found to be with the undulator 
parameter reduced by 0.11 %. Figure 7 shows the FEL 
performance for the representative case, with and without 
optimizing the detuning of the second undulator stage.  

OUTLOOK 
Full 6D start-to-end simulations will be performed for 

the two beamlines of SwissFEL. For the soft X-ray 
beamline a “dechirper” [14] will be used to remove the 
residual energy chirp of the beam coming from the linac 
section, because a residual chirp reduces the increase of 
the brightness by self-seeding. For the hard X-ray 
beamline, work to further optimize the second undulator 
stage through tapering the undulator parameter will be 
done. Moreover, self-seeding with higher charges will be 
studied.  

Finally, we will extensively work on the design of the 
monochromators for the two beamlines. For the grating 
monochromator, our work will be based on a very recent 
design by Feng et al [15], which has an equivalent 
resolving power than the considered monochromator in 
this paper but it is more compact (the delay is ~ 1 ps). 
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GENERATING MULTIPLE SUPERRADIANCE PULSES IN A SLIPPAGE-
DOMINANT FREE-ELECTRON LASER AMPLIFIER 

X. Yang, Y. Shen,  
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY 11973, USA 

 

Abstract 
We report the first numerical demonstration of the generation 

of multiple superradiance pulses in a slippage-dominant free-
electron laser amplifier. In this simulation, the 1st and 2nd 
multiple radiation-pulses are created from the deformation of the 
longitudinal phase space.  Our simulation confirmed 
controllability over the temporal profile of these pulses, and 
paves the way for applying this technique, such as generating 
multiple pulses for slippage-dominant laser-seeded FELs. 

INTRODUCTION 
The free-electron laser (FEL) is a tunable source of 

coherent radiation, ranging from terahertz (THz) waves to 
hard X-rays, with the capability for femtosecond time-
resolution.  Progress was made recently in single-pass 
FELs in moving toward the X-ray region of the spectrum, 
such as the self-amplified spontaneous emission (SASE) 
FEL that successfully lased from soft X-rays down to 
1.5Å [1,2], the laser-seeded FEL amplifier [3], and the 
high-gain harmonic generation (HGHG) FEL [4] that 
emitted radiation in the deep ultraviolet (DUV), i.e., 
below 300nm. One of the main advantages of the HGHG 
and laser-seeded FEL over the SASE FEL is that they 
produce temporally as well as transversely coherent 
pulses. In contrast, SASE radiation starts from the initial 
shot-noise of the electron beam, so that the resulting 
radiation exhibits excellent spatial but a rather poor 
temporal coherence.  

In this report, we present numerical evidence for a new 
slippage-dominant superradiance FEL interaction regime, 
wherein the emitted FEL pulse is followed by multiple 
pulses, which we dubbed a “multi-pulse regime”. This 
dynamic behavior occurs in seeded FELs where the 
duration of the seed pulse is short; it may be important for 
next-generation short-wavelength-seeded FELs, such as 
FERMI [5], and LCLS-II [6]. Understanding control of 
these regimes is essential for optimizing the power and 
quality of the FEL sources, features demanded by the user 
communities. Using the Perseo simulation [7], we 
investigated the behavior of the seeded FEL, and obtained 
new insights on multiple-pulse generation that we 
interpreted in terms of the deformation of the longitudinal 
phase space (LPS) and the formation of new buckets.  
Here, the term “bucket” denotes the electric field of an 
optical pulse that assures longitudinal focusing, thereby 
constraining the electron’s motion to a stable region in the 
LPS.   

The mechanism of FEL amplification commonly is 
analyzed in three steps [8]: (i) energy modulation [9], (ii) 
exponential growth, and (iii) saturation. In the first 

evolutionary step, energy is exchanged between the 
electrons and the radiation, leading to an energy 
modulation, and further, to a density modulation 
(microbunching) of the electrons at the resonant 
wavelength λr= λw(1+K2/2) ⁄ (2γr

2), determined by the 
electron beam’s energy Er=mc2γr. K = eBw/mckw is the 
dimensionless undulator parameter, and λw, kw, and Bw 
are, respectively, the undulator’s wavelength, wave 
number, and magnetic field  [11].  Using   a coherent seed 
to initiate the FEL process enables us to lock in the phase 
of the microbunches and to achieve much better temporal 
coherence. Afterwards, the FEL enters the second 
evolutionary step in which the radiated power increases 
exponentially to the detriment of the electron beam’s 
kinetic energy. The strong energy losses, corresponding to 
a redshift of λr, thereafter disable interaction between the 
electron and the radiation field. In steady state, the FEL 
reaches a maximum power and saturates. Its final 
characteristics (power, duration, spectral width) depend 
only on the parameters of the undulator and electron 
beam. Taking time-dependence into account, the optical 
pulse slips forward with respect to the electron beam by 
one wavelength λ per undulator period, resulting in the so-
called slippage regime characterized by the slippage 
length δs = Nwλ.  δs is the displacement of the optical pulse  
with respect to the electron beam at the end of the Nw 
periods of the undulator. The slippage-dominant 
superradiance regime [12] is characterized by the 
propagation of a solitary wavelike pulse where the power 
of the optical pulse (main pulse) grows quadratically with 
time and its pulse length decreases [13,14,15], resulting in 
a  decrease in  the interaction length where the electrons 
overlap with the main pulse and thereby limiting the 
output power. However, the interaction length can be 
extended via generating multiple pulses.  Here, the multi-
pulse regime covers the entire slippage distance along the 
electron bunch except the part overlapping the seed- and 
main- radiation pulses [Fig. 1]. Numerical studies reveal 
that LPS fragmentation and the formation of new buckets 
are core ingredients of the multi-pulse dynamics. In these 
circumstances, an ultra-short seed-pulse induces 
microbunching only when it slips over the electrons at vg 
~ c [12]. Microbunching induces coherent emission from 
the electrons, forming the main radiation pulse and 
leaving behind those electrons with a large energy spread. 
Afterwards, they shear in phase due to intrinsic dispersion 
[9,10]. The low-energy part (p < 0) having more electrons 
[≥70%, obtained by counting the number of particles in 
the low-energy part vs. the total number of particles 
distributed within (-π, π)] and, accordingly, a larger 
bunching coefficient than the high-energy part, emits 
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coherent light to become a new pulse. Here, p = (E-E0) / 
ρ·E0 is the energy variation with respect to the reference 
particle E0, and ρ is the FEL Pierce parameter [9,10] 
characterizing the gain of the FEL. The above process is 
repeated [a fraction (50%, similarly obtained by 
counting the particles) of the bunched electrons left 
behind by the new pulse still can emit coherent light], 
generating additional pulses. We demonstrate that this 
configuration enables us to extend the FEL’s interaction 
to a wider range in the slippage region, and eventually 
creates complex temporal-structural formation, such as 
multiple radiation pulses.  

In this paper, we numerically explore the generation 
and suppression of multiple superradiance pulses in a 
single-pass FEL amplifier. We analyze FEL evolution 
from the viewpoint of electron longitudinal phase-space, 
showing the relation between the synchrotron oscillation 
and the structure of the radiation pulse. We detail how 
this mechanism could be applied to increase the radiation 
output or to suppress multiple pulses after the main pulse, 
so obtaining a clean output pulse. We support our analysis 
via  simulations obtained with the well-known and 
established simulation code Perseo, employing it to 
resolve  the one-dimensional (1D) FEL model, including 
the high-order harmonics described by the one-
dimensional Colson -Bonifacio model [9,16] : 
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Each particle j, j=1…Ne wherein  Ne , the total number of 
electrons in the optical field A, is followed in the phase 
space using φj, the particle’s relative phase, and pj, the 
particle’s relative energy, both normalized to the 
reference particle. The variables φj, pj, and A are functions 
of the longitudinal coordinates τ along the electron bunch, 
and z  along the undulator. τ is defined within 0 < τ < Le, 
with Le the electron bunch’s length, and z  is defined 
within 0 < z < Lw, with Lw the undulator length. All 
dimensions are in cooperation length [13,16] units: lc = 
λ/4πρ. χ is the macroscopic electronic-density normalized 
to 1, and b( z , τ) is the bunching coefficient: b( z , τ) = 
(1/N) Σe-iφj. Equations (1a) and (1b) describe the particle’s 
dynamics, while Eq. (1c) includes the pulse’s 
propagation. 

SIMULATION 
The initial condition for the slippage-dominant 

superradiance regime is defined more precisely in scaled 
units using Sseed (=4πρNw/Lseed), the ratio of the slippage 
length to duration of the seed pulse, Se (=4πρNw/Le), the 
ratio of the slippage length to the electron-bunch’s length 
[17], and Fseed (=ΔfFWHM/f0·ρ), the ratio of the seed’s 
spectral bandwidth and the FEL-gain’s bandwidth. Within 

the short seed pulse limit,   Se<<1 is chosen to have a 
nearly constant electron current in the simulation window, 
while Sseed>>1 and Fseed>>1 satisfy the slippage-dominant 
superradiance condition, where the bandwidth of the seed 
laser is much larger than that of the FEL gain. Therefore, 
when the seed pulse slips over the electron bunch at vg ~ 
c, it only microbunches the electrons [12]. 

 

 
 

Figure 1: Schematic of the seeded-FEL’s initial 
parameters. z  is the longitudinal coordinate along the 
undulator. Le and δ = (E-Er) / ρ·Er are, respectively, the 
electron bunch’s length and energy detuning. Here, Er = 
E0. ΔfFWHM is bandwidth of the seed laser.  

 
Eq. (1) is used to simulate the evolution of the FEL in the 
regime of a long electron bunch and slippage-dominant 
superradiance, i.e., Se<<1, Sseed>>1, and Fseed>>1. Figure 
2 illustrates the dynamics of the FEL pulse via 2D 
diagrams where the longitudinal coordinate along the 
electron bunch, τ, is plotted on the horizontal axis and the 
coordinate along the undulator z  on the vertical axis.  

Figure 2(a) depicts the evolution of the FEL into the 
superradiance regime [14,18,19]. The seed pulse provides 
microbunching to the electrons only when it slips over 
them at vg ~ c, and maintains its pulse shape and 
amplitude in the undulator. Microbunching emits coherent 
light that grows exponentially in intensity. At the end of 
exponential growth and the beginning of superradiance 
( z  ≈ 2.6 in the undulator), the main pulse slips, as in the 
exponential regime, ahead of the electron bunch at vg ~ c 
instead of at vg ~ c/3 , while the length of the pulse 
decreases and the amplitude increases quadratically with 
the distance along the undulator. Simultaneously, it 
induces strong microbunching of the electrons. At a given 
delay in time, the 1st multiple pulse appears weaker in 
amplitude compared to the main pulse, similar to the case 
for the 2nd multiple pulse.  

To investigate the origin of multiple pulses, we studied 
the evolution of the particle’s relative longitudinal 
position (phase). Indeed, the constructive phase 
relationship indicates the formation of a new pulse.  For 
FELs, the gain medium consists of relativistic electrons 
and the extent to which the phase of the microbunches is 
locked and sheared along the undulator determines the 
optical field’s temporal profile.  The phase shift is caused 
by energy modulation and the FEL’s intrinsic dispersion. 
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The original reference particle, corresponding to the 
original bucket center, and also being the reference for the 
simulation, is fixed in LPS due to the zero energy offset 
[δ0 (= (E0-Er) / ρ·Er )=0]. Here, the bucket center refers to 
the stable fixed point in the LPS [20]. However, this not 
the case for the new reference particle, corresponding to 
the new bucket center. Rather, it is fixed inside the new 
bucket but not in the LPS because it has a negative 
energy-offset (δ<0) with respect to the original reference 
particle. It shears toward the direction of the main pulse’s 
tail. Whenever it shears the phase Δφ across an integer of 
2π, a new multiple pulse appears. Δφn ≈ n·2π, n = 1, 2, .., 
corresponds, respectively, to the 1st, 2nd, .., multiple pulse.  
As confirmation, Fig. 2(b) show the LPS of the electrons 
at the newly formed buckets corresponding to the 1st and 
2nd multiple pulses at the undulator distance, z = 12.8. 
Their phase changes relative to reference particle are ~2π 
and 4π, as indicated by the black dashed lines in Fig. 2(b), 
confirming that the constructive phase relationship is 
coincident with the formation of a new pulse. The time 
separation, Δtn, between the nth multiple pulse and the 
main pulse is estimated using Eq. (2), derived 
straightforwardly from Eq. (1a). 

(2)                              2  c
nt

n
rn 

 


 

As an example [Fig. 2(c)], the FEL Pierce parameter ρ = 
0.004 and λr = 800nm, for n = 1, δ1 ≈ 5.0 [Fig. 2(b)], the 
Δt1 calculated using Eq. (2) is ~67fs, which is consistent 
with the result ~60fs obtained from the simulation [Fig. 
2(c)].    

An understanding of the physical mechanism behind 
the multi-pulse regime is gained by analyzing the 
electron’s LPS at different positions along the radiation 
pulse. At the undulator position z  = 12.8, we obtain the 
LPS of the electron beam (top), and of the overlapping 
optical pulse (bottom), as shown in Fig. 2(c).  At position 
A, we show the LPS of electrons that the seed pulse has 
reached and that have only energy modulation. At 
position B, the effect of the interaction with the optical 
pulse is evident, such that a strong modulation in energy 
and density has occurred. On average, the electrons lose 
energy that is absorbed by the main pulse. At position C, 
corresponding to the peak of the main pulse, the electrons 
have reached the bottom of the bucket in phase space, and 
begin to gain energy from the laser field of the main 
pulse. Therefore, the power of the laser starts to drop and 
reaches a minimum at position D, where the 
corresponding phase space appears deeply saturated and 
the electrons start to become detrapped by the reduced 
ponderomotive potential. The strong optical field of the 
main pulse maximizes microbunching, and also causes a 
~5% (ρ = 0.004) spread in the beam’s energy, both of 
which are important to the generation of multiple pulses. 
At position E, the electrons are detrapped from the bottom 
energy after the passage of the main pulse, and are free to 
start a new process of FEL amplification. Those electrons 

close to the energy bottom form a new bucket in the series 
(black dashed circle) that is responsible for generating a 
new pulse. In addition to the shear in phase brought about 
by the energy spread and intrinsic dispersion, the majority 
of the electrons in new buckets arriving at the energy 
bottom after losing energy to the new pulse generate the 
peak of the new pulse [see position F]. Similar to the 
main pulse, the electrons already at the bottom of the 
bucket start to gain energy from the optical field of the 
new pulse. The energy of the new pulse starts to fall, and 
reaches a minimum at position G.  

Overmodulation is the signature of local saturation: the 
bunch slices initially under the peak of the main pulse, 
modulated by the highest optical field, reach saturation in 
the undulator, and afterwards are detrapped due to the 
decline in intensity at the main pulse’s tail edges.  
Electrons, detrapped from original bucket, shearing in z, 
and retrapped to new bucket, are responsible for 
generating the new pulse. Since the electrons carry on 
their rotation in LPS within the optical pulse’s electric 
field, the process is repeated and additional pulses are 
generated. The radiation power of the multiple pulses 
continuously degrades to weaker levels, Pn ≈ a·Pn-1 (a ≤ 
0.25) since a significant amount of the available electron 
kinetic energy has already been transferred to the earlier 
pulses. In addition, only a fraction (≤ 50%) of the low 
energy portion of the electrons participates in generating 
the new pulse, as shown in Figs. 2(a) - (c). The output 
power is proportional to the square of the beam’s current 
(P~I2) in the superradiance regime. Here, Pn is the FEL 
power integrated over the nth pulse, and I is the electron-
beam’s current that contributes to the FEL output. 

 

 
Figure 2(a): (left) Normalized longitudinal profile of the 
radiation power along the electron’s coordinate, τ, as it 
evolves along the undulator with coordinate z . Seed 
parameters: Sseed = 21 (with Gaussian shape, σseed = 0.26), 
and Fseed = 25 (ΔfFWHM/f0=0.1, ρ = 0.004). Maximum seed 
field amplitude at z = 0: A0 = 20. Initially: θj uniformly 
distributed within [-π, π] and pj following a normal 
distribution center around zero with standard deviation 
0.01%-RMS. σe = 88, corresponding to Se = 0.06. 
Figure 2(b): (right) At z = 12.8 in the undulator, the LPS 
of the electrons at the positions where the peaks of the 1st 
(left) and 2nd (right) multiple pulses are. Δφ1 ≈ 2π, and 
Δφ2 ≈ 4π. In Figs. 2(b) and 2(c), energy deviation is 
calculated using the formula (E-E0)/E0, and the horizontal 
axis is the longitudinal position S in unit of μm. 

Proceedings of FEL2012, Nara, Japan TUPD22

Seeding and Seeded FELs 287 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 2(c): At z = 12.8 in the undulator, the LPS of the 
electron bunch (top), and the temporal profile of the 
radiation field along the electron coordinate (bottom). 
Separation between the main and 1st pulses is ~60fs, and 
between 1st and 2nd pulses it is ~70fs. The oval area 
enclosed by the black dashes signifies the bucket series 
that are responsible for generating the 1st multiple pulse. 

 

 
Figure 3: (color online) Evolution of the intensity of the 
FEL pulse along the undulator calculated using Eq. (1). 
Intensity integrated over the main pulse (blue), 1st 
multiple pulse (magenta), and 2nd multiple pulse (red).  

 
Figure 3 illustrates the evolution of the FEL power 

(integrated over radiation pulse) along the undulator for 
three individual pulses, the main pulse (blue), the 1st 
multiple pulse (magenta), and the 2nd multiple pulse (red). 
It confirms that for each radiation pulse, the FEL power 
first increases exponentially and does not saturate. Rather, 
its amplification evolves as 2z [14,15,18,19]. The 
slippage enables us to propel the main pulse forward into 
the “fresh” electron region that maintains the feeding of 
the pulse. However, a similar slippage only pushes a 
multiple pulse forward into the region where the electrons 
already have lost energy to the radiation pulses ahead of 
it. Therefore, the output power of a multiple pulse is 
weaker than that of the pulse ahead of it. The undulator’s 
length can be used as a control parameter to choose 
between increasing the radiation output [larger z  (>5.12) 
is better] or suppressing the multiple pulses after the main 
pulse ( z  ≤ 5.12).   

CONCLUSION 
In conclusion, depending on the initial conditions (the 

parameters of the electron beam, undulator, and seed 
laser), the short-pulse-seeded FEL can be driven into 

different temporal and intensity regimes. We addressed a 
new regime in deeply saturated slippage-dominant FELs, 
wherein the multiple superradiance pulses following the 
main pulse can be either enhanced or suppressed. 
Multiple-pulse generation results from deformation of the 
LPS and the formation of new buckets.  Furthermore, we 
demonstrated, both numerically and analytically, that the 
formation of a new pulse is closely related to the 
constructive phase-change (Δφn ≈ n·2π, n = 1, 2, ..) 
between the original bucket center and the newly 
developed one. Therefore, the separation Δt between two 
adjacent pulses can be controlled via the Pierce parameter 
and (or) the parameters of the seed laser, since they both 
can alter the energy spread of the electron beam. While 
multiple pulses enhance FEL power, such a phenomenon 
might spoil the temporal profile of the radiation. Even 
though we can avoid multiple pulses by modulating the 
parameters of the electron beam and undulator, this 
choice is a tradeoff between the cleanness of the temporal 
profile and the FEL output power.   
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FAST BEAM-BASED BPM CALIBRATION* 

K. Bertsche#, H. Loos, H.-D. Nuhn, F. Peters,  
SLAC, Menlo Park, CA 94025, U.S.A.

Abstract 
The Alignment Diagnostic System (ADS) of the LCLS 

undulator system indicates that the 33 undulator 
quadrupoles have extremely high position stability over 
many weeks. However, beam trajectory straightness and 
lasing efficiency degrade more quickly than this. A 
lengthy Beam Based Alignment (BBA) procedure must be 
executed every two to four weeks to re-optimize the X-ray 
beam parameters.  

The undulator system includes RF cavity Beam 
Position Monitors (RFBPMs), several of which are 
utilized by an automatic feedback system to align the 
incoming electron-beam trajectory to the undulator axis. 
The beam trajectory straightness degradation has been 
traced to electronic drifts of the gain and offset of the 
BPMs used in the beam feedback system. To quickly 
recover the trajectory straightness, we have developed a 
fast beam-based procedure to recalibrate the BPMs. This 
procedure takes advantage of the high-precision 
monitoring capability of the ADS, which allows highly 
repeatable positioning of undulator quadrupoles.  

This report describes the ADS, the position stability of 
the LCLS undulator quadrupoles, and some results of the 
new recovery procedure. 

ADS SYSTEM 
The ADS system has two major components, a wire 

position monitor (WPM) system, and a hydrostatic 
leveling system (HLS). [1] 

The WPM [2] consists of two stretched wires running 
parallel to the beam, each 140 m in length. Wire position 
monitors attached to the undulator girders sense the girder 
position with respect to the wires. This allows better than 
1 µm position determination in x (the transverse 
direction). Position in y (vertical) is nearly as well 
determined, in spite of the sag of the wire. 

The HLS consists of a system of water pipes running 
parallel to the beam, extending for 140 m. Capacitive and 
ultrasonic sensors on the girders sense the water level. 
This provides an independent measurement of the vertical 
position of the girders, which is not subject to wire sag. 

The ADS system has shown that quadrupole positions 
are quite stable long-term. Early characterizations showed 
stability to within about 2 µm over a 2-3 day period [3,4]. 
More recent measurements over a period of 19 days in 
August 2011 have showed quadrupole positions to be 
stable to better than 2 µm RMS [Fig. 1]. 

 

 
Figure 1: Quadrupole position stability over a 19-day 
period. 

BEAM BASED ALIGNMENT (BBA) 
Although the mechanical positions of the quadrupoles 

are quite stable over many weeks, the straightness of the 
electron beam trajectory and the FEL lasing efficiency 
degrade more quickly than this. A BBA procedure must 
be executed every two to four weeks to straighten the 
trajectory. This entails operating the linac at four different 
energies and fitting the trajectories for betatron 
oscillations, initial beam position and angle, and 
quadrupole and BPM offsets. Quadrupole magnets are 
moved to eliminate first and second magnetic field 
integrals between magnets, and BPM offsets are changed 
in software to reflect their true positions. This procedure 
is frequently repeated two or three times to ensure 
convergence. A full BBA typically takes three to four 
hours; much of this time involves re-establishing linac 
configurations for the four energies. [3,5] 

BPM DRIFT 
The RFBPMs used in the undulator provide high 

precision beam position measurements. However, they are 
subject to long-term electronic drift of both their gain and 
offset. Gain calibrations are typically done at the 
beginning of each BBA. (This accounts for about 30 
minutes of the BBA time.) Over a period of a few weeks, 
the BPM gain change is on the order of 1%. Long-term 
BPM offset stability appears to be similar. 

Changes in BPM offset do not directly affect the actual 
electron beam position in the undulators. But they directly 
affect the apparent beam position. These apparent beam 
positions indirectly affect the actual beam positions 
through a launch feedback system. This launch feedback 
system attempts to straighten the beam as much as 
possible, by looking at the apparent beam position as 

______________________________________________ 

*Work supported by the U.S. Department of Energy under contract 
number DE-AC02-76SF00515.  
#bertsche@slac.stanford.edu 

 

Proceedings of FEL2012, Nara, Japan TUPD26

FEL Technology II: Stability, Optics, Beamline 289 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



reported by the BPMs on girders 4-10. If the apparent 
beam positions are erroneous, the launch feedback system 
will introduce betatron oscillations in the undulator.  

As the BPMs drift, the actual launch conditions 
gradually deteriorate. This adversely affects the beam 
trajectory straightness and the FEL lasing efficiency. 

NEW CALIBRATION PROCEDURE 

Description 
The high repeatability of undulator position can be used 

to quickly recalibrate the offsets of the RFBPMs. After a 
BPM gain calibration, the undulators are returned to the 
same position they were in at the end of a previous full 
BBA. This is verified with the ADS and can be done to an 
accuracy of better than 1 micron. The electron beam 
trajectory should now be a straight line, as it was at the 
end of the previous BBA. But because erroneous BPM 
offsets affect the beam launch into the undulator through 
the launch feedback system, there will be also be some 
betatron component. And since offsets and tilts of the 
entire undulator system are frequently introduced to adjust 
the pointing of the X-ray beam, a linear component might 
also be present in the apparent beam trajectory. After 
fitting and subtracting a betatron oscillation and a linear 
component from the data [Fig. 2], the residual beam 
offsets are assumed to be the BPM offset errors. These are 
applied as offset corrections to recalibrate the BPMs. 
 

 
Figure 2: Trajectory data and fit from new calibration 
procedure (January 13, 2012). 

A BPM offset error component at the betatron 
wavelength can mimic a betatron oscillation, which will 
be lost with this fitting procedure. Assuming the BPM 
offset errors to be uncorrelated, the amplitude of this 
component should be on average 

! 

4 " 2 N  times the 
rms BPM offset error, where N is the number of BPMs. 
For the LCLS undulator this method might result in a 
remaining betatron oscillation of 30% of the BPM offset 
error. 

Performance 
The new fast calibration procedure does not require 

changing linac energy, so is significantly faster than the 
full BBA. The new procedure can be done in about 30 
minutes, versus three to four hours for a full BBA. 

The new procedure has been tested eight times over the 
past year. Its effectiveness in finding BPM offsets is 
generally good. Figs 3 and 4 show the BPM offset 
corrections calculated by both procedures in January 
2012. The differences between the two procedures are 
about 10 times smaller than the actual corrections; the fast 
calibration procedure was about 90% accurate for this 
test.  

 
Figure 3: BPM offset corrections for X axis from Fast Cal 
and Full BBA (January 13, 2012). 

 

 
Figure 4: BPM offset corrections for Y axis from Fast Cal 
and Full BBA (January 13, 2012). 

Figs 5 and 6 show the corrections calculated by both 
procedures in August 2012. Here both the total 
corrections and the differences between the two 
procedures were somewhat larger. However, FEL lasing 
performance was similar with the two procedures. 

Problems and Drawbacks 
This new procedure has two requirements if it is to 

work well. First, the undulators, quadrupole lenses, cams, 
translation stages, and software beam offsets must be 
returned to their positions at the previous full BBA. 
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Second, there must be no change in remnant or stray 
magnetic fields along the undulator. So long as these 
requirements are met, the procedure works well. But we 
have seen a variety of instances where these requirements 
were not met, and the new procedure did not recover FEL 
performance. 

 
Figure 5: BPM offset corrections for X axis from Fast Cal 
and Full BBA (August 5, 2012). 

 

 
Figure 6: BPM offset corrections for Y axis from Fast Cal 
and Full BBA (August 5, 2012). 

The ADS system allows accurate return of the 
undulator girders to the previous BBA. But other settings 
(e.g. translation stages and in-out corrections) have not 
always been recovered, causing poor results. These 
problems can be addressed pretty straightforwardly with 
more careful saving and restoring of the full machine 
state. 

Remnant magnetic fields have been a bigger problem. 
This new procedure began to be used routinely in early 
2012. But after installation of the Hard X-ray Self-
Seeding (HXRSS) chicane, the new procedure gave poor 
results and adversely impacted FEL performance. This 
was traced to turnoff of the HXRSS chicane magnet 
power supplies, which left random fields of a few gauss 
on the magnets and introduced a beam kick at the location 
of the HXRSS.  

Any similar magnetic field changes along the undulator 
line (i.e. only a few gauss) are enough to impact this new 

procedure. If a magnetic anomaly is suspected, a kick can 
be fitted to the data to correct for this. But small 
anomalies are likely to be missed and to adversely impact 
the BPM offset calibrations. 

SUMMARY 
A new fast beam-based BPM calibration procedure 

offers a much faster method (about 6x faster) of undulator 
re-alignment as compared to a full BBA procedure. 
However, it is not foolproof. So long as all mechanical 
settings and software offsets are returned to a known 
condition of a previous full BBA, and the magnetic field 
environment is identical to that of the previous full BBA, 
the method works well. 
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BEAM BASED ALIGNMENT OF AN X-FEL UNDULATOR SECTION 
UTILIZING THE CORRECTOR PATTERN 

M. Aiba and M. Böge, PSI, Villigen, Switzerland 

Abstract 
Beam based alignment of the undulator section is one 

of the delicate issues in beam commissioning and regular 
beam tuning of X-FEL facilities since the tolerance on the 
electron beam orbit straightness is tight, typically a few 
μm rms. A new approach to align beam position monitors 
based on dipole corrector strengths is under investigation 
for the PSI future X-FEL facility, SwissFEL. The 
methodology and simulations applied to the SwissFEL 
undulator section are presented in this paper.  

INTRODUCTION 
Beam based alignment (BBA) of the undulator section 

is one of the delicate issues in beam commissioning and 
regular beam tuning of X-FEL facilities since the 
tolerance on the orbit straightness is tight, typically a few 
μm rms. 

A BBA method which identifies position 
misalignments of beam position monitors (BPMs) and 
quadrupoles [1] has been established at the LCLS and was 
successful in achieving lasing. A misalignment of a BPM 
changes its reading and a shift is independent of the beam 
momentum. In contrast, a quadrupole misalignment, 
which introduces a feed-down dipole component, varies 
the downstream beam orbit depending on the beam 
momentum. Therefore the beam orbit measurements for 
various beam momenta allow one to find these 
misalignments. 

The procedure, however, is rather complicated. In order 
to find the avobe misalignments precisely, a wide 
variation of beam momentum is required, where one must 
ensure the beam transmission to the beam dump. 
Although an orbit measurement for two different beam 
momenta is minimal, one or two more measurements are 
performed to increase accuracy. According to the 
operation experiences at the LCLS, the entire procedure is 
usually completed within a few hours [2]. 

A new approach is under investigation for the PSI 
future X-FEL facility, SwissFEL, motivated by possible 
simplification of beam commissioning and machine 
tuning. The hard X-ray undulator section of SwissFEL is 
described with technical details in [3]. The BPM and 
quadrupole are paired on common motorized support 
(BPM-Quad unit). It is noted that the undulator is to be 
situated on an independent girder at SwissFEL while all 
three components are on the same girder at the LCLS. 
The dipole corrector is integrated into the quadrupole as 
additional winding coils. 

The BBA procedure in this layout consists essentially 
of two steps: 1) aligning the BPM-Quad units onto a line 
as straight as possible and 2) aligning the undulators with 
respect to the electron beam orbit determined by the 

aligned BPMs. The proposed BBA algorithm, in order to 
find misalignments of the BPM-Quad units, requires only 
measuring the corrector strengths needed to steer the 
electron beam to the BPM centers (for the nominal beam 
momentum). With an orbit feedback in operation, these 
are available immediately, and thus the first step can be 
performed in a few minutes. The second step, once done, 
may not be always necessary since the alignment 
tolerance for the undulator is an order of magnitude looser 
than that of the BPM-Quad unit. 

The methodology and simulations applied to the 
SwissFEL undulator section are presented in this paper. 

BBA ALGORITHM 
The BBA algorithm utilizes information contained in 

the dipole corrector strengths needed to steer the electron 
beam to the BPM centers. These are determined by two 
contributions, that is, dipolar error fields and BPM 
misalignments. The first contribution may contain 
undulator error field, stray field and feed-down dipole 
component from quadrupoles. The undulator error field 
must not be significant by definition to realize lasing. 
Typically the electron beam orbit through an undulator is 
controlled within the 1 μm level. The stray field must be 
also negligible or enough suppressed/shielded, and 
furthermore the BBA algorithm is able to filter out the 
influence of periodic and uniform stray field. The feed-
down dipole component can be avoided by aligning 
quadrupoles with respect to the pair BPMs based on beam 
measurements. Therefore the second contribution, i.e. the 
BPM misalignments, mainly determines the corrector 
strengths and can be identified. 

The BBA is performed by moving the BPM-Quad units 
so as to minimize the deviation of corrector strengths. By 
minimizing the deviation with respect to the average 
strength, periodic and uniform error field can be excluded 
as long as the initial BPM misalignments are random. 
Figure 1 illustrates an ideal BPM alignment under 
uniform dipole field. 

Figure 1: BPMs are ideally aligned on a straight line by 
minimizing the deviation of corrector strengths under 
uniform dipole field, BDC. The layout is periodic as in a 
general undulator section. The corrector strength in units 
of radian is constant, BDCL/Bρ, where L is the unit length 
and Bρ is the magnetic rigidity of the electron beam, and 
thereby the deviation is zero. 

LBDC
: corrector : BPM 
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+′′′= 	A sensitivity matrix to compute possible corrections of 
BPM-Quad unit positions may be taken from an optics 
model. A matrix taken from the machine, however, may 
remove possible systematic errors, for example an error in 
the transfer function of a corrector. The matrix once 
measured may be reusable in regular beam tuning and is 
in principle scalable with the beam momentum.  

The matrix measurement is performed as follows: The 
electron beam is first steered to go through the BPM 
centers. One of BPM-Quad units is then shifted, and the 
corresponding changes in corrector strengths, which are 
needed to follow the center of the shifted BPM and the 
ones in downstream, are then recorded. The BPM-Quad 
unit position is finally restored, again steering the beam to 
the center of BPMs. Running an orbit feedback eases the 
measurement tremendously. This is repeated for all the 
BPM-Quad units in the undulator section in the horizontal 
and vertical plane, respectively. The matrix measurement 
error due to BPM noise is negligible when the shift of 
BPM-Quad unit is much larger, ~100 μm, than the noise 
level. The response of corrector strengths appears to be 
fairly linear to the BPM-Quad unit position. 

Once this preparation work (quadrupole alignment, 
commissioning of an orbit feedback and sensitivity matrix 
measurement) are completed, the corrections of BPM-
Quad unit positions are computed by applying an SVD 
matrix inversion and successively applied. Two or three 
iterations may be necessary to achieve a convergence of 
the corrector strength deviation. 

The preparation work may be carried out with the 
undulator gaps open in order to minimize the possibility 
of beam loss at the undulators. On the other hand, once an 
orbit feedback is configured properly, the alignment can 
be performed with the nominal undulator gaps, where the 
undulator field is tuned to minimize dipolar field errors, 
since the beam orbit may be confined to the BPM centers.  

An experience of magnet girder realignment with 
stored beam and an orbit feedback [4] running has been 
established at the SLS [5]. Although the realignment is 
performed in the storage ring, the layout of components is 
quite similar to the undulator line. The BPMs are aligned 
with respect to the adjacent quadrupole, and the dipole 
correctors are close to the BPMs. Therefore the corrector 
strengths were closely correlated to the girder 
misalignments. In fact, the corrector strengths were 
significantly reduced after the realignment. 

The performance of this BBA method can be 
analytically estimated. An arbitrary vertical dipole error,
By(s), between two BPMs in the undulator section is 
represented by a Fourier expansion. 

 (1) 

where s is the longitudinal distance from the upstream 
BPM, a and b are the expansion coefficients normalized 
by the magnetic rigidity. The horizontal electron beam 
orbit under the dipolar error is expressed as: 

(2) 

(3) 

where x(0) and x’(0) are the position and angle of the 
electron beam orbit at the upstream BPM. 

The impact of the dipole error can be derived term-
wise when an error field is situated in the middle of the 
undulator section for an even number of BPMs to be 
aligned as shown in Fig. 2. The correctors are assumed to 
be situated right after the adjacent BPMs as it is the case 
in the SwissFEL design.  

Figure 2: Schematic layout for the performance analysis. 
The number n of BPMs to be aligned is 12. The 
undulators are omitted in the figure but they are situated 
between the BPMs.  

The 0-th and (n+1)-th BPMs are chosen as the BPMs to 
determine a reference straight line. These n+2 BPMs and 
a few more upstream and downstream ones are included 
in the orbit feedback loop.  

A full derivation of the following equations is found in 
[6]. Here, only the results are presented with simple 
descriptions: 

DC term
The sum of corrector strengths will be -a0L in order to 

compensate a DC field error of a0L at the end of BBA. It 
is uniformly distributed into all the correctors to realize a 
zero deviation. DC term will then result in an orbit bump 
over the section with the amplitude at the n/2-th and 
n/2+1-th BPMs of 

(4) 
as illustrated in Fig. 3. 

Figure 3: Orbit bumps due to DC dipolar error situated in 
the middle of the undulator section for n=12. The solid 
(red) line indicates the orbit bump without clipping and 
the dashed (green) line with clipping. (See text for 
clipping).  

Although the amplitude of the orbit bump due to DC 
term is rather large the bump is spread over the entire 
section, and thus the electron beam orbit is still locally 
smooth. Moreover it can be clipped to ~20% by applying 

Correctors involved in the minimization 

(n+1)-th 
BPM 
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an SVD matrix inversion with an Eigen-value cut-off 
(>3% of the maximum) because this prevents the BPMs 
from shifting by a large amount. 

Cosine term
It is easily found that cosine terms have no impact for 

any harmonics. From Equations 1-3, 
(5) 

(6) 
Thus the strength will be zero in all correctors. 

Sine term
A sine term introduces an orbit shift as found from 

Equations 1 and 2: 
(7) 

when the symmetry is imposed. 
The amount of the shift is found to be 

(8) 

The orbit distorted due to a sine term of i=1 is 
schematically shown in Fig. 4. 

Figure 4: Orbit distortion due to a sine term dipolar error 
situated in the middle of the undulator section (n=12).  

To summarize, DC term may lead to a rather large 
orbit bump, of which the amplitude can be regulated by 
applying an Eigen-value cut-off in SVD matrix inversion. 
Sine terms introduce a limited orbit deviation, and cosine 
terms have no impact.  

The simulations described in the next section show 
(see Fig. 5) that an error located off centre of the section 
results in a larger orbit deviation by up to a factor of ~2 
depending on the location. The orbit distortions from all 
terms are summed up, and therefore the orbit straightness 
achieved with this BBA algorithm depends on the 
distribution and amount of dipolar errors. The undulator 
tends to introduce field errors at the entrance and exit. It 
is expected to be ~20 μTm at most, corresponding to a 
kick of ~1 μrad at the nominal beam energy of 5.8 GeV. 
A sine like term, i.e. ±1 μrad at the entrance and exit of 
the undulator, results in an orbit distortion of 2~3 μm for 
n=12. A DC like term, i.e. +1 μrad at both ends results in 
an orbit bump of 3~6 μm (clipping with Eigen-value cut-
off). These numbers are compatible with the tolerance. 
Note that n=11 at the SwissFEL hard X-ray line. 

It is again emphasised that a DC field error over the 
entire section such as the geomagnetism has no impact on 
the straightness of BPMs while the electron beam orbit 
may remain unknown and bumped between BPMs as in 

Fig. 1. However, the undulator is to be tuned taking into 
account the geomagnetism. 

It is noted that this analytical evaluation of residual 
orbit straightness can be directly connected to a result of 
undulator field measurements providing an estimation of 
position and angle orbit error (x, x’) at the exit of 
undulator. A DC term results in both position and angle 
error while a sine term only position with the initial 
condition of x(0)=0 and x’(0)=0. Therefore an orbit error 
from field measurement can be converted to a 
combination of DC and sine term, and it allows us to 
evaluate the achievable orbit straightness with this 
method. 

Figure 5: BPM positions after BBA disturbed with an 
error field situated in various locations, (a) DC like term 
with +1 μrad at both undulator ends and (b) sine like term 
with ±1 μrad at the entrance and exit. 

SIMULATION 
In the following, the described BBA algorithm is 

examined with numerical simulations. The layout of the 
hard X-ray undulator section of SwissFEL is employed. 
The number of undulator is 12 and the number of BPMs 
to be aligned is 11, which are situated between the 
undulators. The sensitivity matrix of this layout is shown 
in Fig. 6. 

Figure 6: Sensitivity matrix of the SwissFEL hard X-ray 
undulator section. Since the BPM and the corrector are 
close to each other, almost only three correctors respond 
to the shift of one BPM.  

Figure 7 shows typical BPM positions during BBA 
together with the variation of the corrector strengths. It is 
seen that the corrector strengths are correlated with the 
BPM misalignments and that the deviation is largely 
reduced at the end of iteration. 

~-91b1L2/224π
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The strength of the corrector just before the first 
undulator section is not considered in the minimization. It 
includes additional bending necessary to match the launch 
orbit to the reference straight line, and thus an unwanted 
change in the average corrector strength is introduced. 
This is also true for the last corrector when some 
downstream BPMs are included into the orbit feedback 
loop. Therefore the number of correctors involved in the 
minimization is 11 instead of 13. 

Figure 8 shows a statistics of the BBA performance. 
The BPM straightness is computed at the end of iteration 
for many random seeds. It is defined as the deviation from 
a reference curve fitted by a parabolic function to the 
BPM positions. The BBA method of [1] is also simulated 
for comparison. It turned out that the performances of the 
two methods are comparable. At the same time, in a worst 
case, the BPM/orbit straightness may not be good enough 
to realize a full saturation of FEL. An empirical tuning 
based on a random optimization [5] would be useful to 
complement the BBA and to maintain the FEL power 
during the operation. The BPM-Quad positions can be 
adjusted as increasing the FEL power once a lasing is 
realized. 

Figure 7: Typical BPM positions and corrector strengths 
during the BBA. Initial BPM misalignments of 50 μm 
rms in addition to a long range misalignment of 250 μm 
over 85 m are assumed. After 3 iterations, an orbit 
straightness of 3.6 μm rms is achieved. 

Figure 8: BBA performance of (a) the proposed method 
and (b) the method of [1]. 

In these simulations, the dipolar field error and other 
adverse effects are introduced as summarized in Table 1. 
Since the initial beam jitter (error in the launch angle and 
position) does not affect the BPM straightness 
considerably in both methods, it is not included. It can be 
included in the sensitivity matrix in the method of [1]. In 
the proposed method, a few upstream correctors not 
involved in the BBA but used by the orbit feedback must 
be able to correct the launch error. Also a feedback gain 
<1 may reduce the effect of shot-to-shot initial beam jitter 
on the corrector strengths used in the minimization. 

Table 1: Error Sources Assumed in Simulation 
The errors are generated by random numbers with 
uniform (U) or Gaussian distribution (G). 

 SUMMARY 
A new approach to align BPMs in the undulator section 

based on dipole corrector strengths is under investigation 
for the PSI future X-FEL facility, SwissFEL. The 
proposed method, which allows us to find the BPM-Quad 
unit misalignments, requires only measuring the corrector 
strengths needed to steer the electron beam to the BPM 
centers. These are immediately available when an orbit 
feedback is in operation, and therefore the main part of 
the BBA can be performed within a few minutes. The 
proposed method is able to align the BPMs under the 
condition that the dipolar field errors are suppressed to 
values required for lasing. It performs comparably well to 
the method employed at the LCLS. An empirical tuning 
may be useful to complement the BBA and to maintain 
the FEL power during the operation. 
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Error source Value Remarks 
DC dipolar kick ~3 μrad/unit ~1/3 of the geomagnetism 
Random dipolar kick ±1 μrad (U) At both ends of undulator 
BPM noise 1 μm rms (G) 
BPM-Quad misalignment ±5 μm (U) Only for the proposed method 
Corrector str. error 50 nrad rms (G) Only for the proposed method 
BPM calibration error ±2% (U) Only for the method of [1] 
Beam momentum error ±0.25 % (U) Only for the method of [1] 
Quad. gradient error 0.3% rms (G) Only for the method of [1] 
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BUNCH COMPRESSION LAYOUT AND LONGITUDINAL OPERATION
MODES FOR THE SwissFEL ARAMIS LINE

Bolko Beutner∗, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland

Abstract
The SwissFEL Aramis Undulator line will produce

SASE photon pulses covering a wavelength range from
0.07 nm to 0.7 nm. The facility will consists of an S-band
RF-gun and booster, an X-band lineariser, and a C-band
main linac, which accelerates the beam up to 5.8 GeV. Two
compression chicanes at about 330 MeV and 2.1 GeV will
provide a nominal peak current up to 3 kA. It is foreseen
to deliver electron pulses between 3 and 19 fs length to
the undulator. This is done by adjusting the charge be-
tween 10 and 200 pC. Longitudinal wakes in the C-band
linac are used to remove the chirp to deliver small band-
width radiation. A special mode uses these wakes to in-
crease the energy chirp to deliver a photon bandwidth on
the percent level for special applications like single shot
spectroscopy. In addition a fully compressed 10 pC beam
is used as a source of sub femto-second pulses. An iterative
semi-analytic procedure was used to setup and optimise the
setup efficiently. In this paper these optimised operation
modes are presented and discussed.

OVERVIEW

The setup of a global compression scenario for the
SwissFEL [1][2] hard-x-ray line has to fulfil certain bound-
ary conditions. Besides a sufficiently high peak current
with tolerable low slice emittance, the shape of the current
profile, namely the homogeneity of compression, and the
overall robustness against parameter jitter are important.
A manual design of such a system is challenging. How-

ever, recent work by Zagorodnov and Dohlus [3] offers the
possibility for systematic studies and optimisation of longi-
tudinal dynamics setup in a multi-stage bunch compression
linac. Their semi-analytic setup algorithm is implemented
and applied for the SwissFEL facility design.

SEMI-ANALYTIC LONGITUDINAL
SETUP ALGORITHM

The correlation between longitudinal positions of each
particle upstream and downstream of compression chicanes
is a convenient method to describe the longitudinal dynam-
ics. These correlation function contains not only informa-
tion on the compression factor but gives insights on the fi-
nal bunch shape. Let us write the correlation function as

Zi =
∂si
∂s0

(1)

∗ bolko.beutner@psi.ch
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Figure 1: Longitudinal position of each particle are plotted
vs. their initial positions for the two compression stages.
The compression factor is the inverse of the slope in the
central part of the bunch. A polynomial fit is used to quan-
tify this value. Typically a one sigma region in the centre
of the bunch (red particles) is considered to avoid compli-
cations from the tails.

with i being the number of the compression stage and s
the set of longitudinal particle positions- The compression
factor is then Ci = 1/Zi. While the value of Zi corre-
sponds to the compression factor, higher derivatives of Zi

contain information about the general longitudinal shape
and the homogeneity of the compression. These parame-
ters Zi, Z

′

i, Z
′′

i are numerically be calculated by a polyno-
mial fit to the particle distribution (see an example in Fig.
1). In general Z ′1 corresponds to the position of the current
”peak” along the bunch, while Z ′′i is the overall flatness
of the current profile. It can i.e. be increased to suppress
”spikes” in the tail regions of the bunch.
A straightforward calculation of the longitudinal dynam-

ics to first order is symbolically summarised as A0. As-
suming a set of RF parameters (phase and amplitude) de-
noted by x0 we can write the beam parameters f0, consist-
ing of energies Ei and Zi, Z ′i, and Z ′′i , as

A0(x0) = f0 (2)

with f0 = (Ei,Zi,Z
′

i
,Z′′

i
). A symbolic inversion ofA0 is

possible and explicitly calculated for linear beam transport
in [3], such that

x0 = A
−1

0
(f0). (3)

This makes it possible to determine the required RF setup
x0 to achieve the required parameters f0.
In order to include nonlinear effects an expansion of this

method is required. Let us denote a nonlinear particle trans-
port (i.e. particle tracking codes like elegant [4]) with the
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Figure 2: For an example case the convergence of the final
peak current is compared for values of α 50% and 100%.
In this case the peak current in the first iteration is too
low compared to the requested value of 2.7kA. This is be-
cause of the longitudinal wakes, which are not included
in the simple linear model, reduce the chirp and there-
fore the compression factor. While both iteration converge
to approximately the same value the convergence is more
smooth and slightly faster for α = 50%.

symbolic operator Ax analog to the linear transport A0.
We can now use the results from the idealised calculation
x0 as an initial guess to set up a ”real” model. The devia-
tion from the linear model is than used together withA0 in
an iterative loop

xn = A
−1

0
[A0(xn−1) + f0 −Ax(xn−1)] (4)

x0 = A
−1

0
(f0). (5)

for n > 0. Typically this loop converges after about 10
integrations. In general this converges to stable setup is
reached. We can improve the convergence behaviour by
applying only a fraction α of the correction term, as in

xn = A
−1

0
[A0(xn−1) + α(f0 −Ax(xn−1))] . (6)

An example is given in Fig. 2.
Using this iterative semi-analytic procedure we can gen-

erate RF configurations of a multi stage bunch compres-
sion system to generate a specific final bunch profile. It
is i.e. possible to vary only the compression factor with-
out changing the shape of the bunch. This is illustrated in
Fig. 3.
Another aspect is that we can keep the final bunch con-

stant while varying intermediate parameters like the energy
at the first chicane or the compression factor of the first chi-
cane. This allows us to find a set of equivalent machines in
terms of FEL performance but different behaviour in terms
of i.e. RF stability requirements. Therefore systematic op-
timisations of linac layouts are possible.
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Figure 3: A series of longitudinal bunch profiles (head is
to the right). It is shown how the final bunch profile varies
if f0 is changed. In this example especially the total com-
pression factor is varied to scale the current from 3kA to
4kA while keeping the overall shape as similar as possible.
All results are the outcome of a global reoptimisation of the
whole linac setup. In general the correspondingRF settings
are different in all cavities.

Figure 4: A comparison of the longitudinal phase spaces
for the different modes. Colour code as in Fig. 5. Please
note that the large bandwidth mode is overcompressed in
BC2.

OPTIMISED OPERATIONMODES FOR
THE SWISSFEL HARD X-RAY LINE

We used the above methods to optimise the overall
SwissFEL compression layout with respect to the earlier
versions presented in [5][6]. The main goal was the homo-
geneity of the compression (a ”flat” current profile) and the
relaxation of RF stability requirements.
We present a summary of the final states of these opti-

misations in Fig. 4 and 5. All these operation modes are
foreseen to have a comparable SASE gain, we quantified
this by keeping the number Γ = Ipeak/

√
εx,0εy,0 about

constant at 104.
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Figure 5: An overview over different operation modes of the SwissFEL Hard-X-Ray line. The longitudinal charge density
profile, and the horizontal slice emittance are compared. In the lower plot the colour code is as in the two upper plots.
The current profiles are homogenous compressed for all the modes, while the slice emittance is within acceptable limits.
The corresponding parameters are given in Tab. 1

q [pC] C1 C2 Z ′
2

Z ′′
2

Ipeak [kA] Γ

10 5 300 0 0 1.10 0.93
50 8 250 0 0 2.29 1.12
100 10 200 0.2 0 2.76 1.18
200 10 140 0.5 0 2.98 0.99
200 10 -180 -0.5 0 3.44 1.08

In all the modes the acceleration in the C-band linac
downstream of BC2 is done on-crest. Longitudinal wake
fields in this linac segment compensate for the chirp lower-
ing the FEL bandwidth (see Fig. 4). This, however, is only
perfectly matched for the 200 pC case. In the future either
additional wake field sources like corrugated pipes or mod-
ifications of theR56 are used to optimise the dechirping for
all modes.
The presented longitudinal setups are analysed toward

their stability performance. We assumed an S-band phase
stability of 0.018◦ and 1.8 · 10−4 amplitude stability,
which correspond to measurements at klystron output in
the SwissFEL Injector Test Facility. For C-, and X-band
systems the expected phase jitter is a multiple of the S-
band jitter while the amplitude stability is assumed to be
the same as for the S-band systems. The charge is assumed
to be stable to 1% after the booster with an arrival time jitter
of 30fs, and an energy fluctuation of 10−4. Bending mag-
nets are assumed to have a shot-to-shot field fluctuation on
the 5 · 10−5 level. In the plots Fig. 6 and 7 the jitter con-
tribution from various sources is displayed and added up as
RMS values.

SUMMARY
We discussed a semi-analytic modeling technique which

allowed us to efficiently set up an multi stage bunch
compression system, including an lineariser cavity. This
method was successfully used to optimise the present oper-
ation modes of SwissFEL.

ACKNOWLEDGEMENTS
Valuable contributions and fruitful discussions for this

paper from Sven Reiche, Thomas Schilcher, Simona Bet-
toni, Martin Dohlus, and Igor Zagorodnov are acknowl-
edged.

REFERENCES
[1] S. Reiche, Status of the SwissFEL Facility at the Paul Scher-

rer Institute, Proceedings of FEL2011, Shanghai, China.

[2] R. Ganter et al, SwissFEL Conceptual Design Report, PSI-
Bericht 10-04.

[3] I. Zagorodnov and M. Dohlus, Semianalytical modeling of
multistage bunch compression with collective effects, PRST-
AB 14, 014403 (2011)

[4] M. Borland, elegant: A Flexible SDDS-Compliant Code for
Accelerator Simulation, Advanced Photon Source LS-287,
September 2000.

[5] Bolko Beutner and Sven Reiche, Operation Modes and Lon-
gitudinal Layout for the SwissFEL Hard X-Ray Facility, Pro-
ceedings of FEL2011, Shanghai, China.

[6] Bolko Beutner and Sven Reiche, Sensitivity and Tolerance
Study for the SwissFEL, Proceedings of FEL2010, Malmö,
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Table 1: The Input Parameters f0 for the Operation Modes

sponds to the Large Bandwidth Mode, There is
Overcompression in BC2 therefore the Signs of the
Compression Correlation is Inverted

Presented in Fig. 5. Please Note that the Last Entry
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Figure 6: Expected beam performance of the standard operation modes. The red bars indicate the contributions to the
RMS jitter of i.e. arrival time caused by different error sources. Their total is given by the blue bar. The arrival time
(top), peak current (middle), and energy jitter (bottom) is given for the 10 pC (left) and the 100 pC mode (right). The
labels denote the source of jitter contributions, S-, and X-band jitter is given as SBP, XBP, SBA, XBA for the phase and
amplitude respectively. LnP, LnA, corresponds to the C-band linace 1 to 3. LHQ, LHt, and LHE is the beam charge,
arrival time, and energy at the laser heater just downstream of the injector booster. Magnet field variations in the chicane
dipoles are labeled as BC1 and BC2.
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Figure 7: As in Fig. 6, but both modes have 200 pC in standard (left) and in large bandwidt mode configuration (right).
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SIMULTANEOUS OPERATION OF A MULTI BEAMLINE FEL FACILITY

S. Ackermann, V. Ayvazyan, W. Decking, B. Faatz∗, C. Gruen, E. Hass,
K. Klose, F. Obier, S. Pfeiffer, M. Scholz, J. Wortmann, DESY, Hamburg, Germany

Abstract
The FLASH II project will add an undulator beamline

and a new experimental Hall to the existing FLASH Fa-

cility. In addition to improving the radiation properties of

the FEL by using seeding, one of the main goals is to dou-

ble the beamtime of the facility for users. At the moment,

we deliver photon pulses in 10 Hz bursts with up to 800

bunches within each RF pulse. In order not to limit param-

eter ranges, we will have to give those same tuning possi-

bilities within an RF pulse for each of the users indepen-

dently.

For this purpose, several tests have been performed to

determine the limits of the difference in beam parameters

which can be delivered. We will show to what extend we

can switch fast between two beamlines, how we can change

photon pulse length by allowing different charges, have dif-

ferent energy in the two beamlines simultaneously to allow

for wavelength scans for the fixed-gap undulator presently

built in FLASH, while not interfering with user operation

of the new beamline.

INTRODUCTION
FLASH [1–4], the free-electron laser (FEL) user facility

at DESY, delivers high brilliance XUV and soft x-ray FEL

radiation for photon experiments since summer 2005. In

order to provide more beam time for experiments and to

improve the properties of the delivered FEL radiation, an

extension of the FLASH facility - FLASH II Project [6]

- was proposed in 2008 by DESY in collaboration with

Helmholtz Zentrum Berlin (HZB). The project has been ap-

proved in 2010 and the civil construction started in 2011.

The first beam of the extended facility is foreseen in late

summer 2013.

Because the user time is overbooked by approximately a

factor of four, one of the main goals is to extend the capac-

ity of FLASH. Important in this respect is that a doubling

of the capacity should not be at the expense of flexibility.

This means that we need to be able to deliver all parameters

requested by users independently to both beamlines.

LAYOUT
The present FLASH facility consists of an injector with

a laser driven RF-gun to produce high quality electron

bunches, a superconducting linac with TESLA type accel-

erator modules to accelerate the electron beam up to 1.25

GeV, and an undulator section with fixed gap undulators

to produce SASE (Self Amplified Spontaneous Emission)

FEL radiation in the wavelength range from 4.1 nm - 45 nm.

∗bart.faatz@desy.de

More details of FLASH and its parameters are, for exam-

ple, in [2, 3].

The aim of the FLASH II project is to extend FLASH

with a second undulator beamline to allow a more flexi-

ble operation and more beam time for photon experiments

with improved photon beam properties. The FLASH linac

drives the both undulator lines: the present fixed gap undu-

lator (referred here as FLASH1) and the new variable gap

undulator (referred here as FLASH2). The separation be-

tween the two is downstream of the last accelerating mod-

ule. Figure 1 shows the layout of the extended FLASH

facility. Details of the FLASH II project and its parameters

are discussed in Ref. [5]. More details on the extraction can

be found in [7].

In order to actually achieve a doubling of beamtime for

users, a number of conditions have to be fullfilled. The

minimum requirement is that both users get the 10 Hz

rep. rate that present FLASH users have. In order to

achieve this, a faster kicker-septum system is needed to dis-

xctribute the beam beatween the two undulators. Because

both users need to have the long bunch trains, the kicker

needs to have, in addition to stability, also a flatness over

the bunch trains of 800 μs to achieve equal lasing for all

bunches.

The fast switching (and the independent wavelength tun-

ability) does not give us the flexibility needed to orga-

nize experiemnts independently. Users will request dif-

ferent bunch patterns, different photon pulse lengths and

for FLASH II the possibility to seed with HHG. In or-

der to meet with this lagre variety of conditions, FLASH I

and FLASH II will use two different injector laser systems

which are shifted in time by a few tens to a few 100 μs, de-

pending on required bunch number and rep. rates for each

of the users. This way we can independently set charge

and rep.rate for both users. In addition, we need to be able

to change compression settings, e.g. RF-parameters, de-

poending on bunch charge.

In the next section, we will first show results on the

stratus of the fast kicker system. Then, we will show the

progress on the RF-system to allow for changes in RF

phase and gradient within an RF-pulse. This is compared

to the parameters which have been experimentally deter-

mined as sufficient to obtain lasing over a large range of

charges. Finally, we will look at the steps still needed for a

full test.

FAST SWITCHING
Figure 2 shows the switching scheme as it is foreseen

for FLASH. Each RF pulse with a flat-top of 800 μs has to

be distributed between FLASH1 and FLASH2 users. The
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Figure 1: Layout of the extended FLASH facility with two undulator lines FLASH1 and FLASH2 (not to scale). The total

length of the facility is about 315 m.

Figure 2: Switching between FLASH1 and FLASH2, allowing for variable charge, rep. rates and bunch numbers.

Figure 3: Flatness of the fast flattop kicker with(yellow)

and without (black line) casing.

switching time has to be below 50 μs in order to avoid

that two many of the bunches are not available for users.

A similar system is foreseen for the European XFEL (see

Ref. [9]). Fig. 3 shows two results of kicker tests.

In order to test the stability of the kicker with the ex-

isting FLASH facility, first SASE was established. Then,

the kicker was switched on and DC correctors were used

to correct the orbit back to its original to obtain lassing

again. The intensity fluctuation with kicker were compared

to those with the original orbit without the kicker.

For both configurations, the stability was good enough

not to increase the fluctuartion in intensity beyond what is

expected from the natural SASE fluctuations. However, the

yellow curve shows a droop over the pulse, which results in

a large variation of SASE over the pulse train. In addition,

the long trailing edge showed effect on the bunch train for

several ms. The problem was caused by the metal cage in

which the kicker was built. In a temporary cage, the same

tests, represented with the green line, showed no effect on

the SASE level. Only moving the beam to within 10 μs

of the trailing or leading edge resulted in a measurable de-

crease of the SASE level.

A test with the final kicker design is planned for late

2012.

VARIATION IN PHOTON PULSE
PROPERTIES

Figure 4: Energy and phase variations possible to allow for

charge dependent compression and wavelength fine-tuning.

A future extension with an additional beamline is already

foreseen, as can be seen by the three different levels.
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Figure 5: Bunch Profile measured with a THz spectome-

ter and the corresponding SASE level for 0.07 nC bunch

charge.

Table 1: RF Changes within an RF Pulse Checked for Vari-

ous RF Stations
RF Station Phase Ampl. Transition time

(Deg.) (MV) (μ s)

Gun +5 -0.1 50

ACC1 +/-2 +/-3 30

ACC39 +/-9 -3 60

ACC23 +/-3 -15 100

ACC45 +/-5 +/-15 100

ACC67 – – –

Being able to deliver 10 Hz to both users is a minimum

requirement in order not to reduce the number of photon

pulses. However, without a certain amount of flexibility to

adjust beam parameters, it is impossible to plan beamtime

for two users simultaneously. For example, if FLASH1

users require short pulses, the only way to supply this is

by reducing the bunch charge. Without the possibility to

have different beam parameters for FLASH2, this would

exclude long bunches and therefore for example seeding.

Since different charges require different compression, es-

Figure 6: Bunch Profile measured with a THz spectometer

and the corresponding SASE level for 0.6 nC bunch charge.

Figure 7: Bunch length measured for different charges.

pecially in the first compression stage, one must be able to

independently set phase and amplitude in a limited range

for FLASH1 and FLASH2, e.g. within the RF-pulse. Fig.

4 shows in this case for the RF station used for accelera-

tors 4 and 5 that both amplitude and phase we are able to

make steps. The steps that are needed to charge dependent

compression are shown in Table 1.

Since at the moment, we cannot get bunch trains at dif-
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Table 2: SASE dependence on charge. scans have been

performed by going from high charge to low charge, only

touching RF parameters which can be switched within an

RF-pulse, and the injection angle and offset into the undu-

lator. At low charge, the machine has been optimized and

the same scan has been performed again from low to high

charge. The final point at 1. GeV and 0.6 nC was not opti-

mized because of a lack of time
Charge (nC) SASE (μJ) SASE (μJ)

at 0.7 GeV at 1.1 GeV

0.6 210 165/110

0.3 170 80/100

0.15 110 75

0.07 30/55 35

ferent gradient and phase lasing in the present machine

with only one lser system, tests have been performed to

determine how close one can get to the edges of these steps

on both sides. Results in Table 1 show that only steps in

gradient exceeding 10 MerV would increase the switching

time significantly. This, however, is only needed to perform

wavelength changes in FLASH1 while keeping FLASH2

running. Further studies to improve this show significant

improvement.

Table 2 shows what SASE has been achieved for differ-

ent charges. The bunch length measured with a THz spec-

trometer showed a variation between a factor of 5 to 10

for a factor 10 in charge. The SASE over the bunch train

is shown in Fig. 5 for low charge and in Fig. 6 for high

charge. Further tests are planned to confirm and reproduce

these results at different wavelengths and beam energies. In

addition, further study is needed to determine the cause for

the slight slope in lasing intensity which is clearly visible

at low charge. the However, it seems that a large variation

in charge can be transported and can radiatewithout touch-

ingg any parameter except RF parameters, which can be

switched fast, and the injection angle and offset of the elec-

tron beam into the undulator. This would also mean that we

can have a seeded FEL at FLASH2, which requires longer

bunches, and have short, low charge bunches for FLASH1

at teh same time.

STATUS AND OUTLOOK
First tests have shown that both fast switching and differ-

ent parameters to FLASH1 and FLASH2 simultaneously

are possible. This enables the possibility to deliver to both

users long pulse trains with different bunch parameters,

such as rep. rate and bunch charge and compression. Es-

pecially when FLASH1 users require short photon pulses

while FLASH2 wants with seeded bunches, this is a must.

So far, we could not show this simultaneously, because

we need at least a second laser system to provide different

parameters at the same time within an RF pulse. A second

laser system is foreseen to become operational this year at

which point switching both lasers to the gun with an ad-

justable delay has to be tested. With two lasers available

we can test the possibility of different charges and different

compression simultaqneously.

Tests to allow a larger scanning range of the wavelength

for the fixed gap undulators of FLASH1, while keeping

FLASH2 operation untouched, are continued. They show

promissing results that we can have up to 50 MeV variation

in FLASH1. The limit is given by the rise and fall-time of

the RF in superconducting structures and the losses in the

collimator. The latter is caused by the fact that we can-

not change the optics without influncing also FLASH2 and

the shared optics also contains the transverse collimnation

system, which is partly shared by FLASH1 and FLASH2.
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EXTRACTION ARC FOR FLASH II

M. Scholz∗, W. Decking, B. Faatz, T. Limberg, DESY, Hamburg, Germany

Abstract

FLASH II is an extension of FLASH, an FEL user facil-
ity at DESY, Hamburg. It uses the same linear accelerator.
Fast kickers and a septum will be installed behind the last
superconducting acceleration module of the FLASH linac,
providing the possibility to distribute beam to the FLASH
undulator beamline and through the new extraction arc. It is
foreseen that at the end of the extraction arc for FLASH II
the beam can be split again into two separate beamlines:
The main beamline hosting undulators for SASE and space
for HHG seeding, the other beamline might serve later a
plasma wakefield experiment or an additional long wave-
length SASE source. The extraction arc was designed to
mitigate the effects from coherent synchrotron radiation
(CSR) like emittance and energy spread growth. The ex-
traction arc for FLASH II places also demands on the ex-
isting FLASH beamline which are taken into account. The
lattice optimization of the arc was done using the program
ELEGANT. Start to end simulations for different bunch
charges including FEL simulations with GENESIS were
carried out to show the feasibility of the lattice design for
the extraction arc.

INTRODUCTION

The existing single-pass high-gain SASE FEL FLASH
(Free-electron LASer in Hamburg) at DESY, Hamburg [1]
delivers photons in the wavelength range from 4.1 nm to
44 nm. The photons generated by six fixed-gap SASE-
undulators can be delivered to five experimental stations in
the FLASH experimental hall. FLASH II was planed and
is now under construction to increase the beam time for
users [2]. Three fast kickers and a DC Lambertson-Septum
to be installed behind the FLASH linac give the possibility
to distribute the beam either to the existing beam line or to
the new extraction arc. At the end of the arc there will be
a pulsed bend which allows to steer the beam away from
the main beam line, which hosts variable gab undulators
for SASE and space for HHG seeding, or to a 3rd beamline
serving a proposed plasma wake fi

The variable cap undulators in the new beamline will
have a segment length of 2.5 m and a period of 31.4 mm.
The total number of segments is 12. The proposed wave-
length range for this undulator beamline is 4 nm - 80 nm
for SASE and 10 nm - 40 nm for HHG seeding.

SPECIFIC REQUIREMENTS TO THE
BEAM TRANSPORT

The challenge for the extraction arc is to fulfill several
conditions given by the building environment and by the

∗matthias.scholz@desy.de

beam optics. Besides of little free space for additional ele-
ments in the existing FLASH installation, the new photon
beamline downstream the undulators has to cross PETRA3,
a brilliant storage-ring-based X-ray radiation source [3], at
a dedicated place which fixes the extraction angle at 12 de-
gree. In addition, the maximum length of the new tunnel is
also limited by the PETRA3 accelerator.

In order to mitigate CSR-effects, the beta functions have
to be small in all strong horizontal bends [4] [5]. Further
requirements on the beam optics are a closed dispersions in
both planes and zero momentum compaction.

LATTICE OPTIMIZATION

In an earlier solution for this extraction arc realized with
bending magnets of 7, 1.5 and 3.5 degree and a negative
dispersion in the second bend to archive zero momentum
compaction [2], the impact of the beam transport on the
beam quality was too strong and not suitable for the new
beamlines. It was necessary to reduce the strength of the
quadrupole magnets between septum and the next bending
magnet to improve the beam quality. However these strong
quadrupole magnets were necessary to get the negative dis-
persion in the second bend. The idea for the new extraction
arc presented in this paper was to implement a weak re-
verse bend downstream the septum at a location with pos-
itive dispersion which allows to archive zero momentum
compaction.

The final solution for the extraction has now deflection
angles of 6.5, -0.9, 3.2 and 3.2 degree. A top view of all
magnet positions can be found in Fig. 1. The program
used for all optimizations and for particle tracking was EL-
EGANT [6].

The new optics design shows small beam waist in all
strong horizontal bends as necessary to mitigate the coher-
ent synchrotron radiation effects. The required vertical off-
set for the Lambertson-septum is achieved with 3 kickers
upstream of the septum. The kick is increased by two out of
the three quadruples between kickers an septum which are
passed with a vertical offset. The third quadrupole magnet
deflects the beam back to straight trajectory. These quads
provide the beam waist in the septum. The vertical disper-
sion caused by the kickers is closed with two vertical bends
at the end of the extraction arc. In horizontal plane, closed
dispersion is achieved. Three sextupole magnets in the ex-
traction arc are required to close the second order vertical
dispersion.

Zero R56 is obtained by use of the reverse bend and
proper characteristics of the dispersion function. Plots of
the betatron functions, the dispersion functions, the mo-
mentum compaction function as well as for the vertical
beam center position are presented in Fig. 2.

eld experiment.
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Figure 1: This plot shows a top view of FLASH II and the straight FLASH beamline. The building walls are sketched in
Grey color.
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Figure 2: Optic functions for  the new extraction arc for FLASH II. The upper plots show the betatron functions and

START TO END SIMULATIONS

To verify the usability of the new lattice layout, start to
end simulations were carried out. For this simulations,
bunches with an energy of 1 GeV and with charges of
20 pC, 100 pC, 250 pC and 500 pC were tracked trough
the linac and the extraction arc including space charge
and coherent synchrotron radiation effects. Finally the
bunches were used for single shot FEL simulations using
GENESIS [7]. In Fig. 4 one can find the evolution of the
projected normalized emittances along the extraction arc
for all charges mentioned above and for both planes. As
one can see in the plots, some of the horizontal emittances
are slightly decreasing. This is due to an advantageous in-
teraction between arc beam optics and bunch shape.

The more significant statement whether the new extrac-
tion arc is feasible for serving an undulator beamline or not
can be found by evaluating the FEL-simulations presented
in Fig. 3. The current distributions and photon pulses in the
upper plots as well as the single shot spectra in the lower
plots show the situation after an undulator length of 18 me-

ters. This distance was chosen because FEL-simulations
showed saturation at this position for all bunch charges.

The peak current before entering the new extraction arc
was around 2.5 kA for all distributions. The deviation
between the initial peak value and the maximum current
shown in the plots points to the second order momentum
compaction (T566) which is not equal to zero. This can
lead to a reduction or an increase of the peak current de-
pending on correlations with the particle distribution in the
longitudinal phase space. The double peaks of the current
distributions with 20 pC and 100 pC suggest that as well.

Regarding the photon pulses, one can see that the three
smaller charges show pulses with a FWHM length of
around 1-2 µm. The wavelength of the photons for the
charges of 100 pC, 250 pC and 500 pC is about 18.6 nm
as expected. The slightly shorter wavelength for the 20 pC
case can be explained by a higher energy of the lasing slice
compared to the other bunches.

the first order momentum  compaction (R56) and  the lower plots the dispersion and  the vertical beam center position.

TUPD33 Proceedings of FEL2012, Nara, Japan

306C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology II: Stability, Optics, Beamline



0 20 40 60
0

2

4

6

8
Current and radiation power for 100 pC

s [μm]

C
ur

re
nt

 [k
A

]

0 50 100
0

2

4
Current and radiation power for 250 pC

s [μm]

C
ur

re
nt

 [k
A

]

18.4 18.6 18.8 19 19.2
0

0.2

0.4

0.6

0.8

1
Spectrum of a 100 pC bunch

λ [m]

P
 [a

.u
.]

18.6 18.8 19
0

0.2

0.4

0.6

0.8

1
Spectrum of a 250 pC bunch

λ [m]

P
 [a

.u
.]

18.6 18.7 18.8 18.9
0

0.2

0.4

0.6

0.8

1
Spectrum of a 500 pC bunch

λ [m]

P
 [a

.u
.]

0 50 100 150
0

1

2

3

4
Current and radiation power for 500 pC

s [μm]

C
ur

re
nt

 [k
A

]

18.2 18.4 18.6 18.8
0

0.2

0.4

0.6

0.8

1
Spectrum of a 20 pC bunch

λ [m]

P
 [a

.u
.]

0 20 40
0

1

2
Current and radiation power for 20 pC

s [μm]

C
ur

re
nt

 [k
A

]

0 20 40
0

5

10

P
 [G

W
]

0 20 40 60
0

20

40

60

80

P
 [G

W
]

0 50 100
0

50

100

P
 [G

W
]

0 50 100 150
0

10

20

30

40

P
 [G

W
]

Figure 3: These plots show the results of the single shot FEL simulations with GENESIS. The bunches used for these
simulations were tracked through the linac and the extraction arc for FLASH II. In the upper line one can find plots of
the current distribution along the bunch and the shape of the photon pulse. The plots in the lower line show single shot
spectra.
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Figure 4: Projected normalized emittances evolution within
the extraction arc.

CONCLUSIONS

The new extraction arc for FLASH II meets all condi-
tions which were imposed on the extraction lattice. The
presented lattice layout fits into the new tunnel restricted
by the building environment and there is enough space for
SASE undulators as well as for HHG seeding. Both, the
horizontal and vertical first order dispersion is closed at
the the end of the extraction arc and also the first order
momentum compaction R56 zero as required. Horizon-
tal beam waists in the horizontal bending magnets mitigate
emittance growth due to coherent synchrotron radiation ef-
fectively. The used set of bending magnets leads to the nec-
essary deflection of 12 degree for the new beamline. Also

the extraction point for the beamline serving electrons to
the proposed third beamline, the pulsed bending magnet, is
considered. The start to end simulations showed that there
is no increase of the projected normalized emittance in both
planes for all different bunch charges. Furthermore, the
single shot FEL-simulations showed short photon pulses
within the expected wavelength range. The results of the
start to end simulations confirm the applicability of the new
extraction arc for FLASH II.
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BEAM OPTICS DESIGN FOR PAL-XFEL∗

H. S. Kang† , J.-H. Han, T. H. Kang, I. S. Ko,
Pohang Accelerator Laboratory, POSTECH, Pohang 790-784, Korea

Abstract
The PAL-XFEL lattice is designed to generate a 0.1

nm hard X-ray FEL using a 10 GeV electron linac with

a switch line at 3 GeV point for 1-3 nm soft X-ray FEL.

The beam optics is designed so as to have robustness in

matching at the sections of Injector, Linac section (L1, L2,

L3, L4), bunch compressors (BC1, BC2, BC3), soft X-ray

switch line, dechirper and deflector, emittance measure-

ment unit (EMU), dogleg line, Undulator, and beam dump.

The optics design also includes geometric and energy col-

limators to protect undulator magnets, whose performance

is confirmed by the particle tracking simulation.

OUTLINE OF PAL-XFEL
The PAL-XFEL is designed to generate a 0.1 nm hard X-

ray FEL using a 10 GeV electron linac with a switch line at

3 GeV point for soft X-ray FEL. The target slice emittance

is 0.4 mm-mrad at 0.2 nC and the acceptable emittance is

set at 0.6, which is used in the undulator design to have a

reasonable margin of error [1].

Figure 1 depicts the layout of the PAL-XFEL. It consists

of a 139-MeV injector, four acceleration sections (L1, L2,

L3, and L4), three bunch compressors (BC1, BC2, BC3),

and a dogleg transport line to undulators. The injector uses

an S-band photo-cathode RF-gun to make the slice emit-

tance smaller than 0.3 mm-mrad at 0.2 nC [2]. A laser

heater, which placed right after the injector, is to mitigate

micro-bunching instability by increasing the uncorrelated

energy spread to Landau damp the instability. An X-band

cavity placed after L1 is to linearize the non-linear energy-

to-time correlation growing at the injector and L1 where the

electron beam bunch is so long that non-linear time-varying

RF field increases the non-linearity. A deflector, which is

an RF cavity resonant at TM110 mode, is to measure the

temporal profile of the electron beam and able to measure

the energy-time correlation by incorporating with a fol-

lowing energy spectrometer. Emittance measurement unit

(EMU) utilizes a FODO lattice with wire scanners placed

between quads with a fixed betatron phase difference. A

de-chirper located right after BC3-S in the soft X-ray FEL

beamline is a corrugated pipe to actively use the resistive

longitudinal wake field induced from the head of the bunch

to decrease the energy of the tail. The energy chirp, time-

correlated energy difference in the bunch, required in the

bunch compression process is well compensated in the hard

x-ray FEL beamline due to the long acceleration section

∗Work supported by Korean Ministry of Science and Technology
† hskang@postech.ac.kr

L4, while it is not available in the soft X-ray FEL beamline

because there is no wake structure after the last bunch com-

pressor (BC3-S). A 20-m long de-chirper is used in the soft

X-ray FEL beamline while a short (6 m long) de-chirper

will be used at the hard X-ray FEL beamline to have a pos-

sibility of increasing energy chirp, therefore, reducing R56,

which means it allows us to reduce the amplitude of pa-

rameters affecting microbunching instability such as R56,

chicane bend angle, and the distance between the first and

the 2-nd dipole of chicane.

Figure 2 shows the layout of hard X-ray and soft X-ray

FEL beamlines. Two FEL beamlines, one soft X-ray (SX1)

and one hard X-ray (HX1), which will be prepared in the

first phase, are to provide the FEL beam in the range of 0.56

to 0.1 nm and 4.5 to 1 nm, respectively. To have a capability

of full polarization control in the soft x-ray FEL, APPLE-

II type undulators are used for saturation at the last section

of undulators before which planar-type undulators are used

for full development of microbunching before saturation.

The shortest wavelength of HX1 beamline is extendable to

0.06 nm by changing the undulator gap. The SX1 undulator

line is nominally to deliver the FEL radiation from 3 nm to

1 nm, while it should be able to deliver a 4.5 nm FEL beam

by reducing the beam energy from 3.15 to 2.6 GeV.

λλ

Figure 2: Layout of hard X-ray and soft X-ray FEL beam-

lines.

OPTICS DESIGN FOR HARD X-RAY FEL
BEAMLINE

Hard X-ray FEL beamline
Figure 3 shows the lattice of the hard X-ray FEL beam-

line. Four acceleration sections (L1, L2, L3, and L4) have

different FODO lattice with different betatron phases. The

length of the S-band accelerating structure (A/C) is 3.0 me-

ters. At L1, one quad per one A/C is selected to make be-

tatron function smaller than 15 meters, and At L2 and L3,

one quad per two A/Cs is selected to make betatron func-

tion smaller than 25 meters for L2 and 35 meters for L3.

At L4, one quad per four A/Cs is selected because of small
emittance of the electron beam.
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Figure 1: Layout of PAL-XFEL.
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Figure 3: Lattice of hard X-ray FEL beamline.

Figure 4 shows the lattice of the emittance measurement

unit (EMU) at the end of linac and a dogleg line to undu-

lators where the beam energy is 10 GeV. EMU is a FODO

lattice with phase advance of 45 degrees between quads

with four wire scanners (WS) for emittance measurement

placed mid between quads, where the betatron functions

for both directions are same. Geometric collimators, hor-

izontal (X-C) and vertical collimators (Y-C), are placed at

two points for each direction with largest betatron function

in the EMU. The phase difference between two collimators

for each direction is designed to be 90 degrees.

The dogleg line consists of two dipoles with the bend

angle of 0.5 degrees and three quads between dipoles. Dis-

persion at the quad is 0.063 m, which is large enough to

provide a reading resolution of energy jitter for the BPM.

Differentiating two x-BPM readings (BPM:A and BPM:B)

Figure 4: Lattice of emittance measurement unit and dog-

leg line. X-C and YC represent geometrical collimator, E-C

energy collimator, and WS wire scanner.

at the largest dispersive point cancel any betatron signal

leaving only the energy signal. Energy jitter measurement

resolution of 1E-5 requires the BPM reading resolution of

0.6 μm at this BPM. Two energy collimators (E-C) are

also placed at the point of largest dispersion in the dog-

leg line. Those collimators are to protect undulator mag-

net from misguided electrons and halo particles. The HX

undulator chamber half gap of 2.6 mm and the maximum

betatron function in undulator chain of 35 m give the re-

quired radius of 1.65 mm for geometric collimators in the

EMU line. Clearance of the collimated beam in the undu-

lator chamber is assumed to 20 % of the half gap, 0.52 mm.

The required radius of energy collimator in dogleg line is 3

mm to cut out over +/-5 % energy electrons. The higher the
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Figure 5: Particle tracking simulation for geometrical collimators and energy collimators: (a) horizontal phase space,

(b) x-y distribution, and (c) energy bandwidth of the particle distribution at the undulator entrance.

betatron function in undulator chain, the bigger the radius

of the geometric collimators in the EMU line.

Particle Tracking for Collimator
Particle tracking for the collimators above described is

done using the elegant code [3]. A seed beam with 200k

particles with an emittance of 100 mm-mrad and an en-

ergy spread ( δp
p ) of 0.1 starts from the exit of the injector.

The input emittance is selected so as to clearly show the

effect of collimator in the simulation. The center beam

energy is 139 MeV and the bunch length is assumed 33

ps in rms. Four energy collimators (BC1-EC, BC2-EC,

BC3-EC, HX-dogleg-EC) and two geometric collimators

(HX-EMU:X-C, HX-EMU:Y-C) for each direction in the

dog-leg line are tested in this simulation. The aperture ra-

dius of the energy collimator BC1-EC, BC2-EC, BC3-EC

are 18.5 mm, 18 mm, 12 mm, respectively. It is clearly

seen in Fig. 5(a) that two geometrical collimators with 90

degrees phase difference block halo particles to make the

beam collimated defined by red line in the figure. The de-

signed aperture of 1.65 mm for the geometric collimators

gives a beam size of 2 mm at the entrance of the undulator

ensuring that the simulation results match with the design

value and the halo particle does not hit the undulator cham-

ber. Figure 5(c) shows the energy bandwidth of the particle

distribution, which reduces to 0.01 from the initial value of

0.1 by four energy collimators.

OPTICS DESIGN FOR SOFT X-RAY FEL
BEAMLINE

Figure 6 shows the lattice of the SX FEL beamline and

Figure 7 the lattice of dogleg switch line to soft X-ray FEL.

The beam energy at the SX dog-leg line is 3 GeV. The

SX dogleg line consists of two achromats whose dipoles

have the bend angle of 3 degrees. Dispersion at the quad

between two dipoles is 0.39 m, which is large enough to

provide a reading resolution of 1E-5 energy jitter for the

BPM (BPM:A and BPM:B). Geometric collimators (G-C),

which is circular shape, are placed at two points between

two achromatic bends. The phase difference between two

geometric collimators is designed to be 90 degree in both

directions. Two energy collimators (E-C) are also placed at
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                               s (m)
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Figure 6: Lattice for Soft X-ray FEL beamline.

Figure 7: Lattice of dogleg switch line to soft X-ray FEL.

G-C stands for geometrical collimator.

the point of largest dispersion in the SX dog-leg line. The

SX undulator chamber half gap of 3.6 mm and the maxi-

mum betatron function in undulator chain of 24 meters give

the required radius of 2.35 mm for geometric collimators in

the SX dogleg line. The required radius of the energy colli-

mator in the SX dogleg line is 19 mm to cut out over +/-5%

Proceedings of FEL2012, Nara, Japan TUPD34

FEL Technology II: Stability, Optics, Beamline 311 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 8: Beam offset along four quads to the septum. Q3,

Q4, Q5, and Q6 are the same quads used in Fig. 7.

energy electrons.

A kicker and a septum are used for switching to soft X-

ray FEL beamline. Electron beam is kicked vertically with

the kick angle of 0.7 mrad at the kicker and then switched

out horizontally at the septum where the vertical beam off-

set is 9.0 mm. Six quads are necessary for kick and match-

ing to the SX dog-leg line. Q1 and Q2 are to make αy = 0
at the kicker, Q3 is to obtain an additional vertical kick, and

Q4, Q5, and Q6 for matching to the dog-leg line contribute

additional vertical kicks. Vertical dispersion appears along

the dogleg switch line due to vertical kick, which can be

removed by adding two vertical dipole correctors after the

septum.

Beam offsets along four quads to the septum are depicted

in Fig. 8. Four quads have different k-values to give dif-

ferent kick angles. After exiting Q6, the electron beam has

the deflection angle of -0.2 mrad and a vertical offset of

9.0 mm at the entrance of the septum, which can be made

parallel by the kicker-2 with the kick angle of 0.2 mrad.

Figure 9: Lattice of L3S, BC3S, and De-chirper.

The lattice from L3S to De-chirper section is shown in

Fig. 9. The beam energy is increased to 3.15 GeV at the

L3S which consists of four S-band A/C powered by two

klystrons. The horizontal betatron function is made smaller

than 5 meters at the last dipole in BC3-S. The bend angle

of chicane is variable from 0 to 2.2 degrees, which is also

available in bunch compressors in the hard X-ray beam-

line. Two tweaker quads are placed at the separation of

π/2 phase difference in the BC3-S. To reduce the effect of

transverse wake field of the dechirper whose radius is as

Figure 10: Entrance part of the 6-m long dechirper.

small as 3 mm, the betatron function around the dechirper

is designed to be below 22 m. Figure 10 depicts the en-

trance part of the 6-m long dechirper which is now under

design. It is an adjustable gap type of 5 to 30 mm using

two parallel plates with corrugations to provide better con-

trollability. But the wake reduces to a factor of π2

16 from the

circular type.

ROBUSTNESS OF THE LATTICE
The robustness of the lattice is simply tested with the

input Twiss parameters varying by 50% from the design

values (see Fig. 11). As seen in the figure, the optics dis-

tortion is not severe and the emittance increases by only a

few percent. The distorted optics is easily recovered to the

designed optics of Fig. 3 by re-matching of optics.
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                               s (m)
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Figure 11: The lattice function with initial Twiss parameter

varying by 50%.
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FEMTOSECOND LEVEL SYNCHRONIZATION OF A LINAC BASED 
SUPER-RADIANT  FACILITY  

M. Kuntzsch#, F. Röser, U. Lehnert, M. Gensch#, HZDR, Dresden, Germany 
M. Bousonville, H. Schlarb, N. Stojanovic, S. Vilcins-Czvitkovits, DESY, Hamburg, Germany 

 
Abstract 

The superconducting radiofrequency (SRF) electron 
accelerator ELBE at Helmholtz-Zentrum Dresden-
Rossendorf (HZDR) is currently upgraded. A SRF Gun 
and a femtosecond (fs) electron beamline will enable 
quasi continuous wave (cw) operation with bunch charges 
of up to 1 nC and bunch durations down to 150 fs 
(FWHM). The new femtosecond electron beamline will 
be used to drive one super-radiant THz test facility and 
one X-ray source based on Thomson scattering. Both of 
these facilities will at some stage rely on synchronization 
of external laser systems to the accelerator on the sub 100 
fs timescale. In the next few years one focus of the 
accelerator research activities at HZDR will lie in the 
development of suitable techniques to timing and 
synchronizing the accelerator. Our approach is based on 
an optical synchronization system, adapted from a similar 
system installed at FLASH [1]. This system is installed 
and tested in a close cooperation between DESY and 
HZDR.  

CONCEPT 
Overview 

The femtosecond synchronization system at ELBE is 
using single-mode optical fibers to distribute stable laser 
pulses to several remote stations. The laser light is 
partially used for an optical phase detection scheme to 
monitor and compensate for jitter and drifts [1]. The 
master laser oscillator (MLO), operating at 78 MHz, is 
locked to the master radio frequency (RF) oscillator, 
which defines the long term stability.  

The link stabilizers are adapted from the units installed 
at FLASH and have been setup at ELBE in collaboration 
with DESY, Hamburg. In spring 2012 the first prototype 
link stabilizer has been commissioned at HZDR and 
showed promising performance [2]. 

The layout of the synchronization system is shown in 
Figure 1. 

 
 

 
Figure 1: ELBE layout with synchronization system for THz facility. 

_________________________________________  

#corresponding author, email: m.kuntzsch@hzdr.de; 
m.gensch@hzdr.de 
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The stabilized laser pulses are used as the timing 
reference to lock pump-probe lasers to the accelerators 
RF. The optical pulses are detected using a photo diode, 
which generates a frequency comb with the fundamental 
wave and all its harmonics up to the photo diodes 
bandwidth. The fundamental frequency of 78 MHz is 
used as a coarse lock to fix the laser pulse to the right RF 
bucket. Usually one of the upper harmonic is used for a 
fine lock, i.e. for a more sensitive phase detection and 
control. 

In future an all optical lock can be realized using a two 
color balanced optical cross-correlator scheme [4]. 

The availability of stabilized ultra-short laser pulses at 
any location on the machine allows for the employment of   
advanced techniques for timing and electron bunch 
diagnostics like electro optical sampling and bunch 
arrival-time monitoring. Since the ELBE accelerator runs 
in a quasi – cw mode of operation specific optimization of 
such schemes can be envisioned, e.g. by making use of 
phase sensitive detection [3]. 

Timing Hutch 
The Timing Hutch offers a temperature stabilized und 

clean environment for the MLO and the link stabilization 
units. It is located close to the accelerators RF systems 
and electron sources to minimize the residual jitter caused 
by grounding and thermal issues.  

 Linac Based Super-   adiant THz Test    acility 
One application of the new fs – electron beamline at 

ELBE is to generate and study superradiant THz pulses 
from (i) a coherent transition/coherent diffraction source 
and (ii) from a dedicated THz undulator device (for 
details see [5]). In medium and long term, once the 
process of THz generation is fully understood and reliable 
operation can be guranteed, the THz pulses shall be 
utilized for dedicated THz pump laser probe experiments. 
Pilot facilities at the linac of the FLASH FEL [6],[7] have 
shown that super-radiant THz facilities of this kind can 
generate THz pulses with field strength up to GV/m. The 
interest of the material and life science community in 
such a facility lies in the possibility to study the influence 
of such extreme unprecedented fields on matter. While 
some experiments would study the effects of the high 
electric fields on the materials “post mortem”, most 
experiments will likely study the dynamic of processes 
induced by THz pulses. Recent experiments have shown 
that the macroscopic properties of matter such as 
conductivity or even superconductivity can be controlled 
by high THz fields [8],[9] on femto to picoseond 
timescales. In such experiments it would be highly 
desirable to study the dynamics on a sub THz cycle 
timescale in order to understand wether such phenomena 
are related to the THz field or the THz pulse intensity 
envelope. Figure 2 shows  a narrow bandwidth pulse 
(3 THz) sampled in a two color pump probe experiments 

at the pilot facility at FLASH where a novel self-
synchonized scheme based on the generation of the 
probing X-ray pulse and the pumping THz pulse from the 
same electron bunch provides few femtosecond 
synchonization [6],[7],[10]. In the optimum case, and as a 
long term goal, such a  sub cycle time resolution should 
also be achieved at ELBE. Since the THz frequencies 
range from 3 THz to 0.1 THz this requires a sub 100 fs 
synchronization of the accelerator and the external laser 
systems. 

Laser Systems 
The THz laboratory will be equipped with a commercial 

Ti/Sa based laser system comprising of a Verdi G pump 
laser, a Vitara laser oscillator (delivering 20 – 100 fs 
pulses at a rep rate of 78 MHz and with nJ pulse 
energies), a RegA 9000 regenerative amplifier (delivering 
100 fs pulses at �J pulse energies) and different optical 
parametric amplifiers that can provide few 10’s of nJ 
pulses over a wavelength range from the ultraviolet to 
near infrared. The laser system will at a later stage be 
complemented by the mJ laser- amplifier system of the 
Legend family [5].  

Laser Lock  
The Vitara Laser oscillator is locked to a reference 

signal using the Synchrolock AP electronics [11]. It offers 
the opportunity to lock the laser to an RF source and also 
to a second Ti:Sa Laser system using an optical input. 
This optical input has to be modified to accept the 
wavelength range of the MLO. 

Locking the laser systems can be done in two ways 
with different accuracy. The first option is using an 
electrical reference signal at fundamental frequency to do 
a coarse lock. The Synchrolock electronics generates an 
electrical frequency comb with the spacing of the 
fundamental wave. The 9th harmonic is used for the fine 
lock.  

The second option of locking the laser is using the 
modified optical input and connecting the stabilized 
optical pulses directly to the Synchrolock. Since there is 
no conversion to RF and filtering outside the lock 
electronics, noise sources are minimized. The optical 
input is also advantageous to avoid ground loops. 

The characterization of the different locking schemes 
will be done once the laser system is fully in operation. 

Electron Bunch Diagnostics 
The short and medium term goal of the THz test facility 

lies in the development of THz based electron bunch 
diagnostic. One important focus will be to develop 
concepts for online diagnostic of the arrival time jitter 
between the THz pulses/electron bunches and the external 
laser systems but also for an analysis of the electron 
bunch form. The strategic goal is the development of tools 
that are especially adapted to the requirements or quasi 
cw accelerators [1] [12].   
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Figure 2: 3 THz pulse of the pilot super-radiant THz 
facility at FLASH [5] sampled via photoelectron 
streaking by naturally synchronized fs X-ray 
pulses[8],[10]. For a sub-cycle sampling at 3 THz a sub 
100 fs synchronization is required. 

SUMMARY AND OUTLOOK 
The synchronization system is currently built up in 

parallel to the super-radient THz source at ELBE. The 
desired synchronization of better than 100 fs could be 
demonstrated frequently at FLASH and also already on 
a laser table scale prototype setup at ELBE. The next 
steps will be efforts to install timing distribution 
systems that allow transferring the timing signals with 
sub ps stability to different end stations including the 
THz facility. As soon as THz pulses of sufficient 
intensity become available performance of the timing 
and synchronization systems will start. These 
experiments, together with the signals from the beam 
arrival monitors and beam compression monitors, shall 
then in a second step be used for an appropriate 
feedback on the accelerator phases. The ultimate goal is 
to reach sub 100 fs synchronization and timing by 
2015. 

All installations offer the option of pulsed and cw 
operation. Since ELBE is a continuous wave linac we 
believe  that we can benefit from phase sensitive 
techniques  techniques, which may help us improve the 
measurement sensitivity considerably [3,12].. 
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VARIATION OF BEAM ARRIVAL TIMING AT SACLA 

Takashi Ohshima#, Hirokazu Maesaka, Yuji Otake,  
RIKEN, 1-1-1, Kouto, Sayo, Hyogo, 679-5148, Japan 

Shin-ichi Matsubara, JASRI, 1-1-1, Kouto, Sayo, Hyogo, 679-5198, Japan

Abstract 
SPring-8 Angstrom Compact Laser (SACLA) is a 

XFEL facility which provides intense pulsed X-ray laser 
to various scientific fields. It is a key issue to deliver 
stable timing signals to the accelerator components, the 
beam monitor units and apparatus of XFEL users with a 
precision of less than 100 fs RMS. Since the arrival 
timing of the X-ray at an experimental station depends on 
that of the electron beam, we measured the arrival timing 
of the electron beam by comparing a reference rf signal 
and a beam induced signal from an rf beam position 
monitor (RF BPM). A jitter of the arrival timing monitor 
was 41 fs in RMS calculated from a correlation plot of 
two adjacent BPMs data. To evaluate the stability of the 
timing monitor, we measured the difference of the arrival 
timings between two BPMs located at the entrance and 
the exit of the BL3 section. The difference of the arrival 
timings was about 180 fs pk-pk for 2 days measurement, 
which is the present accuracy of our beam arrival timing 
monitor. 

INTRODUCTION 
SACLA is a XFEL facility at SPring-8 [1]. For the 

accelerator of this facility, it is important to stabilize the 
phases of the accelerating cavities around the injector and 
bunch compression process of SACLA within 100 fs 
RMS to keep the stable laser oscillation. For this purpose 
a transmission system to deliver reference rf signals 
though optical fibers was installed [2]. One method to 
evaluate the stability of the transmission system is to 
measure the difference between two beam arrival timings 

along a straight beam-drift section. The high energy 
electron beam reaches almost the speed of light and 
hence, the difference of the beam arrival timings 
measured at two points along the straight beam-drift 
section is constant. If the optical path length is changed in 
the transmission system, the change also appears in the 
difference between the beam arrival timings. We have a 
beam position monitor which can measure the phase as 
beam arrival timing between the beam induced signal and 
the reference rf signal [3, 4]. Its temporal resolution was 
evaluated at the SCSS test accelerator and was measured 
to be 25 fs in RMS [5]. We measured again this temporal 
resolution at SACLA by using two adjacent BPMs. Then 
we measured the difference of the beam arrival timing 
between two BPMs located at the entrance and the exit of 
a BL3 undulator straight section. The measurement results 
of the arrival timing and the stability of the reference 
signal transmission system are reported in this paper. 

BPM SYSTEM AND TRANSMISSION 
SYSTEM OF REFERENCE RF SIGNALS 
To attain the submicron position measurement 

resolution, a cavity type BPM is used at SACLA [3, 4]. It 
consists of two cavities; one is a TM110 dipole mode 
cavity in order to measure the beam position, and the 
other is a TM010 monopole mode cavity to measure a 
beam charge amount and a reference beam phase for 
normalization. The resonant frequencies of the cavities 
are 4760 MHz. The BPM electronic circuit consists of an 
In-phase Quadrature (IQ) demodulator in order to detect 
the amplitude and the phase of the signal. The detected 

 

 

Figure 1: Schematic view of the BPM system and the transmission system of the reference rf signals. 
 ___________________________________________  

#ohshima@spring8.or.jp 
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baseband signal is digitized by a 16-bit 238 MS/s ADC 
and stored in a database. Each data set has a tag number 
corresponding to the beam shot and by using this tag 
number we can analyze the correlation with other signals 
such as the intensity of the X-ray and so on.  

Electronic circuits, such as the IQ demodulator, the 
ADC and an optical receiver for the reference rf signals 
(O/E) are installed in a temperature controlled 19” rack. 
The rack has a thermal insulation and air inside the rack is 
circulated through a heat exchanger to which temperature-
controlled cooling water within 0.1 K is fed. Figure 1 
shows a schematic view of a BPM system and the optical 
transmission system of the reference rf signals. A master 
oscillator generates the reference rf signals and they are 
converted into the optical signals by an optical transmitter 
(E/O). The optical signals are transmitted to receiving 
points through optical fiber cables. The optical cables are 
installed in a thermally insulated duct where temperature 
controlled water is circulated [2]. 

RESULTS 

Resolution of the Arrival Timing Monitor 
The temporal (phase) measurement resolution of the 

BPM system was checked by using two BPMs located at 
places upstream and downstream of a BL3 undulator #1-
2-2. The distance between the two BPMs was 6 m. The 
measurement was done with conditions that the beam 
charge was 0.2 nC, the repetition rate of the beam was 10 
Hz and measurement time was 10 seconds. Figure 2 
shows the correlation plot of both the measured phases. 
The RMS value of the phase deviation from the fitted line 
is 0.10 degree at 4760 MHz, which corresponds to 58 fs. 
The temporal resolution is 1/√2 of this value if the 
resolutions of these two BPMs are same. Therefore the 
resolution was 58 fs /√2 = 41 fs. This value is larger than 
that described in Ref. [4] by a factor of 1.7. It is because 
the signal level of SACLA was smaller than that of the 
SCSS test accelerator. Figure 3 shows an example of a 
pickup signal of the BPM and a detected signal from the 

IQ demodulator. The peak voltage of the pickup signal 
was 0.2 V and that of the detected signal was 0.15 V. On 
the other hand, the pickup signal in Ref. [4] was about 0.7 
V, which was nearly the full scale of the demodulator and 
the ADC of 1.0 V. 

 
 

If the attenuation value is optimized to a specific beam 
charge amount, the temporal resolution is improved at 
SACLA. The attenuation value was set to avoid saturation 
of the electronic circuit at various beam charge. The 
temporal resolutions of eighteen BPMs at BL3 were 
varied from 40 fs to 100 fs according to the attenuation 
values. 

We can improve the temporal resolution by making an 
average of several BPMs’ data. Figure 4 shows the 
temporal drift of the measured beam phase for 10 second. 
In this figure the averaged value of the phases of the 
eighteen BPMs located along the BL3 undulator section 
for each beam shot was also shown. The RMS values of 
beam phases of BPM #1-2-1 and #1-2-2 for 100 shots are 
0.11 degree (65 fs) and 0.09 degree (52 fs), which are 

 

Figure 2: A correlation plot of the measured phases 
from two adjacent BPMs. 

 

Figure 3: A waveform from a BPM reference cavity and 
an output signal from an IQ demodulator. The beam 
charge was 0.2 nC. 

 
Figure 4: The trend of the beam phases of the two BPMs 
for 10 second measurement. The averaged phase of the 
eighteen BPMs located at the BL3 undulator is also 
shown. 
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over 50 fs. On the other hand that of the average value of 
18 BPM data is 0.05degree (27 fs), which shows a 
reduction of the RMS jitter. 

 

Drift of the Beam Arrival Timing 
We measured long term variation of the beam arrival 

time by using the BPM signal. Figure 5 shows an example 
of the measured result. The data was taken for two days at 
an entrance and an exit of the BL3 undulator section. The 
distance from the entrance and the exit of the undulator is 
about 110 m. In order to make clear the drift component, 
the averaged data of 16 points (time averaged) are also 
shown in the figure. The arrival timing of the averaged 
data was varied about 1 degree (600 fs). This drift was 
caused by a parameter drift of the accelerator whose detail 
is described in Ref. [5]. 

 

 

Performance of the Reference Transmission 
System 

As described in the introduction, the time difference of 
the beam arrival timings of two BPMs located at the 
straight section provides information of the stability of the 
reference rf signal transmission system. In Fig. 6, the 
difference of the beam arrival timing between the 
entrance and the exit of the undulator section was shown. 
The arrival timing data averaged by measured 16 single 
point data is also shown in black dots. The variation of 
the averaged arrival timing difference was about 0.3 
degree (180 fs).  

Then we tried to find out the source of the variation. 
The ambient temperatures of the undulator gallery where 
the optical fiber duct and the 19” racks are located are 
shown in Fig. 7. The temperature had a fluctuation of 0.8 
K pk-pk with a period of about 2 hours from 0:00 to 
12:00 March 22nd. The difference of the beam phase at 
this period also had a fluctuation of 0.2 degree (120 fs) 
correlated with the variation of the temperature. From the 
previous experiment, the temperature variation of the 
thermally insulated duct of the optical fibers was affected 
by the ambient temperature, but it was within 0.12 K even 
if the ambient temperature was changed 3.4 K [6]. 
Therefore, the length change of the optical fiber of 150 m 
is calculated as follows; 5 fs/K/m * 150 m * 0.12 K ~ 90 
fs. 

 
The temperature of the cooling water was kept constant 

within 0.05 K as shown in Fig. 7. The temperatures inside 
the 19” racks had a small drift of +0.06 K at the rack #1-1 
and +0.04 K at the rack #5-1, which were located at the 
entrance and the exit of the BL3, respectively. The 
thermal phase (time) coefficients of the optical receiver 
for the reference rf signals, the IQ demodulator and the rf 
cable at the ambient temperature of 28 degree Celsius 
were -1200 fs/K, 18 fs/K and 60 fs/K/m, respectively. The 
contributions in time variations were -70 fs by the optical 
receiver, 1 fs by the IQ demodulator and 7 fs with 2m 
long cable as summarized in the table 1. The variation of 
the beam arrival time was mainly caused by the 

 

Figure 5: The BPM phases measured at an entrance (#1-
2-2) and an exit (#5-1-2) of the BL3 undulator section 
for two days.  

Figure 6: The trend of the phase difference of two BPMs 
at the BL3 undulator section (red and black dots). Some 
of the ambient temperatures in the undulator gallery 
where the optical cable and the 19” racks are located are 
also shown (solid lines). 

 

Figure 7: A temperature of the cooling water of the 
undulator section and 19” racks of #1-1 and #5-1 BPMs. 
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temperature change of the reference rf transmission 
components; the optical fiber and the optical receiver. 

 

Table 1: Contribution to the Variation of the Beam Arrival 
Time 

Elements Temperature 
coefficient 

Temperature 
variation 

Time 
variation 

Optical 
fiber 

5 fs/K/m * 150 
m 

0.12 K 90 fs 

Optical 
receiver 
(O/E) 

-1200 fs/K 0.06 K -70 fs 

IQ 
demodulator 

18 fs/K 0.06 K 1 fs 

RF cable 60 fs/K/m * 2m 0.06 K  7 fs 

 

SUMMARY 
We measured the beam arrival timing by using a BPM 

signal. The temporal resolution of the arrival timing 
measurement with a BPM system was evaluated by using 
a correlation plot of data from two adjacent BPMs and 
found to be 41 fs by measurement for 10 seconds. The 
time difference between two BPMs located at positions 
along a straight section, with which are apart for a 
distance of 110 m each other, was measured in order to 
evaluate the stability of the reference rf transmission 
system. It was about 180 fs pk-pk taken by two days 
measurement. This value is acceptable level for our 
demand at the current stage, but it should be suppressed. 

One of the sources of this variation is length variation of 
optical cables caused by the thermal variation of a duct. 
This situation will be improved by introducing an optical 
fiber length control system and this system will be 
installed in this fiscal year [7]. Another contribution was 
found to be the large phase variation coefficient as the 
temperature of the O/E. A counter measure to this drift is 
to introduce more precise temperature control of the 19” 
rack, and this approach is applied to the injector section of 
the accelerator at SACLA [5]. 
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THE INJECTOR AT SACLA 
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RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan                               
Sunao Takahashi, Toru Fukui               
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Abstract 
A precise temperature regulation system for an injector 

at SACLA is being upgraded. Although an existing 
temperature control system has been able to regulate an 
RF cavity temperature within 0.08 K, it has become clear 
that even a tiny fluctuation in a cooling water 
temperature, such as 0.1 K, for the RF cavities of an 
injector significantly influenced lasing stability. This 
temperature stability is limited by a PLC temperature 
measurement module, which has non-negligible 
temperature drift. In addition, it has been found that an 
ON-OFF alternatively heating method with a pulse width 
modulation signal generated a laser intensity variation 
having a high correlation with this modulation frequency. 
This variation is considered to be caused by a tiny-pulsed 
temperature variation due to the heater power switching, 
or small magnetic field leakage from heater current. 
Therefore, the temperature controller module was 
replaced by a more precise one with an extremely high 
temperature resolution of 0.001 K and an excellent 
stability of 0.01 K. We will also apply continuous level 
control of a heater with a DC power supply. Prior to full-
scale introduction of this new scheme to the injector, we 
have introduced only a new temperature measurement and 
control module to the RF cavities in the injector, as a 
preliminary test, and estimated performance. As a result, 
the cavity temperature fluctuation could be drastically 
improved to 0.01 K (p-p). 

INTRODUCTION 
Following about one year of beam commissioning, 

public use at SACLA (SPring-8 Angstrom Compact Free 
Electron Laser) finally started on March 7th, 2012. To 
realize stable user operation, it is necessary to keep laser 
intensity and position as stable as possible over long 
periods. In particular, as extremely high stability of 
accelerator components is indispensable in the injector 
section [1], a low level RF (LLRF) feedback control over 
RF phase and RF amplitude is applied to pickup signal 
from RF cavities. We also established a precise 
temperature regulation system (PTRS) that is able to 
regulate a temperature within 0.08 K at each RF cavity. 
[2] [3]  

However, during the beam commissioning, it has 
become clear that even a tiny fluctuation in cooling water 
temperature, such as 0.1 K, for the RF cavities of the 

injector significantly influenced the stability of laser 
intensity. [4] [5] This temperature stability is limited by a 
PLC temperature measurement module, which has non-
negligible temperature drift. In addition, it was found that 
a frequency of an ON-OFF alternatively heating method 
with a pulse width modulation (PWM) signal had a high 
correlation with that of a position variation in an electron 
beam synchronized with a laser intensity variation. This is 
probably due to a tiny-pulsed temperature variation by the 
heater power switching, or small magnetic field leakage 
from heater current. Therefore, the present temperature 
measurement module was replaced with a more precise 
one having an extremely high temperature resolution, 
which is mentioned in the succeeding sections. In addition, 
continuous level control of a heater with a DC power 
supply, which we also argue in the next, is employed.  

PRECISE TEMPERATURE-REGULATION 
SYSTEM  

Technical Issues of the Existing System 
Figure 1 shows a schematic layout of the injector at 
SACLA. At first, an electron beam emitted from a 
500 keV thermionic gun is sliced to be 1 ns/1 A by a 
chopper. After the bunch compression (by velocity 
bunching) and beam acceleration with 238MHz/Sub-
harmonic buncher (SHB), 476MHz/Booster and two L-
band (1428MHz) alternating-periodic accelerating 
structures (APS), and a bunch compressor chicane, an 30 
MeV electron beam with a bunch length of 3 ps is 
generated. L-band and C-band (5712MHz) correction 
cavities are installed in order to linearize the curvature of 
an energy chirp. 

A cooling water system, which comprises a primary 
chilled water system of 12 °C supplied by a turbo 
refrigerator and a secondary circulating pure water system 

Figure 1: Schematic layout of an injector at SACLA.  ___________________________________________  

# hasegawa@spring8.or.jp   
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fed to each RF cavity, is prepared at SACLA. 
Temperature of the secondary cooling water fed to the 
cavities, is regulated at 26.5 ± 0.2 °C by controlling the 
flow rate of the heat exchanger system cooled by the 
primary water. The PTRS works by using the secondary 
circulating water system and electric heaters inserted into 
a cooling water pipe just prior to the cavities. In the 
PTRS, the temperatures of cooling water and cavities are 
measured using mineral insulated resistance temperature 
detectors (RTD), Pt100, three-wire and a PLC 
temperature measurement module (FA-M3, manufactured 
by Yokogawa Electric Co., Ltd. [6]). Temperature 
stabilization can be achieved by switching a heater power 
with a PWM signal based on the feedback control from a 
PLC temperature control module. 

During the beam commissioning, a beam position 
variation resulted from the fluctuations of an RF phase 
and accelerating voltage of the L-band APS accelerating 
structure was observed. After the investigation, we found 
the reason of the fluctuation, as follows: 

At the L-band APS accelerating unit, one klystron 
drives two APS accelerating structures. In order to adjust 
the resonant frequency of each APS cavities, the 
temperature of each accelerating structure is controlled 
by each PTRS, which has an independent fluctuation of 
0.08 K caused by the PLC temperature measurement 
module. In other cavities like 238 MHz/SHB or 476 
MHz/Booster, the LLRF feedback control compensates 
the variation of the RF field of the cavities caused by the 
temperature variation. But in the L-band APS 
accelerating unit, one LLRF cannot simultaneously 
compensate the two variations of the RF fields of both 
cavities. Actually the RF phase of the upstream 
accelerating structure is compensated by the LLRF 
feedback control, although the RF phase of the 
downstream accelerating structure varies without the 
correlation with the RF phase of the upstream one. 

To investigate the causes, we attached a high-precision 
reference resistance (MAZ111R670V/111.670 ohm 
1 ppm/K, manufactured by Alpha Electronics Co., Ltd.), 
which has an extremely small temperature coefficient, to 
each channel of four PLC temperature measurement 
modules. As each module has four channels, there were 
sixteen reference resistances, which were put in a 
constant-temperature bath at a time. As shown in 
Fig. 2 (a), one-day temperature trend graphs of four 
channels in one specific module, every channel in the 
module denoted the same trend of temperature variation. 
The fluctuating range for every channel was about 
0.08 K (p-p) per a day with a cyclic period of several 
hours. On the other hand, Fig. 2 (b) shows those of four 
channels in different four modules (red, blue, green, 
yellow). There was no correlation among them and the 
maximum temperature fluctuating range was 0.08 K (p-
p). Moreover, any of the four temperature trend lines was 
not correlated with both the inside temperature of the 
constant-temperature bath (purple) and the surface 
temperature of the modules (black) at all. Therefore, it 
turned out that the temperature drift of the PLC 

temperature measurement module restricts the 
temperature stability of the PTRS, and significantly 
influenced on the RF phase fluctuation of the L-band APS 
accelerating structure. 

Another problem was a beam position variation with a 
frequency of 0.5 Hz, which synchronized with a laser 
intensity variation. From a frequency analysis of the beam 
position on a BPM located at the exit of BC1 while 
changing the control cycle of the PTRS for the injector 
from 0.5 Hz to 3 Hz at 0.5-Hz spacing, it was found that 
the position variation had a high correlation with the 
control cycle. This variation is considered to be caused by 
a tiny-pulsed temperature variation due to the heater 
power switching, or a small magnetic field leakage from 
the heater current.  It suggests that continuous level 
control of a heater with a DC power supply should be 
replaced with the existing ON-OFF alternatively control 
with the PWM signal. 

(a) 

 
(b)  

Figure 2: Fluctuation of measured values by PLC 
temperature measurement modules with high-precision 
reference resistances. (a) Temperature trend graphs of four 
channels in one specific module. Red line, blue line, green 
line and yellow line show each of 1ch, 2ch 3ch and 4ch, 
respectively. (b) Temperature trend graphs of four 
channels in different modules. Red line, blue line, green 
line and yellow line show each module of 1, 2, 3, and 4, 
respectively. Purple and black lines show inside 
temperature of the constant-temperature bath and surface 
temperature of the modules, respectively. 
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Upgrading 
A new instrument with a high resolution of 0.001 K, 

REX-F9000 manufactured by RKC INSTRUMENT INC., 
[7] was adopted in place of PLC temperature 
measurement module. It also has a temperature control 
function for two independent systems. Temperature 
stability was evaluated with a high-precise reference 
resistance (MAZ110R894V/110.894 ohm) by the same 
procedure as the above mentioned. Figure 3 shows two-
day trends of measured values of the reference resistance 
(red) and the ambient temperature (blue). The new 
module performed well with a measurement accuracy of 
0.004 K (p-p) and 0.0010 K (standard deviation) even 
under the circumstances that the ambient temperature 
varied within about 1 °C. 

A schematic drawing of a new upgraded temperature 
regulation system for the L-band APS accelerating 
structure, as an example, is shown in Fig.4. As mentioned 
above, there are two feedback loops in this system, each 
of which controls the upstream and the downstream 
accelerating structure, respectively. In each loop, a 
controlled object is the cooling water temperature at the 
inlet of each accelerating structure, which is measured by 

REX-F9000 with a four-wire RTD. Temperatures of the 
other cooling water and body of the accelerating structure 
are measured in the same way as before. Solid State 
Contactors for heater switching in the existing system is 
replaced by water-cooled DC power source of 7 kVA 
(200 V/35 A) for the continuous level control of a DC 
heater. Proportional-integral-derivative (PID) feedback 
control process is running on a REX-F9000, and then a 
result of the data processing is transferred to a PLC 
communication module. The DC power supply is 
monitored and operated by a PLC CPU module which 
communicates with a host link via DeviceNet. The flow 
rate of cooling water for each accelerating structure is 45 
L/min, which is monitored by a Karman vortex flow 
meter. 

PERFORMANCE EVALUATION 
Prior to full-scale introduction of the new scheme, we 

initially installed only REX-F9000 to the injector at 
SACLA to evaluate the performance. We attached a high-

Figure 3:  Trend graphs of measured values by using a 
new temperature measurement and control module with a 
high   precise reference resistance (red) and the ambient 
temperature (blue).  

Figure 4: Schematic drawing of the precise temperature- 
regulation system for one L-band accelerating unit. 

(a) 

(b) 

Figure 5: Comparison of the temperature regulation 
performance between feedback control with the PLC and 
that with REX-F9000. (a) Trend graphs of temperature 
drift (red) and a setting value of phase feedback control 
(blue) for 238MHz SHB. (Feedback control with the 
PLC). (b) Trend graphs of cooling water temperature 
(red) and a setting value of phase feedback control (blue) 
for 238MHz SHB. (Feedback control with REX-F9000). 
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precision reference resistance to the idle channel of the 
temperature measurement module and measured a 
temperature drift. Figures 5 (a) and (b) show a two-day 
trend of temperature (red) and a setting value of the phase 
feedback control for 238MHz SHB (blue), using the 
existing system with the PLC and the new system with 
REX-F9000, respectively. The inherent temperature drift 
of the temperature measurement module changed the real 
temperature of cavity. Although the temperature drift 
makes a resonant frequency shift, it is supposed to be 
compensated by the LLRF feedback control, as shown in 
Fig. 5(a). We measured a relationship between a 
temperature change and an RF cavity phase. As a result, a 
sensitivity coefficient of 12.3 degree/K was obtained. 
When computed from this measured conversion factor, 
the setting value shift of -0.53 degree (see blue line in 
Fig.5 (a)) corresponds to a temperature change of 0.043 K. 
In other words, the temperature change, which actually 
occurred, is 0.043 K, which nearly equals to a 
temperature drift of 0.06 K (see red line in Fig.5 (b)). As 
shown in Fig. 5(b), after the introduction of REX-F9000 
to the injector, the RF cavity temperature fluctuation 
could be drastically improved from 0.08 K (p-p) to 0.01 K 
(p-p). Accordingly, the setting value of the phase 
feedback control also decreased from -0.53 degree to 0.07 
degree (see blue line in Fig.5 (b)). 

CONCLUSIONS 
Although an existing temperature control system has 

been able to regulate a cavity temperature within 0.08 K, 
it has become clear that a PLC temperature measurement 
module is short of our demanded high temperature 
stability due to its own temperature drift. In addition, it 
was found that laser intensity variation has a high 
correlation with a frequency of ON-OFF alternatively 
heating control. Therefore, we decided to introduce a new 

scheme mainly composed of a new temperature 
measurement and control module with a high temperature 
resolution of 0.001 K and an excellent stability of 0.01 K. 
According to a preliminary verification test with 
introduction of only REX-F9000 to the injector, the RF 
cavity temperature fluctuation could be drastically 
improved from 0.08 K (p-p) to 0.01 K (p-p). Accordingly, 
the controlled phase shift drastically decreased from 0.53 
degree to 0.07 degree. In this August, we will introduce 
the new scheme of the temperature regulation system with 
the continuous level control of a heater with a DC power 
supply so that laser intensity is expected to be more 
stabilized. 
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In order to achieve the demanded rf phase stability, we 
designed and constructed a high-precision and high-
stability rf system for the SACLA accelerator [3]. For 
example, a high-voltage charger for the high-voltage 
pulse modulator of a klystron has a voltage stability of 1 × 10  rms [4]. For a low-level rf (LLRF) system, the 
rf phase can be measured within 0.3 degree pk-pk 
precision for a C-band accelerator, corresponding to 
150 fs pk-pk [5]. Furthermore, the temperatures of 
acceleration structures [6] and LLRF electronics are 
regulated within 0.08 K pk-pk and 0.2 K pk-pk, 
respectively. Even though each component was designed 
to be sufficiently stable, the XFEL intensity degradation, 
as shown in Fig. 1, was still remained. Therefore, we 
studied the cause of the XFEL intensity fluctuation and 
improved the stability of the accelerator. 

STRATEGY OF STABILIZATION 
In order to achieve the required peak current, the bunch 

compression ratio of each bunch compression stage 
should be sufficiently stable. Otherwise, a variation of the 
bunch compression ratio at an upstream part would affect 
the downstream part and the peak current fluctuation 
would be accumulated. Therefore, the rf phase of every 
acceleration cavity in the bunch compression part should 
be sufficiently regulated. 

One may consider the feedback control of the rf phase 
will improve the performance by using a beam energy 
monitor and a bunch length monitor in a bunch 
compressor. However, for the upstream part of BC1, there 
are five acceleration cavities with different rf frequencies 
and each of them has two degrees of freedom (rf phase 
and intensity). In this case, ten parameters, which have a 
complicated correlation, should be determined by a 
feedback control. Nevertheless, we do not have enough 
beam monitors due to technological issues, limited 
detector space and cost problems. 

Consequently, we decided to improve the stability of 
the accelerator cavities upstream of BC1, as the first 
priority. In particular, the temperature drift of the 
accelerator cavity was reduced and the temperature 
coefficient of the LLRF system was improved. 

STABILITY IMPROVEMENTS 
At first, the frequency analysis was performed for the 

XFEL intensity variation to find causes of the instability. 
The result of the analysis is plotted in Fig. 3. From this 
figure, a sharp peak at 0.5 Hz was found and this could be 
a cause of short-term instability. For a long-term drift, the 
spectrum gradually increases as the frequency decreases. 
In the subsequent sub-sections, we consider the cause of 
the variation and describe the improvement of each 
fluctuation component. 

Short-term Stability 
The short-term jitter of 0.5 Hz was found to be 

correlated with a beam position jitter at BC1. The beam 
position at BC1 had almost the same spectrum as Fig. 3, 

which showed a peak at 0.5 Hz. This position data also 
indicated a correlation with the XFEL intensity, as plotted 
in Fig. 4. The fluctuation of the beam position was 
thought to be caused by a 0.5 Hz variation of the rf phase 
of an accelerator cavity upstream of BC1. The beam 
position fluctuation gives rise to an orbit distortion in the 
undulator section and the FEL interaction between the 
electron beam and its radiated x-rays is reduced. 
Furthermore, such an rf phase fluctuation also causes 
peak current degradation. The XFEL intensity instability 
was thought to be induced from these reasons. 

This 0.5 Hz modulation was synchronized with the 
pulse-width modulation (PWM) of an AC heater for a 
precise temperature regulation system (PTRS) [6]. The 
PTRS consists of an about 5 kW heater with about an 
10 l/min flow of cooling water and a PWM heater 
controller. In this case, a cooling water temperature was 
modulated with a 0.5 Hz frequency and the amplitude of 
water temperature swing was about 1 K. This temperature 
modulation affected the acceleration cavity temperature 
and the resonant frequency is slightly shifted periodically. 
This caused the rf phase modulation of the accelerator. 
Moreover, magnetic field leakage from a heater cable 
would slightly kick the beam. In order to remove this 
0.5 Hz fluctuation of the beam, the heater of the PTRS 
should be driven by a DC current without PWM control. 
In this summer, we replace the PWM AC heater of the 
PTRS with a continuous DC heater [7]. 

Figure 4: Scatter plot of the XFEL intensity (vertical 
axis) vs. the beam position downstream of BC1 
(horizontal axis). 

Figure 3: Spectrum of the XFEL intensity fluctuation. 
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Long-term Stability of Accelerator Cavity 
Temperature 

As described in the introduction, the accelerator cavity 
temperature was regulated within 0.08 K pk-pk by using 
the PTRS. However, an rf phase shift that came from the 
cavity temperature drift was observed. We found that this 
temperature drift was caused by an internal drift of the 
thermometer module of the PTRS. In order to test the 
stability of the thermometer module, a precise resister 
with a low temperature coefficient of 1 ppm was 
connected instead of a Pt 100 temperature detector and 
the output of the temperature module should be constant. 
The trend graph of the result is shown in Fig. 5. Even 
though the variation of the temperature module output 
was within 0.08 K, there was a cyclic modulation with a 
period of a few hours. This fake signal would make the 
variation of the cavity temperature. Thus, this 
thermometer module was not sufficient for the long-term 
stability of the XFEL intensity and a more precise 
thermometer module was required. 

As a more precise thermometer module, we tested 
REX-F9000 developed by RKC Instrument Inc. [7]. This 
module was confirmed to have a 0.001 K resolution and a 
0.004 K pk-pk stability, as shown in Fig. 6. By using this 
module, the temperature stability of the acceleration 
cavity was improved by ten times smaller than the 
previous system, and the rf phase drift was considerably 
reduced. Figure 7 shows the trend graphs of the phase of 
the acceleration rf field in the second L-band APS cavity 
before and after the thermometer module upgrade. L-band 
APS accelerator consists of two APS cavities and the rf 
phase of the first cavity is regulated by a PID feedback 
control of the LLRF system, but the phase of the second 
cavity is not regulated. Therefore, the rf phase before the 
PTRS upgrade had a large drift. After the PTRS upgrade, 
the rf phase stability was significantly improved. 

Long-term Stability of the LLRF System 
Another reason for the XFEL intensity drift was 

thought to be instability of the LLRF system. In SACLA, 
the master rf clock was distributed by an optical 
transmission system. Since the optical fiber is used for the 
signal distribution, fiber length expansion due to a 
temperature variation can be a cause of an rf phase shift. 
In addition, temperature drifts of the LLRF electronics, 
such as electric-to-optical (E/O) and optical-to-electrical 
(O/E) converters, in-phase and quadrature (IQ) modulators 
/ demodulators can also affect the rf phase. Since the 
master rf clock signal is the reference of an acceleration 
field, a drift of the master rf clock is hard to recognize. 

In order to check the stability of the reference signal, 
we monitored the beam arrival timing at each accelerator 
cavity upstream of BC1. The arrival timing was measured 
by using a beam-induced field method [8]. In this 
measurement, the acceleration rf power of the cavity was 
turned off and the beam-induced rf phase was detected. 
This rf phase represents the beam arrival timing with 
respect to the reference rf signal. The trend graph of the 

arrival timing for 2 days is shown in Fig. 8. The drift of 
the rf phase was 1 degree at each cavity, corresponding to 
approximately 10 ps at the 238 MHz cavity, for example. 
This phase drift was confirmed to be synchronized to the 
XFEL intensity degradation. Further investigation showed 
that the 238 MHz cavity phase had a larger correlation to 
the XFEL intensity. 

Figure 6: Trend graph of the new thermometer module, 
F9000, with a precise resistor (red line). Blue line shows 
an ambient temperature of the module.  

Figure 7: Trend graphs of the rf phase of the L-band 
second APS cavity with an old thermometer module 
(upper) and a new module (lower). Cyan lines show 10-
shot average data and blue lines show 1000-shot average.  

Figure 5: Trend graph of the old thermometer module 
connected with a precise resistor. The cyan line shows 
raw data and the blue line shows a moving average. 
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EFFECT OF ACTIVE FIBRE STABILIZATION ON GROUP AND PHASE 
DELAY 

T. T. Thakker, S. P. Jamison, STFC, Sci-Tech Daresbury, UK

Abstract 
Many current optical timing schemes use detection of 

the pulse group or phase delay through an optical fibre to 
allow them to stabilize propagation through the fibre to 
the fs or sub-fs scale. However, it is recognised that 
stabilizing one leaves a residual drift in the other.  

We have contructed a phase delay detector to 
investigate the phase-group delay walk-off (PGW) in 
fibre distribution systems. The phase monitor uses 
polarisation rotation associated with sub-wavelength 
delays in the fibre to detect changes in the carrier phase of 
ultrashort pulses. Used in conjunction with a group delay 
monitor, we can measure the PGW in actively stabilized 
fibre links and its implications on the feasibility of 
stabilizing both carrier and envelope phase in pulsed 
synchronisation systems. The ability to stabilize both the 
carrier and envelope phase in these systems could give the 
higher resolution of interferometric based stabilization 
systems while continuing to deliver ultrashort pulses for 
use at delivery sites.  

INTRODUCTION 
 An optical clock distribution system is being 

developed on the ALICE accelerator at Daresbury 
Laboratory. The system is based on a mode-locked laser 
fibre stabilization scheme which delivers the clock signal 
with ultrashort optical pulses over an actively stabilized 
optical fibre. Such systems have been shown to deliver 
clock stability with rms jitter as low as 5 fs [1].  

In contrast to short pulse synchronisation schemes, 
inteferometric timing schemes can offer link stabilities to 
the 800 as level by utilizing the finer scale carrier 
oscillations [2]. However, while RF modulation on the 
carrier can be used to deliver a clock signal to remote 

sites, these systems require a secondary laser at the 
remote site to synchronize with if short short pulses are 
required locally. Furthermore, the difference in phase and 
group velocity in the fibre means that any RF modulation 
imposed onto the optical signal is not fully stabilised by 
stabilisation of the phase transit time. This is due to the 
phase velocity being proportional to the refractive index 
of the medium and the group velocity being proportional 
to its derivative as given by 

gd

d υ
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ωω
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 Interferometric schemes can instead employ a scaling 
factor to account for the differences in phase and group 
delay in their fibre [2]. While this is a good 
approximation for static fibre it is not evident that stresses 
and geometry changes to fibre when stretched at high 
frequencies can be accounted for with a fixed calibration 
factor. Thus, to effectively compensate for both the phase 
and group delay changes in a link it is necessary to 
simultaneously monitor both of these changes in real 
time.  

In looking at the effect of fibre stretching on changes to 
the group and phase velocity of distributed signals, we 
aim to gain an understanding of the level and 
characteristic of residual phase jitter on a group delay 
stabilized link. This will enable us to assess the feasibility 
and methods for simultaneous stabilization of both group 
and phase delay in our system. 

DETECTION SCHEMES 
To monitor both the phase and group delay in the fibre 

link, we used a configuration as shown in Fig. 1. Short 65 
fs pulses from a mode-locked Erbium fibre ring laser are 

 

Figure 1: Layout of monitoring system to simultaneously measure the phase and group delay of pulses through the fibre 
link. 
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propagated through a 100m dispersion compensated fibre 
link. They are then partially reflected back from the far 
end to provide a link stabilization signal. The relative 
delay between the reflected signal and the reference 
signal is monitored using a balanced optical cross-
correlator incorporating a 4mm PPKTP crystal for SHG, 
and stabilized by feedback to a fibre stretcher and free 
space delay stage. A second optical cross-correlator at the 
far end of the fibre link enables out-of-loop monitoring of 
the group velocity against a reference tap off from the 
main laser. 

To simultaneously monitor the phase delay between the 
pulses, a polarising beam splitter (PBS4) is inserted with 
a shorter time delay for the reference such that the 
reference and fibre output pulses overlap when the 
balanced cross-correlator passes through its zero crossing 
position. This allows for monitoring of carrier phase 
changes in the fibre at the nominal locking position of the 
fibre stabilization system, which is also where it is most 
sensitive to group delay changes.  

Carrier Phase Monitoring 
The relative carrier phase changes in the fibre are 

monitored interferometrically as shown in Fig. 2.  
 

 
Figure 2: Phase delay monitor using polarisation 
interference. The pulses interfere to give a total elliptical 
polarisation  which  has  ellipticity  as a function of φ. The 
visibility of the fringes is a function of τ.   

 
The fibre output signal is combined with the reference 

in a polarising beam splitter (PBS4). The orthogonal 
signals are then both rotated by 45 degrees and passed 
through a second polarising beam splitter (PBS5), such 
that the power in each pulse is equally split into 
orthogonal components. The corresponding components 
of the two pulses thus interfere and the signal at each 
photodiode is the sum the two pulses along a tilted axis. A 
change in phase delay between the two signals thus gives 
constructive interference in one axis while giving 
destructive interference in the other. The photodiode 
powers for each of the polarisations, assuming identical 
Gaussian pulses can thus be given as: 
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Where A is the pulse amplitude, t0 is the pulse width 
and φ and τ are the phase and group delay between them 
respectively.  

SCOPE OF PGW MONITOR 
With the setup described we were able to 

simultaneously monitor the frequency response of the 
phase-group delay walk-off (PGW) in fibre. This is 
shown in Fig. 3 where we have scanned a free space delay 
line to characterise the whole range of interference 
between the pulses. In black is the phase delay monitor 
measurement showing the differential interference fringes 
(P-S). The observed side lobes arise from the cross 
correlation of the reference pulse which exhibits small 
wings with the side lobes of the fibre output pulse which 
suffers from incomplete compensation of third order 
dispersion in the fibre link. The operational setpoint of the 
two monitors are adjusted to give maximum fringe 
visibility at the zero crossing of the balanced cross-
correlator shown in red. Measurements of delay are taken 
near this point where both the optical cross correlator and 
the phase delay monitor have their greatest sensitivities. 

 

 
Figure 3: Relative positions of phase (black) and group 
(red) monitor signals over an approx. 2ps range. 

 

 
Figure 4: Phase and group monitoring of a 0.5 Hz 
modulation applied to the fibre stretcher. 

 
To demonstrate and measure the correlation between 

the phase and group delays, we applied a 0.5 Hz 
sinusoidal modulation to the fibre stretcher we would 
normally use for link stabilization. The results are shown 
in Fig. 4. We observe that the phase monitor accurately 
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captures the fringes as the delay sweeps through them in 
one direction before turning around. We can also see that 
because the optical link is required to be unlocked during 
this measurement that the overall drift in the fibre can 
also be observed with the group delay monitor. Similar 
measurements modulating the fibre stretcher at other 
frequencies and amplitudes could be used to determine 
the level at which PGW could vary with kHz level link 
stabilization. 

Response to Locking 
As an initial assessment of how much independent 

phase compensation would be required when the link is 
group delay stabilized, we monitored the PGW while the 
link was locked to a bandwidth of 5 kHz. The stretcher in 
this case was thus responding to the actual link 
fluctuations rather than an applied modulation. The 
frequency spectrum of the fringes when the link is locked 
and unlocked are shown in Fig. 5. 

 

 
Figure 5: Spectrum of fringes when the link is unlocked 
(top) and locked (bottom). 

 
We observe that in the unlocked case, there is a peak at 

2 kHz which corresponds to the interferometric drift 

speed of the link and equates to approx. 1fs/ms. The 
sharper peaks at 50 Hz and harmonics are attributable to 
the current locking of our laser to RF. When the link is 
locked, we can see that some of the 50 Hz oscillations in 
the laser have been compensated for by the link feedback. 
However due to the rapid nature of the compensation, we 
can observe that the peak at 2 kHz has now been 
redistributed towards higher frequencies. This is because 
the link is locking to an rms timing jitter of 10.2 fs, as 
measured by the out-of-loop group delay monitor, which 
is greater than the period of the carrier.  

CONCLUSIONS AND OUTLOOK 
We have contructed phase and group delay monitors to 

measure the PGW of our timing link. The configuration 
allows for direct comparison of the phase and group delay 
response of optical fibres stretched at frequencies as well 
as when the system is actively locked. Improved 
calibration of the monitors’ responses will enable 
unwrapping of the interference fringes into a measured 
delay giving the ability to independently monitor the 
phase and group delay in timing distribution links. This 
monitoring paves the way for future investigations of 
compensating for these two delays independently.  

In the presented measurements, we have assumed that 
carrier-envelope changes in our laser occurs on longer 
timescales than the round trip time of the optical link 
(~1μs). Comparison of the laser and fibre link stability 
using these monitors would assertain whether CEP 
stabilisation of the laser is neccessary for short pulse 
clock delivery at sub-fs stabilities.  
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PRACTICAL DESIGN OF RESONANCE FREQUENCY TUNING SYSTEM 
FOR COAXIAL RF CAVITY FOR THERMIONIC TRIODE RF GUN  

K. Torgasin*, H. Imon, M. Takasaki, R. Kinjo, Y.W. Choi, M. Omer, K. Yoshida,  H. Negm,  
 

Institute of Advanced Energy, Kyoto University, Gokasho Uji, Kyoto 611-0011, Japan 
 
                                                           
 

Abstract 
   A prototype of coaxial rf cavity for thermionic triode rf 
gun has been fabricated and tested at low power.  
   The low power test reveals the dependency of cavity 
resonance frequency on cavity and cathode temperature. 
Another critical point for resonance frequency is the 
cavity length. Inaccuracies in machining or simulation of 
cavity length cause errors in resonance frequency of 
manufactured cavity. In order to compensate for 
undesired resonance changes a tuning mechanism has 
been installed for the prototype of coaxial rf cavity.  
   In this paper we present the capability of the stub tuning 
system and propose a modified coaxial rf cavity design. 
 

INTRODUCTION 
   A FEL (free electron laser) facility require low 
emittance and high peak current electron beams[1].  
Thermionic rf electron guns are often used for generation 
of high quality electron beams, which are used for 
generation of FEL. The conventional thermionic rf guns 
suffer from electron back- bombardment effect, which 
causes large energy spread of generated electron beams[2]. 
In order to mitigate the amount of back streaming 
electrons our group has developed a new triode type 
thermionic rf gun[3-4].  The triode design consist of an 
additional coaxial rf cavity with a thermionic cathode on 
its inner rode. This cavity can be integrated into the main 
body of a rf gun[3].  
 

    

Figure 1 shows the comparison between the 1st cell of 
thermionic rf gun body in conventional and triode type 
design in cross section. The triode thermionic rf gun has 
an additional coaxial rf cavity, later referred as triode 
cavity. This cavity is supplied by an electric field which is 
independent from that of the first cell of the gun body. By 
adjusting the phase and amplitude of the electric field in 
the triode cavity the extraction of thermionic electrons 
from the cathode can be synchronized with the 
accelerating rf phase of 1st cell of the main accelerating 
cavity. By this means the amount of back streaming 
electrons can be reduced and as the consequence the 
energy spread of electron beam mitigated[3]. 
   The efficiency of the triode approach shall be proved 
for the KU-FEL(Kyoto University Free Electron Laser) 
facility[5]. The facility uses 4.5 cell thermionic rf gun[3] 
for electron beam generation. This rf gun is intended to be 
modified to triode type in order to mitigate the back- 
bombardment effect[6]. A corresponded prototype of 
triode cavity for thermionic rf gun has been fabricated.   
 
   The resonance frequency of triode cavity must 
correspond to that of the main accelerating cavities of the 
gun. The test of fabricated triode cavity prototype reveals 
the resonance deviation of 462 MHz from expected 
value[4]. For reasons of refinement of resonance 
frequency we have implemented a stub based frequency 
tuning system. This mechanism allows the frequency 
tuning up to 102 MHz at the present experimental setup. 
Further frequency tuning can be achieved by changing of 
triode cavity length. 
 

FREQUENCY TUNING SYSTEM 
   Figure 2 shows a schematic cross-sectional view of the 
triode cavity and the fabricated prototype with cavity 
length of L=19.2 mm.  
   A thermionic cathode is set on the inner rod of the 
coaxial cavity. The cathode is heated in order to ensure 
emission of electrons. Since the cavity length L is 
sensitive to the temperature, the resonance frequency is 
changed according to cathode heating conditions.  
   Figure 3 shows the measured correlation of cavity 
resonance frequency and cathode temperature. The 
increase in temperature causes resonance shift of max. 10 
MHz towards lower frequency at operational conditions 
(1290 K-1570 K). In order to correct for temperature rise 

(a) Conventional                 (b) Triode type 

Figure 1: Electric field distribution in cross section of 
conventional and triode coaxial rf cavity. 

 ___________________________________________  

*Contact: konstant@iae.kyoto-u.ac.jp 
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and other possible frequency distorting mechanisms, a 
stub tuning system is used. 
 

 

Figure 2: Schematic cross-section of the triode cavity and 
side view of fabricated prototype. 

 
   The frequency tuning is achieved by insertion of two 
symmetrical copper stubs of different length into the 
cavity. Figure 4 demonstrates the symmetrical alignment 
of the stubs. 
 

 

Figure 3: Dependency of resonance frequency on 
cavity temperature. 

 
   The stubs have the diameter of 4 mm. The frequency 
tuning is done by proper choice of the stub length. We use 
two copper stabs simultaneously, as shown in Fig. 4. 
 

 

Figure 4: Stub tuning system of the coaxial triode cavity.

 

LOW POWER TEST  
   The triode cavity was tested with 1 mW input power 
without air evacuation and without heating the cathode. 
The ratio of inputted and reflected power was measured 
by spectrum analyser (.Agilent, N9320B.) with stubs of 
different length: 0mm (no tuning), 4 mm, 6 mm, 8 mm, 
10 mm, where both stubs had the same length. 
 

 

Figure 5: Measured dependency of resonance frequency 
on stub length. 

 
   The test results reveal linear dependency of the 
resonance frequency shift on the stub length, as shown in 
Fig. 5.  Each enlargement of stub length by 2 millimetres 
changes the resonance for about 20 MHz. towards higher 
frequency. It corresponds to range of approximately.100 
MHz achieved by usage of 10 mm long stubs. The 
limitation is set by the cavity length of current 19.2 mm. 
   The tuning steps might be shortened by using the 
combination of two stubs of different length.    
   Figure 6 shows the tuning by using two stubs of 
different length. The first stub is 10 mm long, and the 
second was successively changed to 0, 4, 6 and 8 mm. In 
Fig. 6 these combinations are denoted as 10/0mm, 
10/4mm, 10/6mm and 10/8mm.  
   In order to compare the combined and same length stub 
tuning methods, the effective stub length is calculated. 
The effective stub length is defined as l= v-(v-x)/2, where 
“v” is the length of the first stub (v=10) and “x” is the 
length of the second stub. The correlation of the effective 
stub length and the resonance shift is within the error bars 
the same in case of two stubs with same and with 
combined length, see Fig. 7. Table 1 shows the fitting 
equation for both cases.   
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Figure 6: Resonance tuning by combination of stubs 
with different length. 

 
   The heating of cathode causes the resonance shift to 
lower frequency for about 10 MHz, thus it can be 
recovered by using two 1 mm long stubs.  
 

 

Figure 7: Variation of stubs with different length as 
compared with stubs of same length. 

 
Table 1：Fitting Equation of Resonance Shift 

 

y=a+bx a b 
Same length stubs 2396±3 10.3±0.4 

Different length stubs 2391±3 10.6±0.4 

 

NEW DESIGN OF THE TRIODE CAVITY 
   The prototype cavity was designed for resonance 
frequency of 2856 MHz corresponding to the operational 
frequency of KU-FEL thermionic rf gun[5]. However, the 
measured value has deviation of 462 MHz. Such 
deviation can`t be tuned by stub system, since 462 MHz 
frequency shift requires stub with length extending the 
cavity length.  

   The reason for the deviation is the mistake in definition 
of cavity length “L`” used for calculation. The calculation 
is referred to the middle of the cathode mount plate, see 
Fig. 7. It was mistaken as the cavity length “L”. As the 
result the cavity length was fabricated L`-L=4 mm longer 
as intended [7].  

 

Figure 8: Cavity length determination. 

 
   For frequency adjustment new design of triode cavity is 
required. Especially the cavity length has to be defined 
new in order to match the resonance of the main 
accelerating cavities (2856MHz). The calculated values 
are shown in the Table 2. The calculation assumes the 
measured resonance frequency at 2439 MHz for L=19.20 
mm, however the measurement of stub tuning for 0 mm 
stubs show the resonance frequency at 2394 MHz, see Fig. 
5. This discrepancy of 45 MHz relies on the mechanical 
distortions by installing the stub tuning mechanism. 
Nevertheless this distortion doesn`t affect the linearity of 
correlation between resonance frequency and stub length, 
as demonstrated in Fig. 7.   
   Another important aspect for the new cavity is the 
accessibility to the inner side, which would allow the 
controlling of the cavity condition after operation. In 
order to ensure such ability the cavity is designed as 
consisting of two separated parts, which are connected to 
each other by screwing. The copper rings serve for 
prevention of discharge on connecting edges during the 
gun operation. Figure 9 (a) and (b) shows the electric field 
distribution in cross section of the triode cavity for the 
prototype and for the new designed cavity, respectively. 
The new design doesn’t cause significant changes in 
electric field distribution.    
 
 

Table 2：Calculation of Cavity Length 
 prototype new design 

Cavity length, L 19.20 mm 14.59 mm 
Frequency 2439 MHz 2858 – 2862 MHz
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(a) Simulation of ele. Field distribution in cross section 
of cavity according to old design 

 
 
 
 
 
 
 
 
 
 

(b) Simulation of ele. Field distribution in cross section 
of cavity according to new design 

Figure 9：Simulated electric field distribution in cross 
section of triode cavity.  

 
 

SUMMARY AND FUTURE WORK 
   A frequency tuning stub based system was tested for the 
triode electron gun cavity. The stub tuning revealed linear 
correlation between resonance shift and stub length. The 
10mm long stubs can shift the resonance for 102 MHz 
towards higher frequency. 
   This system is sufficient for correcting for resonance 
changes due to variation of experimental conditions, i.e. 
beam loading effect, which shifts resonance towards 
lower frequency. 
   A new triode cavity design has been proposed. In order 
to correct the deviation in resonance of 462 MHz as 
measured for fabricated prototype, the cavity length has to 
be changed to 14.59 mm according to calculations. 
   As the next step a newly designed triode cavity has to 
be fabricated and tested for application in the KU-FEL as 
an electron beam source. 
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MACHINE PROTECTION FOR SINGLE-PASS FELS

L. Fröhlich∗, Sincrotrone Trieste, Basovizza, Italy

Abstract
The linacs driving modern single-pass FELs carry elec-

tron beams of unprecedented brightness with average pow-
ers ranging from few watts to hundreds of kilowatts.
The article discusses the scope of machine protection for
these accelerators, reviews the parameters of existing and
planned facilities, and gives an overview about typical haz-
ards and damage scenarios. As a common problem faced
by all single-pass FELs, the effect of radiation-induced
demagnetization of permanent magnet undulators is dis-
cussed.

INTRODUCTION
The linacs used to drive modern single-pass FELs carry

electron beams of unprecedented brightness. These ma-
chines are also equipped with unusual amounts of instru-
mentation that needs to be protected from beam losses. The
FEL process itself depends crucially on the precision of the
magnetic field inside undulator structures that are prone to
demagnetization under radiation exposure. This combina-
tion makes machine protection for single-pass FELs much
more challenging than for traditional electron linacs.
After introducing the broad scope of the term machine

protection, this paper reviews the parameters and damage
potentials of existing and future FEL facilities. The various
hazards connected with electron beam losses are summa-
rized and the effect of radiation-induced demagnetization
on the phase error of an FEL undulator is discussed.

SCOPE
The term machine protection is often understood as a

mere synonym for a system of protective interlocks and
beam loss diagnostics. While such active systems play
an important role, an effective protection from damage in-
volves many fields of accelerator engineering and physics.
To attempt a definition, we may state that machine protec-
tion is the sum of all measures that protect an accelerator
and its infrastructure from the beam. Traditionally, the fo-
cus is on the charged particle beam, but the generated pho-
ton beam needs to be considered as well, especially due to
the unprecedented peak power of X-ray FELs.
From the above definition, we can identify a number of

fields connected with machine protection:

Machine protection system: The MPS implements inter-
locks on components that may interfere with a safe beam

∗ lars.froehlich@elettra.trieste.it

transport (e.g. magnets, screens). It monitors the beamwith
instrumentation that may be generic (BPMs, current moni-
tors) or specifically designed for protection purposes (beam
loss monitors, dosimetry systems). When excessive beam
losses or other problems are detected, the MPS intervenes
according to a mitigation strategy—it might simply inform
the operator, reduce the repetition rate, or stop the beam
production.

Collimators: Collimators and scrapers are used to limit
the extent of the electron bunch (and of possible dark cur-
rents) in phase space. In case of trajectory or focusing
problems, they should intercept the electron beam before
it reaches sensitive components. The electromagnetic cas-
cades originating from the interaction of high energy elec-
trons beams with matter are not easy to contain, so care
must be taken to place suitable absorbers.

Shielding: The loss of a small fraction of an electron beam
at the GeV level releases a dangerous amount of sponta-
neous radiation. Even if the average power of the beam is
as low as few watts, the radiation can quickly cause tempo-
rary or permanent damage to electronics in the vicinity of
the beamline. Sustained exposure causes various types of
radiation damage like the darkening of optical components.
Beam loss can also release sizable quantities of neutrons
and activate materials in the process. Depending on the
beam power, shielding may therefore be necessary against
both electromagnetic dose and neutrons.

Beam physics: A loss-free transport of charge from the in-
jector to the dump requires a good understanding of the
optics and of the whole acceleration process. The higher
the beam power, the more important it is to have good con-
trol over the optics matching and over collective effects that
create emittance blowups, tails, or halos.

Robust systems: Every system or software that has a di-
rect or indirect influence on the beam contributes to the
protection of the machine by providing a certain level of ro-
bustness. Cardinal examples are beam-based feedback sys-
tems, low-level radiofrequency (LLRF) systems, or even
high-level physics tools for the optimization of the FEL
output.

Procedures: Well-defined procedures for typical linac op-
erations like switch-on, change of energy, or ramp to full
power contribute to safety and make the machine state
more reproducible. Automatization of these procedures
can further help to avoid errors.
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Table 1: Maximum Energy, Bunch Frequency, and Aver-
age Beam Power of Selected Existing and Planned FELs.
The calculation of the beam power assumes typical param-
eters for minimum and maximum power operation for each
facility.

E (GeV) ν (Hz) P (W)

FERMI@Elettra 1.3 10–50 7–60
SACLA 7 10–60 18–140
LCLS 15 120 8–440

FLASH 1.3 1M–3M pulse 10–22k
European XFEL 17 5M pulse 600k
Berkeley NGLS 2 1M cw 600k

NovoFEL 0.012 5.6M–22M cw 15k–60k
JLab FELs 0.2 75M cw 1M–2M
Future ERLs 5 1.3G cw 500M

EXISTING AND FUTURE FACILITIES
Most of the existing and proposed single-pass FELs are

based on normal conducting linacs using S- and C-band
accelerating structures. The normal conducting technology
permits only a short RF pulse so that, usually, only a single
bunch is accelerated per pulse. The beam power is there-
fore limited by the repetition rate ν of the RF systems of
10–120Hz. With E denoting the energy per electron, Q
the bunch charge and e the elementary charge, the average
beam power for single bunch operation is

P = νQE/e,

so depending on their individual parameters, normal con-
ducting machines transport beams from few watts to more
than 400W (Tab. 1).
Superconducting linacs can sustain the RF pulse con-

siderably longer and hence facilitate the acceleration of
long bunch trains with bunch frequencies in the mega-
hertz range, considerably raising the average beam power.
FLASH, currently the only working single-pass FEL based
on a superconducting linac, has demonstrated the trans-
port of 1800 bunches per pulse at a bunch charge of 3 nC
with a repetition rate of 5 Hz, carrying an average power
of 22 kW [1, 2]. Future installations aim at an average
power of 600 kW, either in pulsed mode like the European
XFEL or in continuous-wave (CW) with reduced gradient
as in Berkeley’s Next Generation Light Source proposal.
It is obvious that superconducting linacs, when operated at
these power levels, have a serious damage potential.
Table 1 also lists the parameters for FELs based on en-

ergy recovery linacs (ERLs)—although these are oscilla-
tors instead of single-pass FELs, they are an instructive
point of reference for the typical problems associated with
high beam powers. The Jefferson Lab FELs, when oper-
ated with a bunch frequency of 75MHz (CW), can carry

Table 2: Effects of Beam Loss. The table roughly relates
the onset of various damaging effects to the local power
deposition caused by a beam loss.

Pmin (W) Effects

100 – 1000 Thermal/mechanical damage
10 – 100 Mechanical failure of flange connections
1 – 100 Activation of components
1 – 100 Radiation damage to electronics,

optical components, etc.
1 – 10 Excessive cryogenic load, quenches

0.01 – 0.1 Demagnetization of permanent magnets

a nominal electron beam power of more than a megawatt.
This means that even the loss of a tiny fraction of the elec-
tron beam can cause serious problems including mechani-
cal damage, and consequently machine protection aspects
are a fundamental part of the operation of the accelerator.
It is a safe assumption that future superconducting single-
pass FELs operating in a similar power range will share
many of the problems encountered in today’s ERLs while
adding some of their own.

HAZARDS
The complete or partial loss of the electron beam in a

vacuum chamber can cause a number of detrimental ef-
fects. The most important ones are summarized in Tab. 2,
where the attempt has been made to associate the onset of
each effect with the magnitude of the local power deposi-
tion. This is to be understood only as a rough indication of
the orders of magnitude; obviously, each damage scenario
needs to be assessed individually and for special cases very
different numbers may be found.
Direct mechanical damage through melting or sublima-

tion depends on power density rather than power; for typi-
cal scenarios, however, a substantial power deposition of
hundreds of watts or kilowatts is necessary—hence, di-
rect damage is of little concern for normal conducting ma-
chines, but needs to be protected against for superconduct-
ing ones. Single-bunch damage is not to be expected at
typical FEL parameters because of too low charge densities
(for the International Linear Collider it has been estimated
that a single bunch of 3 nC causes damage when focused to
an area below 50 μm2 [3]).
The deposition of heat can have indirect consequences

as well—such as impairing the tightness of a flange con-
nection once the metal starts to cool down after thermal
expansion. This, again, is an unlikely scenario for the typ-
ical beam powers of normal conducting machines, but is a
real danger once the beam power reaches the multi-kilowatt
level.
The spontaneous radiation released by beam losses can

lead to malfunctions in electronics or to various types of

WEOA03 Proceedings of FEL2012, Nara, Japan

346C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology I: Gun, Injector, Accelerator



radiation damage; the radiation released by a single watt of
electron beam is quite destructive to many types of elec-
tronics in the vicinity if no proper shielding is in place—
obviously, the loss of this amount of power is easily diag-
nosed in a linac operating at low current, but it only cor-
responds to a fraction of 10−5 of a 100 kW beam. Similar
considerations apply to the activation of components; gen-
erally, induced radioactivity at electron accelerators is rel-
atively short-lived and substantially lower than at hadron
machines, but it can impair the maintainability of compo-
nents and the accessibility of the beamline.
Superconducting accelerators have a special vulnerabil-

ity to beam losses because any deposition of heat in the
cold mass must be compensated through the cryogenic sys-
tem with a disproportionate amount of power. Beam losses
can also cause superconducting cavities to quench, which
in turn creates an immediate instability in the downstream
beam transport. Depending on the severity of the quench, it
may also be necessary to cut the RF power until the cavity
has recovered.
Finally, all working and planned single-pass FELs use

undulators based on permanent magnet structures. These
magnets are very close to the beam axis and are susceptible
to the loss of magnetic field under moderate radiation doses
(see e. g. [4–7]). The problem of magnet damage is of
particular concern for machine protection at free-electron
lasers because

• it is cumulative (even small dose rates can cause a de-
terioration of the field over longer time scales),

• it is often not possible or at least very expensive to
exchange an undulator,

• the undulators represent one of the smallest apertures
in the accelerator (the SACLA in-vacuum undulators
have a minimum gap of 3.5 mm [8]), and

• the FEL process itself depends on a high precision of
the magnetic field.

EFFECT OF DEMAGNETIZATION IN AN
UNDULATOR

For a number of reasons, typical beam loss scenarios
cause a very inhomogeneous dose deposition along the lon-
gitudinal axis of an undulator (see e. g. [9]). The strongest
demagnetization is usually to be expected in the first peri-
ods at the upstream end of the magnet structure. An ex-
treme example is the U33 undulator from the Petra II light-
source that lost more than 40% of its magnetic field at the
upstream end after 10 years of operation [10].
To illustrate the effect of a partially demagnetized undu-

lator, a single electron can be tracked through the center of
a perfect undulator field with a simple 2-dimensional track-
ing code. At each turning point i of the undulating trajec-
tory (where the transverse velocity is zero), the longitudinal
slippage Δzi between the electron and a photon emitted at
the undulator entrance is noted. In this ideal undulator, the

Table 3: Undulator and Electron Beam Parameters for the
Phase Error Calculation

Number of periods 66
Period length 3.48 cm
Field amplitude 1.105 T
Electron energy 1.25 GeV
Wavelength (fundamental) 21.7 nm
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Figure 1: Undulator magnetic field profiles for phase error
calculations. Colored lines indicate the tapered field ampli-
tudes, gray lines show the actual oscillating magnetic field.

slippage increases by one radiation wavelength λr for each
full period of the undulating motion,Δzi+2 −Δzi = λr.
If the field amplitude at the undulator entrance is re-

duced, the electron motion is no longer synchronous with
the nominal radiation wavelength—the particle effectively
takes a straighter trajectory and therefore gets ahead of
where it should be. This asynchronicity can conveniently
be expressed as a phase errorΔφ; at each trajectory turning
point i, we define

Δφi = 360◦ ·
i λr/2−Δzi

λr

+ φ0,

where the starting phase φ0 can be chosen at will (as by a
phase shifter chicane in a real-world FEL).
For a real-world example, a set of parameters for an un-

dulator in the final stage of FERMI@Elettra’s FEL-2 has
been chosen (Tab. 3). To simulate radiation-induced de-
magnetization, the ideal undulator field By(z) is then ta-
pered according to

B′y(z) = By(z) · (1− d exp(−z/L))

with L = 0.5m and a factor d specifying the relative de-
magnetization at z = 0. The field profiles for values of d
between 10−3 and 5 · 10−2 are shown in Fig. 1.
The resulting phase errors are displayed in Fig. 2. For

ease of comparison, they have been adjusted (via φ0) to co-
incide at zero at the exit of the undulator. It can be seen that
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Figure 2: Phase errors for various demagnetization profiles.

the phase errors quickly reach big values: Already at a ta-
pered demagnetization of 1 %, the electron bunch is out of
phase by 90° at the undulator entrance. For higher values of
d, the electron bunch in the first part of the structure effec-
tively cancels out a part of the radiation through destructive
interference. It should be noted that inhomogeneous phase
errors like this can not, or only to a small degree, be com-
pensated by adjusting the undulator gap.
Obviously, the effect on the microbunching and on the

final output power of the FEL needs to be studied in the
context of the whole system of insertion devices and elec-
tron beam optics. It is clear, however, that even a small loss
of magnetic field can have a big influence on the perfor-
mance of an undulator.

CONCLUSION
All of today’s single-pass FELs share a common set of

machine protection problems: the limitation of induced
activation, the protection of components from generic ra-
diation damage, and, most importantly, the protection of
permanent magnet undulators from demagnetization. The
high beam power of superconducting linacs makes all of
these problems much more challenging while adding the
potential for direct or indirect mechanical damage.
Ultimately, the goal of machine protection is to avoid

damage to costly components and to prevent the loss of
beam time—one of the most precious resources at any light
source. The best approach to this goal is not to reduce ma-
chine protection to a mere system of interlocks, but to make
safety considerations an integral part of the design and op-
eration of an accelerator.
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TIME-RESOLVED IMAGES OF COHERENT SYNCHROTRON 
RADIATION EFFECTS IN THE LCLS FIRST BUNCH COMPRESSOR 

P. Emma, F. Zhou, Z. Huang, SLAC, Stanford, CA 94309, USA  
C. Behrens, DESY, 22607 Hamburg, Germany

Abstract 
The Linac Coherent Light Source (LCLS) is an x-ray 

Free-Electron Laser (FEL) facility now in operation at 
SLAC. One of the limiting effects on electron beam 
brightness is the coherent synchrotron radiation (CSR) 
generated in the bunch compressor chicanes, which can 
significantly dilute the bend-plane (horizontal) emittance. 
Since simple emittance measurements [1] do not tell the 
full story, we would like to see the time-dependent CSR-
kicks along the length of the bunch. We present measured 
images and simulations of the effects of CSR seen on an 
intercepting beam screen just downstream of the LCLS 
BC1 chicane while powering a skew quadrupole magnet 
near the center of the chicane [2]. The skew quadrupole 
maps the time coordinate of the pre-BC1 bunch onto the 
vertical axis of the screen, allowing the time-dependent 
CSR-induced horizontal kicks to become clearly visible. 

INTRODUCTION 
The effects of CSR can degrade the brightness of an 

electron bunch, especially as it is being compressed in a 
magnetic chicane and begins to radiate coherently at 
wavelengths which are long compared with the shrinking 
bunch length. The CSR wake tends to kick the head and 
tail of the bunch in different bend-plane directions due to 
the CSR-altered head and tail energies which arise during 
passage of the bunch through the chicane bends. The net 
effect is typically an increased bend-plane emittance, 
usually characterized by the spot size projection onto an 
intercepting screen. In fact, it will also be very useful to 
time-resolve these kicks along the length of the bunch. 

With this goal in mind we have installed a skew 
quadrupole magnet [2] (rotated by 45º wrt a standard 
quadrupole magnet) near the center of the BC1 chicane, 
which couples the x-position of an electron at chicane 
center to a y-position after the chicane. The LCLS BC1 
layout [3] is shown in Figure 1 with parameters in Table 1. 

 

Figure 1: Layout of LCLS injector in the BC1 area. The 9-m 
long S-band linac section (L1S) is followed by a 60-cm long X-
band RF section (L1X) feeding the BC1 chicane at 220 MeV. 
The “SQ11” skew quad and “OTR12” screen are also shown. 

Table 1: LCLS Injector and BC1 Parameters 

Parameter sym. Value Unit 

Bunch charge Q 0.25 nC 
BC1 Momentum Compaction |R56| 45.5 mm 
Electron energy at BC1 E 220 MeV 
Pre-BC1 bunch length (rms) z 0.62 mm 
Focal length of skew quad f 14 m 

 
In order to compress the bunch length in BC1, the 

bunch must be energy chirped (linearly correlated energy 
along bunch length) by operating the L1S RF (nominally 
accelerates from 135 MeV to 239 MeV) off its 
accelerating crest phase by 25 degrees (sets head of 
bunch at lower energy than tail).  The chicane then delays 
the low-energy bunch head ( >> 1) and advances the 
high-energy bunch tail, compressing the bunch. 

Since the accelerating RF wave is sinusoidal and the 
pre-compressed bunch length (~0.6 mm rms) is not 
insignificant compared to the S-band (2.856 GHz) RF 
wavelength (105 mm), there is also a significant 2nd-order 
chirp on the bunch induced by the RF. If not corrected, 
this 2nd-order chirp can generate a sharp temporal spike on 
the bunch if enough compression is applied. This very 
short, intense spike generates even more CSR power and 
can amplify the emittance growth. 

To remove this 2nd-order chirp, and also to compensate 
the slight 2nd-order compression effect of the chicane, a 
short harmonic RF section [4,5] is installed just before the 
chicane and operated at the decelerating crest phase 
(decelerates from 239 MeV to 220 MeV at 180 here). 
At LCLS this is a 4th harmonic RF section (wavelength of 
~26 mm) at X-band frequencies (11.424 GHz). When the 
X-band peak RF voltage, VL1X, is set properly (typically 
about 19 MV at LCLS), the bunch compression process is 
quite linear, producing an unchanged temporal 
distribution, except shorter (i.e., no temporal spikes 
develop). If the X-band voltage is set too low, the 2nd-
order chirp will persist (negative 2nd derivative of energy 
with time) and a spike will first begin to develop at the 
head of the bunch as the compression is further increased 
(by setting the L1S phase to more negative values). If the 
X-band voltage is set too high, the 2nd-order chirp will flip 
sign (positive 2nd derivative) and a spike will begin to 
develop, first at the tail of the bunch. If the L1X voltage is 
set at the ideal voltage, no spikes will develop. 

In order to see the effects these spikes have on the 
CSR-induced kicks as a function of the compression level 
and in a time-resolved way, we have carried out an 
experiment using the ‘SQ11’ skew quad and the ‘OTR12’ 
screen (see Figure 1), where the L1X voltage is varied 
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over three settings (weak, strong, and ideal) and the L1S 
RF phase is scanned over nine settings per L1X setting in 
order to explore the progression of bunch compression 
and gradually watch the CSR effects develop on OTR12. 

When switched on, the BC1 skew quad (SQ11) 
converts the large horizontal beam size at the chicane 
center (induced by the large L1S energy chirp and 
horizontal BC1 dispersion) into a large vertical beam size 
on OTR12. Since the large beam size is due to the energy 
chirp, which is highly linearly correlated to the pre-BC1 
bunch length coordinate, the OTR screen then clearly 
reveals the pre-BC1 bunch length as a vertical streak (see 
images in Figure 2). This configuration allows a linear 
mapping of the pre-BC1 bunch length coordinate onto a 
simple beam screen, allowing time-resolved beam 
measurements after BC1. For this experiment the bunch 
charge was 250 pC and the transverse normalized x and y 
emittance values (before BC1) were each about 0.5 m. 

MEASUREMENTS 
Figure 2 shows 27 measured electron beam images on 

the OTR12 screen (using optical transition radiation), 
which is located 3.6 meters after the exit of the BC1 
chicane, where the SQ11 skew quad is switched on (14-m 
focal length) generating the vertical time-streak seen in 
each image. Each column in this figure represents one of 
three L1X RF voltage settings (16, 19, and 22 MV, left to 
right), and each row corresponds to one L1S RF phase 
setting (about an 8º range from top to bottom centered 
near 31º). The 220-MeV electron energy at OTR12 is 
preserved at all settings here by adjusting the L1S RF 
voltage, which is controlled by a feedback loop reading a 
beam position monitor (BPM) in BC1, but the L1X 
voltage and phase are both constant within one column. 

As the reader scans the images from top to bottom, 
starting on the left column (VL1X = 16 MV), the images are 
seen to blow up horizontally, with the blow-up starting at 
the top of the image (the pre-BC1 bunch head) and 
quickly progressing along the beam core to the bottom of 
the image (the pre-BC1 bunch tail). The last images show 
the CSR blow-up beginning to relax since the bunch is 
now over-compressed (getting longer) and not radiating 
strongly. It is important to note that the skew quad maps 
the pre-BC1 bunch length coordinate onto the screen, not 
the post-BC1 bunch length. Therefore the time scale along 
the screen’s vertical axis is always the same here (~6 ps 
FWHM) and does not flip sign, even though the post-BC1 
bunch is compressing and eventually flipping head with 
tail (over-compression). 

The reader might now scan the images from top to 
bottom again, examining the center column (VL1X = 19 
MV). This shows the CSR-induced horizontal blow-up no 
longer crawling along the bunch (head to tail), but now 
exploding almost uniformly (near 31º) and then relaxing 
similarly. This is the linearized L1X voltage setting 
producing no spikes. 

 

 

 

 

 

 

 

 

 

Figure 2: OTR screen images with the X-band RF set at 16 MV 
(left column), 19 MV (center), and 22 MV (right). The bunch 
length (vertical streak) here is ~6 ps FWHM with the pre-BC1 
bunch head at the top of each image. Energy loss in the final 
BC1 bend kicks to the right here. 

The final (right) column has the L1X voltage set too 
high, at 22 MV. Here the opposite behavior occurs (with 
respect to the left column at 16 MV). Now the beam 
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begins to blow up (when images are observed from top to 
bottom again) starting at the bunch tail (bottom of each 
image), rather than the bunch head (top of each image). 
This CSR-induced horizontal blow-up is seen to crawl 
along the pre-BC1 bunch from tail to head now, rather 
than head to tail. The evolution of these images is 
explained graphically in Figure 3 (post-BC1 bunch head 
at left here), showing longitudinal phase space with the 
sign of the 2nd-order chirp set by the L1X voltage. A 
negative 2nd-order chirp (VL1X < 19 MV, top six plots) 
generates a temporal spike starting at the pre-BC1 bunch 
head (top-left plot pair) and evolving toward the pre-BC1 
bunch tail (top-right plots), whereas a positive 2nd-order 
chirp (VL1X > 19 MV, bottom six plots) generates a 
temporal spike starting at the pre-BC1 bunch tail (bottom-
left plot pair) evolving toward the pre-BC1 bunch head 
(bottom-right plot pair). 

 

L1X voltage = 16 MV (above) and 22 MV (below). 

 

Figure 3: Simulation explaining evolving images in Figure 2 
with two L1X voltage settings (top six plots at 16 MV and 
bottom six at 22 MV). Each of the three plot columns are for 
different L1S phases. Parameters are approximate here simply to 
help explain the effect. 

It is also worth pointing out that a broad-band 
pyroelectric radiation detector is located at the end of 
BC1, and is normally used in a feedback loop to measure 
the relative post-BC1 bunch length, based on the CSR 
power of the last chicane dipole magnet [6]. Although this 
bunch length feedback loop was switched off during these 
experiments (leaving only the BC1 BPM-based energy 
loop operating), the pyro-detector was monitored during 
the data acquisition and the peak signal is seen to 
correspond to the largest blown-up image in each column 
of Figure 2 (i.e., 32.5º at VL1X = 16 MV, 31.5º at VL1X = 

19 MV, and 32.0º at VL1X = 22 MV). Figure 4 shows the 
pyro-detector reading vs. the L1S RF phase at VL1X = 16 
MV, which confirms the maximum CSR at 32.5° as also 
seen in Figure 2 (left column). The fused silica vacuum 
window attenuates much of the CSR at  < 100 m so the 
response is somewhat flat near the peak compression. 

 

Figure 4: Post-BC1 pyroelectric CSR detector reading vs. L1S 
RF phase at VL1X = 16 MV with maximum at 32.5. 

To enhance the spike even further, the L1S RF phase 
was varied again, but now with the L1X RF system 
switched off. Figure 5 shows the OTR12 measurement 
(left) and accompanying simulations (right) using Elegant 
[7], with the L1S RF phase set at 37° (but at 39° in the 
simulation) corresponding approximately to the top-center 
plot pair in Figure 3. 

 

Figure 5: Measured image (left, at 37°) and simulated (right, at 
39°) with L1X RF switched off. The L1S phase differs between 
measurement and simulation by 2°. 

A horizontal deflection (to the right here) corresponds to 
an energy loss just prior to, or within the final BC1 bend. 
This is where a spike appears along the center of what 
was the pre-BC1 bunch length coordinate, generating a 
clear CSR-induced horizontal kick that is quite well 
localized (with laser heater off [8]) due to the extreme 
case with L1X off (no linearization and large spike). 
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Figure 6: Measurements (left) and simulations (right) with X-
band RF switched off. The L1S phase settings differ between 
measurement and simulation by 2°. 

The simulations agree quite well except for a 2° 
difference in the absolute RF phase between measurement 
and simulation, which is difficult to know with better 
accuracy. The middle of the beam appears to be losing 
more energy as we observe closer to the spike, where the 
peak current is highest, but some small part of the beam at 
the spike is clearly exploding and may actually be slightly 
accelerated by the CSR (steered to the left). 

Finally, Figure 6 shows similar images, all with the 
L1X RF off, but each row here is a new setting of the L1S 
RF phase (measurements in left column and Elegant 
simulations at right). The CSR blow-up again crawls 
along the pre-BC1 bunch length coordinate (still vertical 
here, from top to bottom) and remains quite localized at 
the sharp temporal spike produced with the L1X RF 
switched off. 

CONCLUSIONS 
The skew quadrupole trick used here [2] is a simple 

way to examine time-resolved CSR effects of a bunch 
compressor chicane, and these measurements provide 
some confidence that our simple line-charge, transient 
field modeling of CSR [7] is reasonably accurate, 
including the time-dependent character. It is also worth 
noting that the measured bend-plane emittance (at 220 
MeV and 250 pC) after BC1 was increased by CSR by 
about a factor of 10 when the most extreme BC1 
compression conditions were applied (as shown in Figure 
2 with L1S RF phase at 31.0 deg and the L1X voltage at 
19 MV). We thank Joe Bisognano for motivating these 
time-resolved measurements and Oleg Shevchenko for 
suggesting the diagnostic possibilities of a skew 
quadrupole magnet. 

REFERENCES 
[1] K. Bane et al., Phys. Rev. ST Accel. Beams 12, 

030704 (2009). 
[2] K. Bertsche, P. Emma, O. Shevchenko, “A Simple, 

Low Cost Longitudinal Phase Space Diagnostic”, 
PAC’09, Vancouver, BC, Canada, 2009. 

[3] R. Akre et al., Phys. Rev. ST Accel. Beams, 11, 
030703 (2008). 

[4] D. Dowell et al., “Magnetic Pulse Compression 
Using a Third Harmonic Linearizer”, Proc. of the 
1995 Particle Accelerator Conference, Dallas, TX, 
May 1995. 

[5] P. Emma, “X-Band RF Harmonic Compensation for 
Linear Bunch Compression in the LCLS”, SLAC-
TN-05-004, 2001. 

[6] H. Loos et al., “Operational Performance of LCLS 
Beam Instrumentation”, Proc. of the 2010 Beam 
Instrumentation Workshop, Santa Fe, NM, p. 34-43. 

[7] M. Borland, Elegant, APS LS-287, Presented at 
ICAP 2000, Darmstadt, Germany. 

[8] Z. Huang et al., Phys. Rev. ST Accel. Beams 13, 
020703 (2010). 

WEOA04 Proceedings of FEL2012, Nara, Japan

352C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology I: Gun, Injector, Accelerator
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Abstract

APEX, the Advanced Photo-injector Experiment at the

Lawrence Berkeley National Laboratory, is devoted to the

development of a MHz-class repetition rate high-brightness

electron injector for X-ray FEL applications. The injec-

tor is based on a new concept photocathode gun utiliz-

ing a room-temperature 186 MHz RF cavity operating in

CW mode in conjunction with high quantum efficiency

semiconductor photocathodes capable of delivering the re-

quired charge at repetition rates consistent with commer-

cially available laser technology. APEX is organized in

three main phases. Phase 0 demonstrates several impor-

tant milestones for the project: gun cavity conditioning to

full RF power in CW mode to demonstrate the required

field at the cathode; the gun vacuum performance impact-

ing the lifetime of photo-cathodes; and tests of several dif-

ferent photocathodes at full repetition rate at the nominal

gun energy of 750 keV. Phase I, continues cathode stud-

ies with a new suite of beam diagnostics added to char-

acterize the electron beam at the gun energy and at full

repetition rate. In Phase II, a pulsed linac will be added

for accelerating the beam to several tens of MeV to reduce

space charge effects and measure the high-brightness per-

formance of the gun when integrated in an injector scheme.

Phase 0 is presently under commissioning, and the first ex-

perimental results from this phase are presented.

INTRODUCTION

The construction of several linac based MHz repetiton

rate facilities serving multiple independent FELs has re-

cently been proposed [1, 2, 3, 4], supported by a strong

demand from FEL users [5], to be able to extend FEL per-

formance to MHz and beyond, allowing for experiments

where large statistical samples are required, and dramati-

cally decreasing the time required to perform experiments.

The APEX project is aiming to the construction and test

of an high repetition rate ( MHz) high brightness photo-

gun capable of producing bunches with brightness high

enough to drive an X-ray FEL, but with an average current

104 times higher than the present rf guns. The success-

ful normal-conducting (NC) high-frequency (greater than 1

GHz) high-brightness technology used in present low repe-

tition rates X-ray FEL RF guns [6] can indeed not be scaled

to repetition rates beyond ∼ 10 kHz because the heat load

∗Work supported by the Director of the Office of Science of the US

Department of Energy under Contract No. DEAC02-05CH11231
† Dfilippetto@lbl.gov

Figure 1: APEX VHF Gun cross section with main com-

ponents.

due to Omhic losses in the gun cavity becomes too large

for being dissipated by the cooling system [7]. Many al-

ternative electron gun schemes and technologies are being

pursued around the world in order to achieve the required

brightness at high repetition rates [8] but at the present time

none have demonstrated the necessary set of requirements

[9].

The Advanced Photo-injector EXperiment (APEX) [10]

is designed to fill that gap by developing a gun and an injec-

tor capable of the required performance. The gun, based on

a novel concept [11, 12], has been fabricated and recently

completed the first phase of its commissioning. All the

performance milestones included in this part of the project

were successfully achieved and this paper reports the re-

sults of the related tests.

APEX, THE ADVANCED
PHOTO-INJECTOR EXPERIMENT

APEX is an electron injector built around a RF photo-

gun based on reliable and mature mechanical and RF tech-

nologies. The core of the gun is a NC copper RF cavity

operating in continuous wave (CW) mode in the VHF band

at 186 MHz. The frequency value is chosen to be close

to either the 7th sub-harmonic of 1.3 GHz or the 8th sub-

harmonic of 1.5 GHz, making the gun operation compati-

ble with both of the main super-conducting electron linac

technologies presently available [13, 14].

Figure 1 shows a CAD cross section of the cavity with

its main components, and Table 1 contains the VHF gun

main design parameters selected to satisfy the requirements

set in reference [9]. The resonant copper structure is sur-
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Table 1: VHF Gun Main Design Parameters

Parameter Value

Frequency (MHz) 186

Operation mode CW

Nominal beam energy (MeV) 0.75

Field @ cathode during emission (MV/m) 19.47

Ideal conductor quality factor, Q0 30900

Shunt impedance (MΩ) 6.5

Nominal RF power for Q0 (kW) 87.5

Stored energy (J) 2.3

Maximum surface field (MV/m) 24.1

Maximum wall power density (W/cm2) 25.0

Accelerating gap (cm) 4

Cavity inner diameter (cm) 69.4

Cavity length (cm) 35.0

Operating pressure (Torr) ∼ 10−11

rounded by a stainless steel shell that ensures the necessary

mechanical rigidity and the proper vacuum envelope. No

sliding tuner is present and the required frequency tuning

is achieved by a mechanical system that slightly pushes or

pulls the cavity wall at the beam exit port side. The RF

power is supplied through two magnetic loop couplers di-

ametrically opposed on the cathode back wall of the cav-

ity. A vacuum load lock system, based on the INFN design

[15] (used at the FLASH and PITZ facilities in Germany)

allows the replacement and/or the in situ conditioning of

photocathodes without breaking the vacuum in the gun.

More details on the gun can be found elsewhere [10, 11,

12], here we want just to remark that the two major goals

targeted by the gun design are the CW operation, and the

low-vacuum performance (10−11 − 10−9 Torr) necessary

to operate with acceptable lifetime high quantum efficiency

(QE) semiconductor photocathodes sensitive to ion back-

bombardment and contamination. Such cathodes are re-

quired to generate the desired charge per bunch at high rep-

etition rate with the power available by present laser tech-

nology.

The relatively low RF frequency choice for the VHF gun

has addressed both of these needs. The larger resonating

structure associated with the VHF frequency decreases the

power density on the cavity walls to a level small enough to

permit CW operation with conventional cooling techniques

while maintaining the high electric fields required for the

high brightness performance. Additionally, the long wave-

length allows opening large slots visible on the cavity walls

in Figure 1 with negligible field distortion, thereby creating

an extremely high vacuum conductance connecting to the

pumping system located in the plenum around the cavity

equator. Twenty 400 l/s commercial NEG pumps (SAES

CapaciTorr R©-D 400-2) ensures a formidable pumping of

cathode contaminating molecules (H2O, O2, ...), while a

400 l/s ion pump connected to the bottom of the plenum

removes noble gasses and residual hydrocarbons.

The choice of the accelerating gradient for the VHF gun

represents a tradeoff between contrasting requirements.

From one side, beam dynamics considerations push to-

wards higher gradients, while minimizing dark current (due

to field emission) demands relatively low gradient. Mitigat-

ing dark current from the gun in a high repetition rate facil-

ity is of particular importance for avoiding undesired radi-

ation losses along the main linac, and the risk of “quench-

ing” downstream superconductive accelerating sections.

Extensive beam dynamics simulations [16] showed that the

gradient value in Table 1 for the VHF gun allows delivering

the required brightness performance, and comparison with

dark current vs gradient data for existing guns [17] jointly

with initial dark current tracking studies for an FEL appli-

cation [18] indicate also that the selected gradient should

keep dark current at tolerable levels.

APEX is staged in three phases. Phase 0, illustrated in

Figure 2, consists of the VHF gun and a diagnostic beam-

line for cathode characterization. The primary scope of

this phase is to commission the VHF gun and validate the

technological choices used for it. A number of funda-

mental milestones need to be demonstrated in this critical

phase, including full CW RF conditioning of the gun cav-

ity, achievement of the design gradient at the cathode and

associated beam energy at the gun exit, demonstration of

the challenging vacuum performance, and characterization

of dark current from the gun. Phase 0 also includes a pho-

tocathode R&D program in which different materials will

be tested at MHz repetition rate at the gun energy to define

the best choice for a high repetition rate X-ray FEL.

In Phase I an electron beam diagnostic suite [19] is added

to the Phase 0 layout, to allow a full 6D characteriza-

tion of the beam phase space at MHz repetition rate and

at the nominal gun exit energy. The diagnostic suite in-

cludes among other components, a two-slit emittance mea-

surement system (to measure the emittance in the space

charge dominated regime), a transverse deflecting cavity

(both based on a modified Cornell design [20, 21]) and a

spectrometer for slice emittance and energy spread mea-

surements and full longitudinal phase space characteriza-

tion.

In Phase II a 1.3 GHz room temperature pulsed linac (us-

ing 3 ANL-AWA accelerating sections [22]) and a room

temperature 1.3 GHz buncher cavity (a scaled version

of the Advanced Light Source harmonic cavity [23]) are

added to the Phase I layout. The electron beam diagnos-

tic suite of Phase I (after some modification) is moved

downstream of the linac. The new linac system will ac-

celerate the beam up to ∼30 MeV making space charge

forces sufficiently small to perform reliable measurements

of beam brightness while also compressing the bunch to the

required length.

Phase 0 beamline installation is completed, Phase I com-

ponents are under fabrication, and initial design and spec-

ification of components and layout for Phase II are under-

way.
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Figure 2: APEX Phase 0 Layout. The about 2.5 m long beamline allows to characterize and test cathodes at MHz

repetition rates at the nominal gun energy of 750 keV.

The Laser System

The laser system is based on a diode-pumped Yb doped

fiber oscillator, with a repetition rate of 37.2 MHz provid-

ing hundreds of pJ pulses with sub-picosecond duration at

1060 nm [24]. The infrared pulse is then stretched and am-

plified, and the repetition rate is lowered down to 1 MHz.

About 0.65 μJ are obtained in a 600 fs full width half maxi-

mum (FWHM) after the final amplification re-compression

stage. The laser is fiber guided throughout the amplifica-

tion stages until the final compressor (a grating pair), where

the peak power becomes too high and transport in air is nec-

essary. The system has been provided by Lawrence Liver-

more National Laboratory (LLNL).

After the compression a 3 mm non-critically-phase-

matched LBO crystal (heated up to 180 ◦C ) is used to

generate the second harmonics @ 530 nm with 35% effi-

ciency (240 nJ). Type I phase matching in a 1.5 mm BBO

is then used to up-conversion of green to UV (265 nm) with

25% efficiency.

One of the APEX goals is the test of different cath-

ode materials in an CW rf environment. Among the pos-

sible candidates, Cesium Telluride (Cs2Te) and Multi-

Alkali CsK2Sb) [25] cathodes are very attractive because

of their high quantum efficiency (>1%) and low intrinsic

emittance. Both cathodes will be tested at APEX and, be-

cause of their different photoemission energies, both UV

and green light are generated and transported to the gun at

the same time.

Depending on the electron beam charge requested, the

laser pulse length optimum may vary from 1 ps to 50 ps.

The pulse stacking technique [26] is used for the pulse

shaping and tests in the UV are already started, using a

series of 6 αcut BBO crystal flat-top pulses [27]. The same

technique will be used in the green. A high voltagePockels

cell (KDP crystal) is used in conjunction with a polarizer

beam splitter as fast shutter to control the laser repetition

rate.

Figure 3: The APEX laser system layout. Two separate

lines transport the UV and the green laser pulses down to

the gun area.

The laser-to-rf synchronization is assured by a feedback

loop with a piezo actuator in the laser oscillator to control

the cavity length (20KHz bandwidth), and a Phase locked

loop implemented in the low level RF board (FPGA based,

[28]), that creates an error signal proportional to the differ-

ence between the RF gun cavity frequency and the laser

oscillator frequency. The measured closed-loop jitter is

shown in Figure 4. The root mean square value (RMS)

2 ps, corresponding to about 0.15 rf degrees at 186 MHz,

and is therefore more than what we need for the first phase

of the project. Improvements will be needed for phase I

and II, when higher frequency cavities will be installed.

The location of the laser system is on the top of the

shielding area of APEX. The distance from the laser system

to the photo-injector cathode is about 12m and the designed

beam transport uses Relay imaging to transport the pulses

up o the final table, where a final point-to-point imaging

to the cathode is performed. A total of 4 long focal length

lenses is used up to the cathode plane.
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Figure 4: Measurement of laser-to-RF jitter in closed loop.

The measured RMS value is 2ps.

Figure 5: APEX Phase 0 installed in the Beam Test Facility

at the Advanced Light Source.

APEX PHASE 0 COMMISSIONING
RESULTS

Currently, all Phase 0 hardware (with the exception of

the vacuum loadlock system) has been installed. Figure 5

shows the beamline in the test area. The beam diagnostics

included in the present layout allows for the measurement

of beam current, energy and transverse profile, and of cath-

ode QE maps, intrinsic emittance and lifetime [19].

The photocathode drive laser has been installed and fully

commissioned. The 120 kW 186 MHz CW RF source for

the gun (fabricated by ETM Electromatic Inc.) is fully op-

erational and reliably delivering the required power to the

gun through two 60 kW tethrodes (Thales TH571B). The

power level stability of the system is ∼10−3 rms when con-

trolled by a high level software feedback.

The EPICS based control system is in an advanced

stage of implementation and permits the full control of the

beamline components and acquisition of experimental data.

High level macros developed in MatLab R© on linux plat-

forms allow for a flexible system operation and experiment

control.

The FPGA-based low-level RF system (LLRF) is devel-

oped at LBNL and allows control of the RF system, syn-

chronization with the laser, and tuning of the frequency of

the RF source to follow the cavity frequency [28].

VHF Gun Cavity Low and High Power RF Tests

In the summer of 2010 the gun fabrication was com-

pleted and the low power RF tests were performed. The

measured resonance frequency was in agreement with the

expected value, and the measured cavity quality factor Q,

was ∼ 86% of the ideal conductor case demonstrating the

excellent quality of the cavity fabrication and the accuracy

of the design model. With the measured Q value, ∼ 100

kW of RF power are required to accelerate the beam to the

nominal energy of 750 keV, well within the capability of

the VHF RF source.
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Figure 6: Fundamental mode frequency shift vs. “anode”

wall cavity displacement induced by the tuner system.

The frequency shift induced by pulling (or pushing) the

cavity wall on the beam exit side, important for calibrat-

ing the action of the mechanical tuner, was also measured.

Figure 6 shows the very first three runs of measurements.

After some settling of the mechanical parts observable in

the first run, the second and third runs showed a linear and

reproducible frequency dependence on the wall displace-

ment. Linear fits of Run 2 and Run 3 points give a slope

of ∼ 630 kHz/mm, in good agreement with simulation pre-

dictions. The actual displacement (and hence the natural

cavity frequency) will be remotely set by heavy duty piezo-

motors controlled by the LLRF system.

After installation in the beam test facility, and commis-

sioning of the high power CW source, at the end of 2011

the gun cavity was successfully conditioned at the nomi-

nal power of 100 kW in CW mode after only ∼ 150 in-

tegrated hours of conditioning. This important result con-

firmed the capability of the gun of operating at the required

fields without RF breakdown. Continuous runs of more

than 30 hours duration with no faults showed a solid re-

liability of the RF system. As predicted by simulations,
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evidence of multipacting resonances in the cavity was de-

tected at low power, and a wide multipacting-free region

around the nominal operation point was confirmed. During

the conditioning, the RF was first run in pulsed mode with

10% duty cycle. This approach allowed to “jump” the low

power multipacting resonances by going directly to about

half of the nominal power. From that point on, the peak

power was first quickly increased up to the nominal value,

and then the duty cycle was gradually increased up to CW

operation.

Unexpected multipacting modes, in the ∼ 80 cm long

(half an RF wavelenght) RF feeder coaxial lines between

the RF windows and the cavity couplers (indicated as “RF

Couplers” in Figure 1), were successfully cured by wrap-

ping solenoids providing ∼ 50 Gauss field to this region of

the coaxial lines.

Dark Current Characterization

Initial dark current characterization was performed in

two phases. First, a coaxial Faraday cup was installed right

at the gun beam exit pipe at ∼ 15 cm from the cathode.

Figure 7 shows an example of a dark-current measurement

with the Faraday cup, and a Fowler-Nordheim fit of the

data. The fitting function is averaged over the RF period to

account for the time variable fields in the cavity [29]. With

the gun running in CW at the nominal power, ∼ 8 μA aver-

age current was measured. At a later time, the Faraday cup

was moved to its present position at the end of the Phase

0 beamline ∼ 2 m downstream of the cathode. In this new

configuration, the dark current transported to the Faraday

cup is partially collimated out by the vacuum chamber and

the measured value drops down to less than a μA when the

gun is operated in CW mode at the nominal power. Ini-

tial studies show that the measured values of dark current

should be compatible with the operation of a high repetition

rate X-ray FEL [18].
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Figure 7: Example of dark current measurement and

Fowler-Nordheim fit.

By imaging the dark current on a YAG screen using a

solenoid in the transport line, it was observed that the field

emission is mainly generated by few point-like sources on

Figure 8: Example of image of the photoemitted beam on

the YAG screen in the Phase 0 beamline.

the cathode plane. In the present configuration, optimized

for RF tests, a “dummy” molybdenum plug is installed in-

stead of a real cathode. The better polishing level of a real

cathode plug, and if required, a better cleaning technique

to remove particulates [30], and/or a conditioning of the

gun at higher RF fields [31] could potentially reduce dark

current intensity.

Electron Beam Measurements

The dummy molybdenum cathode plug, used during this

first commissioning, ensured the proper RF contact but pre-

sented a poor (estimated) QE of ∼ 10−6 at 266 nm. With

the available laser power and that QE, the expected pho-

toemitted charge per bunch is ∼ 6 fC that, with the MHz

repetition rate, will generate an expected average current

of 6 nA. Despite these challenging expectations, in March,

2012 the laser was synchronized with the gun RF by the

LLRF system, and the photo-emitted beam was visualized

on the YAG screen of the Phase 0 beamline.

Figure 8 shows an example of such a measurement.

In an another measurement, by using a lock-in amplifier

with the cathode drive laser (MHz) trigger as reference, an

average current of ∼ 10 nA was measured at the Faraday

cup at the end of the beamline in fair agreement with the

expected value (Fig. 9). In this measurement the RF phase

in the gun was varied and the value measured with the laser

shutter closed and open. The lock-in amplifier was trig-

gered in phase with the laser and, since it is a phase sen-

sitive instrument, varying the rf phase respect to the laser

would vary also the value measured even in absence of pho-

tobeam. Indeed the dark current value changes with the

injection phase.

Another fundamental milestone for the project was

achieved few days after the first photoemitted beam with

the demonstration of the design electron beam energy. A

schematic of the beamline components used during the

measurement is shown in the bottom part of Figure 10. The
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Figure 9: Measurement of photobeam current with a lockin

amplifier triggered by the laser.

beam was focused on the beamline YAG screen by prop-

erly tuning the field in the first solenoid (“Sol.1” in the Fig-

ure). A horizontal corrector 0.443 m upstream of the screen

(“Hor. Corr. 2” in the Figure) was subsequently energized

at several different values and the beam centroid translation

on the screen was recorded. An example of such a measure-

ment is shown in the top part of Figure 10. The slope of the

fit is proportional to the particle momentum and the mea-

sured energy value was 745 keV with a standard deviation

of 41 keV, when the nominal RF power of 100 kW was ap-

plied to the cavity. Such a value is in excellent agreement

with the expected 750 keV, confirming again the capability

of the gun to generate the required fields.

Gun “RF Baking” and Vacuum Performance
The achievement of the required vacuum performance is

of fundamental importance for the VHF gun to operate with

semiconductor cathodes sensitive to contamination and ion

back-bombardment with acceptable lifetime.

The VHF gun has been designed to withstand high tem-

perature vacuum baking (lower than 400 ◦C). In the con-

ventional scheme, the vacuum chamber to be baked is

wrapped with heating tapes and maintained at temperatures

higher than about 150 ◦C for many hours to allow the des-

orption of gas molecules from the chamber walls. One lim-

itation of such a scheme is that components included inside

the external chamber under baking are heated only by con-

duction through their connection to the chamber itself. This

situation can result in a difficulty in control of the actual

temperature of these internal parts. In order to overcome

this situation, we used for the VHF gun a technique that

we named as “RF baking”. In such a procedure, the water

cooling of the gun is turned completely off and a few kW of

average RF power are applied to the cavity. Without water,

the temperature of the cavity walls rises and can be easily

maintained at the desired level by adjusting the RF power

level. In this way, the RF conducting surfaces that most

Figure 10: Top: example of photo-emitted electron beam

energy measurement. The design value for the nominal RF

power of 100 kW is 750 keV in excellent agreement with

the measured value. Bottom: schematics of the layout used

for the measurement.

need to be heated are brought to the desired temperature

and a more effective vacuum baking is achieved.

Figure 11 shows the temperatures in different parts of

the VHF gun during the “RF Baking” demonstration exper-

iment we performed. All the gun parts were stably main-

tained between 130 and 180 ◦C for about 2.5 days with a

turbo-molecular pump on. At the end of the period, the RF

was switched off, the cavity ion pump was switched on,

and one out of the twenty NEG modules was activated.
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Figure 11: Temperatures in different parts of the VHF gun

during a ∼ 2.5 day “RF Baking” (see text for details).

Figure 12 shows a plot with the vacuum pressure in-

side the cavity (blue trace) and in proximity of the two

RF windows in the couplers (red and green traces) after

cooling down from the baking shown in Figure 11. The
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Figure 12: Plot of the vacuum pressure inside the gun cav-

ity after the RF baking shown in Figure 11.

pressure value inside the cavity was below 5 × 10−11 Torr

(∼ 6.5 × 10−8 Pa) and a clear trend towards even lower

pressures is clearly visible. The pressure inside the cou-

plers, which were not significantly heated during RF bak-

ing, was about one order of magnitude higher than in the

cavity.

The described RF baking procedure will be repeated

after the installation of the vacuum load-lock and a larger

number of NEG pumps will be activated to achieve the

ultimate vacuum performance of the gun.

CONCLUSIONS AND FUTURE PLANS

The commissioning of the APEX photogun has been

completed. The fundamental milestones for this phase

of the APEX project have been successfully demonstrated

showing the capability of the gun to generate MHz repeti-

tion rate electron beams at the design energy. An excellent

base vacuum pressure in the gun has been also achieved

paving the way for the tests of semiconductor photocath-

odes as scheduled in the next phases of the project.

Additional future activities include the addition of a

beam diagnostic suite to perform a 6D phase space charac-

terization of the electron beam firstly at the gun energy, and

subsequently at several tens of MeV for the final brightness

performance demonstration of the gun when integrated in

a full injector scheme.

It is worth remarking that in principle, repetition rates as

high as the RF frequency can be achieved by the VHF gun,

and that the actual repetition rate is limited by the available

laser power used to drive the photocathode. Modified ver-

sions of the gun resonating at higher frequencies (< 700

MHz) may be used for ERL (energy recovery linac) appli-

cations.
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FEL Conference, Malmö, Sweden, August 23-27, 2010, p.

475.

[11] J. W. Staples, F. Sannibale, S. Virostek, VHF-band photoin-
jector, CBP Tech Note 366, 2006.

[12] K. Baptiste, et al., Nucl. Instrum. Methods Phys. Res., Sect.

A 599, 9 (2009).

[13] C. Reece, et al., in Proceedings of the 1995 Particle Ac-

celerator Conference and International Conference on High

Energy Accelerators, Dallas TX, USA, p. 1512 (1995).

[14] B. Aune, et al., Phys. Rev. ST Accel. Beams 3, 092001

(2000).

[15] P. Michelato, C. Pagani,and D. Sertore, Private communica-

tions.

Proceedings of FEL2012, Nara, Japan WEOAI01

FEL Technology I: Gun, Injector, Accelerator 343 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



[16] C. F. Papadopoulos, et al., Multiobjective Optimization for
the Advanced Photoinjector Experiment (APEX), in Pro-

ceedings of the 2010 FEL Conference, Malmö, Sweden, Au-
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Abstract
Conventional intercepting transverse electron beam di-

agnostics, as the one based on Optical Transition Radiation

(OTR), cannot tolerate high power beams without signifi-

cant mechanical damages of the diagnostics device. Opti-

cal Diffraction Radiation (ODR), instead, is an excellent

candidate for the measurements of the transverse phase

space parameters in a non-intercepting way. One of the

main limitations of this method is the low signal to noise

ratio, mainly due to the synchrotron radiation background.

This problem can be overcome by using ODRI (ODR Inter-

ference). In this case the beam goes through slits opened in

two metallic foils placed at a distance shorter than the radi-

ation formation zone. Due to the shielding effect of the first

screen a nearly background-free ODR interference pattern

can be measured allowing the determination of the beam

size and the angular divergence. We report here the re-

sult of the first measurements of the beam emittance using

ODRI carried out at FLASH (DESY). Our result demon-

strates the potential of this technique suitable to be used as

non-intercepting diagnostic for accelerators operated with

high brightness and high repetition rate electron beams.

INTRODUCTION
High brightness or high repetition rate beams can deposit

a large amount of energy in the intercepting diagnostic de-

vices, enough to destroy them. Non-intercepting devices

are needed in order to avoid such a problem. The laser wire

[1] is an attractive option, facing however tight mechanical

and optical requirements. The angular distribution of far

field Optical Diffraction Radiation (ODR) has been pro-

posed several years ago [2] as non-intercepting device to

measure the beam size, which is the fundamental parame-

ter in order to determine the emittance value. In ODR based

measurements, the beam goes through a hole in a metallic

screen. When the radial extension of the electromagnetic

field (in the order of γλ, being γ the relativistic factor and

λ the observed wavelength) is larger than the hole size, it

interacts with the screen resulting in the emission of ODR.

The first measurement of the beam size ever using ODR

has been realized at KEK [3], showing both the large po-

tential of this technique as well as some unexpected prob-

lems. The Synchrotron Radiation (SR) background, pro-

duced by magnetic elements upstream the diagnostic sta-

∗ cianchi@roma2.infn.it

tion and scattered around the beam pipe, can hide or con-

fuse the signal from ODR. Therefore, in order to avoid

a systematic error in beam size measurements [2], ODR

based technique requires a complementary diagnostic de-

vice to align the beam into the center of the slit.

ODRI
A detailed description of the ODRI physics, as well as

the used formulas and approximations, can be found in [4].

Here we just emphasize the principal features.

We considered the realization of an apparatus that can

measure electron beam sizes down to ten of microns at an

energy of about 1 GeV using DR emitted at optical wave-

lengths. All the dimensions in the following description

can be rescaled in order to fit different scenarios. To shield

the SR we have placed a second metallic screen with an

aperture in front of the slit at a distance of a couple of

centimeters. A schematic sketch of the layout is shown in

Fig. 1.

Figure 1: Sketch of the two-slits setup.

At GeV range energy the radiation formation length (L

≈ γ2λ) in the optical wavelength range is of the order of

few meters. A metallic screen with 1 mm slit is placed nor-

mal to the beam axis. A second 0.5 mm wide slit, opened

by means of lithographic technique on a silicon aluminized

wafer, is placed at 45 degrees with respect to the beam axis.

The distance between the centers of the two apertures is

about 2 cm.

When a charge passes through the first aperture forward

diffraction radiation (FDR) is emitted. It interferes with

the backward diffraction radiation (BDR), produced by the

interaction of the EM field with the second screen. The

first screen acts also as a mask for the SR background. Al-

though the best choice for SR masking would be the use of

two identical slit apertures, the two DR fields would cancel,
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due to the small distance between slits (much smaller than

the formation length), each other almost completely in this

case. Our setup is a compromise allowing to have a reason-

able shield against SR background and in the same time an

overall intensity of the emitted radiation large enough to be

detected.

The slits are not aligned on the same axis. In fact as

pointed out in [4] a small displacement (50 μm) between

them is needed in order to clearly distinguish the effect of

the beam size and the beam angular divergence in the far

field angular distribution.

WAKE FIELDS
To obtain a longitudinal and transverse wakefield for a

structure closer to the real one, we have used CST Particle

Studio [5]. The code allows us to determine the wake po-

tential of a Gaussian bunch, but not the wakefield of a point

charge. However, since we can assume with a very good

accuracy that the electron bunch does not change when

passing through the slit structure, we can determine the

effects of the induced electromagnetic fields on the beam

dynamics also by using the wake potential.

Due to the horizontal and vertical asymmetry of our set-

up, in which the first slit (perpendicular to the electron

beam axis) is displaced by 50 μm vertically respect to the

second one, we can not obtained the transverse wake po-

tential per unit of displacement (so-called dipole wakefield

with an off-axis source and an on-axis test charge [6]), but

we have instead simulated an on-axis bunch and have eval-

uated the transverse electromagnetic fields on the bunch it-

self.

Figure 2: Longitudinal wake potential for different values

of slit displacement.

The longitudinal wake potential is shown in the Fig. 2

for different vertical displacement of the first perpendicular

slit. As can be seen from the figure, the longitudinal wake

potential is independent from the displacement between the

two slits. We have also verified that the wake potential does

not depend on the assumed length of the beam pipe. The

effects of the longitudinal wake potential on the bunch are

an energy loss and an induced energy spread. For a charge

of 200 pC, they correspond to an energy loss of 2.7 keV

resulting in an energy spread of 1.6 keV, which, at 1 GeV,

corresponds to a relative energy spread of 1.6 10−6.

The effect of the transverse wake potential is a deflection

of the charges inside the bunch. The average value of this

deflection, which corresponds to an average kick received

by the bunch when it crosses the system of the slits, gives

a divergence of 3.6 10−7 rad for the horizontal case, and

1.3 10−7 rad for the vertical one. The latter is evaluated

for a 50 μm slit displacement. Also in the transverse case,

there is a spread of the divergence due to the dependence of

the transverse wake on the longitudinal position along the

bunch being equal to 1.4 10−7 rad for the horizontal plane,

and 5 10−8 rad for the vertical one (50 μm misalignment).

From this wake field study we can conclude that, in all

cases in our experimental scenario, the contribution from

the longitudinal and transverse wake potentials on the en-

ergy spread and beam divergence can be neglected.

EXPERIMENTAL SETUP
In Fig. 3 the target holder is shown. A stainless steel

block hosts a 1 mm slit. The complete block can be moved

along two rails in front of a silicon aluminated screen with

a 0.5 mm slit opened by means of a lithographic technique.

Figure 3: Photo of the target holder. Electron beam comes

from the left of the picture. A calibration pattern is placed

in the bottom part of the holder.

Radiation from the target is reflected by a mirror and

transported through an optical system to the camera.

Figure 4: Photo of the optical measurement system. The

electron beam line and the target chamber are beyond the

system. The emitted radiation is collected by a mirror on

the left and transported to the optical axis of the system.
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The optical system is composed by several elements that

can be placed remotely on the beam axis. To image the

beam we use an achromatic doublet with focal length f=250

mm, while an apochromatic lens (focal f=531 mm), prop-

erly designed to reduce the influence of the chromatic aber-

ration, is implemented to obtain the ODRI angular distri-

bution. Two filter wheels can hold several narrow band

interference filters and two Glan-Thomson polarizers to

select vertical and horizontal polarization. The polarizer

lengthens the optical path, thus increasing the focal length.

However, this change can be corrected by slightly changing

the longitudinal camera position. A cooled, high sensitiv-

ity, 16-bit CCD camera (Hamamatsu ORCA II-BT-512G

model type C4742-98-26LAG2) is used. The main advan-

tages of such a camera is the very high quantum efficiency,

even at 800 nm where it is still 0.8, and the negligible ther-

mal noise.

The measurements have been performed at the FLASH

free-electron laser user facility [7] at DESY (Hamburg).

FLASH consists of an electron source to produce a high

quality electron beam, followed by a superconducting linac

with TESLA-type accelerating modules, and an undulator

section to produce FEL radiation (see Fig. 5).

Figure 5: Layout of FLASH linac (not to scale). The loca-

tion of the ODRI experiment on the bypass line is indicated.

Our experimental station is placed on the bypass line

about 40 m away from the last bending dipole. During our

measurements the electron beam energy was about 1 GeV

and the typical number of bunches per bunch train 20. The

bunch train repetition rate was fixed to 10 Hz. In our exper-

iment, we used an electron bunch charge of about 0.2 nC.

An integration time of 2 seconds resulted in a total inte-

grated charge of 80 nC. This charge is high enough to dam-

age a conventional aluminized OTR screen. Therefore, we

carried out the OTR measurements with one single bunch

with 0.2 nC charge.

DATA ANALYSIS
The data analysis has been performed using the Cernlib

fitting routine Minuit [8] and the algorithm MIGRAD.

The angular distribution of the whole beam is simulated

by summing up 5000 distributions produced by a single

particle with different vertical positions within the slit as

well as different angular divergences, both being Gaussian

distributed. Since the resulting expression cannot be solved

analytically, a Monte Carlo approach is used instead. The

obtained results are entered into the Minuit routine. Every

time when the fitting procedure changes the starting param-

eters, new distributions are generated through the Monte

Carlo code. Our model makes use of far field approxima-

tion that it is consistent only when the slits displacement

is very small as in our case. To test the validity of the ap-

proximation we collected several angular distributions with

different wavelengths and polarizations.

Figure 6: Top: angular distribution of the vertical polarized

ODRI radiation at 800 nm with superimposed fit of data

points. Bottom: image of the angular distribution on the

detector. Fit results:σy=77 μm, σy′=203 μrad.

In Fig. 6 and Fig. 7 we compared angular distributions

at 800 nm but with two different polarizations (vertical and

horizontal, respectively).

Figure 7: Top: angular distribution of the horizontal po-

larized ODRI radiation at 800 nm with superimposed fit of

data points. Bottom: image of the angular distribution on

the detector. Fit results:σy=70 μm, σy′=211 μrad, σx′=122

μrad

The determined values for beam size and divergence in

case of both polarizations are consistent with each other

confirming the validity of our method. From the horizon-

tal polarization it is also possible to measure the horizon-
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tal angular divergence while the vertical polarization is not

sensitive to this parameter.

EMITTANCE MEASUREMENT
The emittance has been measured by means of the

quadrupole scan technique [9], using the last quadrupole

before the target. Two quadrupole scans have been per-

formed to compare and validate our result.The first one was

intercepting, carried out by OTR imaging of a single elec-

tron bunch. The second one, totally non-intercepting, has

been performed by analysis the ODRI angular distribution,

produced by electron bunch trains with 20 bunches each

traveling through the slits at 10 Hz repetition rate during a

2 seconds integration time. The large number of bunches

was needed to increase the signal to noise ratio. In addi-

tion, at each value of the quadrupole current, we recorded

two different ODRI angular distribution patterns. Between

these two measurements the first slit was moved of about

25 μm with respect to the second one. In this way we ob-

tained two data sets with only one parameter changed, i.e.

the offset of the electron beam with respect to the center of

the first slit. This constraint on the fit allows to improve the

confidence of the measurement result.

The two quadrupole scans show a horizontal shift of

about 0.3 A in the quadrupole current. This effect has been

observed also in other quadrupole scans performed during

this measuring day, resulting in the shift of the whole distri-

bution by a comparable amount. The preliminary analysis

of a different data set measured in a different day, does not

indicate this problem. One reason might be the hystere-

sis in the iron yoke of the quadrupole. This artifact affects

the emittance slightly (well below 1%), but increases the

fit error by a factor of 3, due to a weaker correspondence

between data and model. In order to correct that, we have

shifted the horizontal axis of the second quadupole scan by

0.3 A. In Fig. 8 we report the result of the analysis.

Figure 8: Quadrupole scan results. The beam sizes (rms)

determined from ODRI angular distribution (black) and

from OTR images (red) are shown as a function of the

quadrupole current.

This is the first emittance measurement ever performed

with the ODRI non-intercepting method. The ODRI model

makes use of a Bi-Gaussian distribution both in position

and in angular spread. To be consistent with the two meth-

ods, we fit the OTR projection with a Gaussian function

and we use as the beam size the rms value of it. When

we compare the emittance value determined by quadrupole

scan we find that ε=3.8 (1.3) mm mrad for the ODRI and

ε=3.7 (1.2) mm mrad for the OTR based technique. The

error on the beam size measured by imaging the OTR cor-

responds to the standard deviation of the value calculated

over 5 images. Unfortunately, due to the random nature of

the Monte Carlo model, Minuit is not able to produce a fit

of the ODRI distribution with error estimation. Therefore

we associated at every measurement a 10% error, a value

that produces a variation close to one unit in the normal-

ized chi square. Despite of the total measurement error, the

agreement between the two methods, both for the emittance

values and the shape of the quadrupole scan curves, is very

good.

CONCLUSIONS
We have shown that the ODRI effect can be successfully

used as reliable non-intercepting technique which is able to

measure the beam size with an accuracy sufficient to esti-

mate the emittance by the quadrupole scan technique. We

have reported here the first preliminary analysis of the non-

intercepting quadrupole scan measurement obtained with

such a system. The result has been compared to that re-

trieved with standard OTR, confirming a very good agree-

ment.
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FIRST OBSERVATION OF OPTICAL CURRENT NOISE SUPPRESSION
BELOW THE SHOT-NOISE LIMIT

Abstract
In this paper we present experimental results that demon-

strate noise suppression in the optical regime, for a rela-
tivistic e-beam, below the well-known classical shot-noise
limit. Shot-noise amplitude is linear to the e-beam cur-
rent due to the random nature of particles emission (Pois-
son statistics) from the cathode. Plasma oscillations driven
by collective Coulomb interaction during beam drift be-
tween the electrons of a cold intense beam are the source
of this phenomenon [1]. The effect was experimentally
demonstrated by measuring Optical Transition Radiation
(OTR) power per unit e-beam pulse charge. The noise sup-
pression effect implies beam charge homogenization (sub-
Poissonian particle number distribution) and therefore the
spontaneous radiation emission from such a beam would
also be suppressed (Dicke’s subradiance [2]). This can
be utilized to suppress SASE radiation emission in FEL
[3],[4]) and enhance the coherence [5] of seed-injected
FELs [6] beyond the classical coherence limits.

MAIN
Current shot-noise suppression in an electron beam in

the optical frequency regime is an effect of particle self-
ordering and charge homogenization on the scale of optical
wavelengths [7], which statistically corresponds to the ex-
hibition of sub-Poissonian electron number statistics (sim-
ilarly to photons in squeezed light [8]). A dispute over the
feasibility of this effect is resolved in the experiment re-
ported here [9]. We have evidence for e-beam noise sup-
pression from measurement of the Optical Transition Radi-
ation (OTR) power emitted by a beam upon incidence on
a metal screen. The OTR emission is proportional to the
current shot noise of the incident beam.

In a randomly distributed stream of particles that satis-
fies Poison statistics, the variance of the number of par-
ticles that pass through any cross section at any time pe-
riod T is equal to the number of particles NT that pass this
cross section during the same time T , averaged over differ-
ent times of measurements. Consequently, the current fluc-
tuation is I = e

√
NT /T = e

√
IbTe/T =

√
eIbT . When

formally calculated, the average beam shot-noise spectral
power (−∞ < ω <∞) is:

|Ĭ(ω)|2 = eIb (1)

here I(t) is the beam current modulation, and the Fourier
Transform is defined as Ĭ(ω) =

∫∞
−∞ eiωtI(t)dt.

In RF accelerators it is usually assumed that collective
inter-particle interaction is negligible during beam accel-

eration and transport, and the shot-noise limit 1 applies.
However, with recent technological advances in RF accel-
erators, and in particular the development of photocath-
ode guns [10], high quality cold and intense RF- LINAC-
accelerated electron beams are available, and the neglect of
collective micro-dynamic interaction effects in the trans-
port of such electron beams is no longer justified. Effects
of coherent OTR emission and super-linear scaling with
Ib of the OTR emission intensity were observed in SLAC
’s LCLS injector [11] and other labs [12]. These effects,
originally referred to as ”unexplained physics” [13], are
now clearly recognized as the result of collective Coulomb
micro-dynamic interaction and establishment of phase cor-
relation between the electrons in the beam. In these cases,
however, the collective interaction led to shot-noise and
OTR power enhancement (gain), and not to suppression.
Collective effects were shown to be responsible also for
beam instabilities (micro-bunching instability) which were
observed in dispersive e-beam transport elements [14],[15]
Recently Musumeci et al demonstrated in Pegasus col-
lective microdynamic evolution of 1THz coherent single-
frequency current modulation [16], but no stochastic opti-
cal noise suppression effect could be observed.

While noise gain due to collective interaction has been
demonstrated in numerous labs, the notion of beam noise
suppression at optical frequencies1 has been controversial
(though analogous effects were known in non-relativistic
microwave tubes [17]). To explain the physics of the noise
suppression, we point out that in the e-beam frame of refer-
ence the effect of noise suppression comes into expression
as charge homogenization. A simple argument shows that
the space-charge force, which is directed to expand higher
density charge bunches, has a dominant effect over the ran-
domly directed Coulomb repulsion force between the par-
ticles (see Fig. 1).

Assume that in some regions of the beam, there is higher
particle-density bunching. Encompassing such a bunch
within a sphere of diameter d′. The excess charge in this
sphere is e∆N ′, and the potential energy of an electron on
the surface of the sphere is εsc = e2∆N ′/(2πε0d

′. This
potential energy turns in time into kinetic energy of elec-
trons, accelerated in the direction of bunch expansion (ho-
mogenization). At the same time, the electron also pos-
sesses an average potential energy due to the Coulomb in-
teraction with neighbor electrons at an average distance
n′0
−1/3 (n′0 is the average density in the beam frame). This

potential energy εCoul = e2(4πε0n
′
0
−1/3 turns into kinetic

energy of electrons that are accelerated in random direc-
tions. In a randomly distributed electron beam that satisfies

A. Gover, A. Nause, E. Dyunin, Tel Aviv University, Israel
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LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS2443

n'0
¬1/3

d'

Ecoul

Esc

Figure 1 | Random distribution in an electron beam, as viewed in the beam reference frame. The expansion-directed space-charge force (�eEsc), exerted
on electrons on the boundaries of a higher density bunch, exceeds the random inter-particle Coulomb force (�eECoul).

Basler camera
with macro lens

Basler camera
with macro lens

LINAC exit

YAG-2 CTR-0 YAG-I

Triplet ITriplet 2

CTR-I YAG-4 YAG-3

Figure 2 | The experimental set-up. The ATF electron-beam transport set-up is shown from the injector RF-LINAC exit to the OTR viewer site (CTR-1). The
accelerated beam energy was varied from 50 to 70 MeV and the beam charge was varied from 200 to 500 pC. The beam spot dimensions were measured
at four locations using fluorescent screens (YAG-1 to YAG-4). The beam envelope was kept nearly uniform, except in the section between quadruple lenses
TRIPLET-1 and TRIPLET-2 where it was focused to a narrow waist in the centre of the free drift section between the triplets (the chicane in the drawing was
turned off). An electronic signal proportional to the photon number of integrated OTR emission from CTR-1 was measured using a CCD camera.
Independently, a similar reference measurement was carried out at CTR-0 before the collective interaction drift region.

fundamental collective excitation in the beam, namely: ⇠⇡/!0
p0,

where !0
p0 = (e2n0

0/m"0)1/2. Interestingly, this is the characteristic
expansion time of a bunch of charged particles as can be verified
by calculating or simulating the expansion time of a sphere or disc
of charged particles (see SupplementaryAppendices S1 and S2).

In electron-beam transport under appreciable space-charge
conditions, the microdynamic noise evolution process may be
viewed as the stochastic oscillations of Langmuir plasma waves1. In
the linear regime, the evolution of longitudinal current and velocity
modulations of a beam of average current Ib, velocity �c and energy
E= (� �1)mc

2, can be described in the laboratory frame by17:

d
d'p

◆̌(!,z)= � i

W (z)
v̌(!,z)

d
d'p

v̌(!,z)= �iW (z)◆̌(!,z)
(3)

where ◆̌(!) = ˇ

I (!)ei!z/�c , v̌(!) = ˇ

V (!)ei!z/�c ,ˇI (!), ˇV (!) are the
respective Fourier components of the beam current and kinetic-
voltage modulations. The kinetic-voltage modulation is related to
energy and longitudinal velocity modulations: ˇV = �(mc

2/e)�̌ =
�(mc

2/e)� 3� ˇ�; 'p(z) =
R

z

0 ✓pr(z 0)dz 0 is the accumulated plasma
phase; W (z) = r

2
p/(!Ae

✓pr"0) is the beam wave-impedance; A
e

is

the effective beam cross-section area, ✓pr = rp!pl/�c is the plasma
wavenumber of the Langmuir mode; rp < 1 is the plasma reduction
factor; !pl = !p0/�

3/2 is the longitudinal plasma frequency in
the laboratory frame.

The single-frequency Langmuir plasma wave model expression
(3) can be solved straightforwardly in the case of uniform drift
transport. After employing an averaging process, this results in a
simple expression for the spectral parameters of stochastic current
and velocity fluctuations (noise) in the beam assuming that they are
initially uncorrelated1,17:

|̌◆(!,L)|2 = |̌◆(!,0)|2cos2'p(L)+ (|v̌(!,0)|2/W 2)sin2'p(L) (4)

The beam current noise evolution is affected by the
initial axial velocity noise through the parameter N

2 =
|v̌(!,0)|2/W 2 |̌◆(!,0)|2 = (!/c�kD)2, where kD = !pl/c�� is the
Debye wavenumber and c�� is the axial velocity spread. Equation
(4) suggests that current noise suppression is possible if the beam
is initially cold—N

2 < 1, and if plasma phase accumulation of
'p(L) ⇠ ⇡/2 is feasible. This condition also assures that Landau
damping is negligible18.

The noise suppression demonstration experiment was
conducted on the 70MeV RF-LINAC of ATF/BNL (Fig. 2). The
beam current noise measurement was made by recording the

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

© 2012 M acmillan Publishers Limited.  A ll rights reserved. 

Figure 1: Random distribution in an electron beam, as viewed in the beam reference frame. The expansion-directed space
charge force, exerted on electrons on the boundaries of a higher density bunch, exceeds the random inter-particle Coulomb
force.

Poisson statistics ∆N ′ = N ′1/2, N ′ = πd′3n′0/6. There-
fore, the condition for domination of the directed space-
charge energy over the random energy is

εsc
εCoul

=

(
2π

3

d′

n′0
−1/3

)1/2

> 1 (2)

We conclude that a random cold beam of density n′0 al-
ways tends to homogenize in any spatial scale larger than
the average inter-particle distance: d′ > n′0

−1/3. The ex-
pansion trend of a dense bunch would clearly tend to ho-
mogenize the charge distribution of an initially cold e-beam
”plasma”. The time scale for the homogenization process
can only be connected to the plasma frequency - the funda-
mental collective excitation in the beam, namely: ∼ π/ω′po
where ω′po = (e n /mε2 ′

0 0)1/2 .
In electron beam transport under appreciable space-

charge conditions, the microdynamic noise evolution pro-
cess may be viewed as the stochastic oscillations of Lang-
muir Plasma waves [1]. In the linear regime, the evolution
of longitudinal current and velocity modulations of a beam
of average current Ib, velocity βc and energy E = γmc2,
can be described in the lab frame by [18]:

d

dφp
ĭ(z, ω) = − i

W (z)
v̆(z, ω)

d

dφp
v̆(z, ω) = −iW (z)̆i(z, ω)

(3)

where ĭ(ω) = Ĭ(ω)ei?z/βc, v̆(ω) = V̆ (ω)ei?z/βc, Ĭ(ω),
V̆ (ω) are the respective Fourier components of the beam
current and kinetic-voltage modulations. The kinetic volt-
age modulation is related to energy and velocity modula-
tions: V̆ = −(mc2/e)γ̆ = −(mc2/e)γ3ββ̆, φp(z) =∫ z
0
θpr(z

′)dZ ′, is the accumulated plasma phase, W (z) =
r2p/(ωAeθprε0) is the beam impedance, Ae is the effec-
tive beam cross section area, θpr = rpωpl/βc is the
plasma wavenumber of the Langmuir mode, rp < 1 is the
plasma reduction factor, ωpl = ωp0/γ

3/2 is the longitudi-
nal plasma frequency in the lab frame.

The single frequency Langmuir plasma wave model ex-
pression 3 can be solved straightforwardly in the case of

uniform drift transport. After employing an averaging pro-
cess, this results in a simple expression for the spectral
parameters of stochastic current and velocity fluctuations
(noise) in the beam [1], [18]:

|̆i(L, ω)|2 = |̆i(0, ω)|2 cos2 φp(L)
(4)

The beam current noise evolution is effected by the
initial axial velocity noise through the parameter N2 =

|v̆(0, ω)|2/W 2 |̆i(0, ω)|2 = (ω/cβkD)2, where kD =
ωpl/cσβ is the Debye wavenumber. Eq. 4 suggests that
current noise suppression is possible if the beam is ini-
tially cold - N2 < 1, and if plasma phase accumulation
of φp(L) ∼ π/2 is feasible. This condition also assures
that Landau damping is negligible [19].

The noise suppression demonstration experiment was
conducted on the 70MeV RF-LINAC of ATF (Fig. 2).
The beam current noise measurement was made by record-
ing the OTR radiation emitted from a copper screen placed
L=6.5m away from the accelerator exit. Keeping the cam-
era and screen CTR1 position fixed, the practical way to
control the plasma phase φp was to vary the beam pulse
charge (200-500pC) (as in [16]) and the beam energy E =
(γ − 1)mc2 (50 to 70MeV). The quad settings were read-
justed for each beam acceleration energy, and the beam
spot sizes σx,σy were measured at four points (YAG1-
YAG4) along the beam transport line (Fig. 2). For refer-
ence, the OTR signal was measured independently also on
a screen CTR-0 preceding the drift section.

The measured signal SOTR was the integrated charge
accumulated in all the pixels of a CCD camera exposed
to the OTR emission upon the incidence of single micro-
bunch e-beam pulses on the screen. The measured data of
SOTR/Qb in CTR-0 and CTR1 is shown in Fig. 3 as a
function of the varied bunch charge Qb in the range 200-
500pC. The pulse duration in all experiments remained
approximately the same (5pS) corresponding to average
current 40-100A. In a shot-noise dominated beam, in the
absence of collective microdynamics, the current noise
and consequently SOTR are proportional to Ib (1). Our
measured data of SOTR/Qb in CTR-0 lies approximately

+(|˘(0v , ω)| /W ) sin φ (L)2 2 2
p

,
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LINAC exitBasler camera 
with Macro lens

Triplet1Triplet 2

CTR-0

Basler camera 
with Macro lens

Thursday, July 19, 12

Figure 2: The experimental set-up. The ATF e-beam transport set-up is shown from the injector RF-LINAC exit to
the OTR viewer site (CTR-1). The accelerated beam energy was varied from 50MeV to 70MeV and the beam charge
was varied from 200pC to 500pC. The beam spot dimensions were measured at four locations using fluorescent screens
(YAG-1 to YAG-4). The beam envelope was kept nearly uniform, except in the center section between quadruple lenses
TRIPLET-1 and TRIPLET 2 where it was focused to a narrow waist in the free drift section between the triplets (the
chicane in the drawing was turned off). An electronic signal proportional to the photon number of integrated OTR
emission from CTR-1 was measured using a CCD camera. Independently, similar reference measurement was carried out
at CTR-0 prior to the collective interaction region.

on a horizontal line, indicating absence of collective mi-
crobunching and noise suppression before this point. On
the other hand, the data measured on CTR-1 displays sys-
tematic drop as a function of charge (200-500pC) for all
beam energies (50-70MeV).

Since the measurement conditions at the two measure-
ment positions and at different energies could not be made
identical, the absolute suppression level could not be deter-
mined. The normalized data for all experiments depicted in
Fig. 2 shows the scaling with charge of the noise per unit
charge for all energies. The displayed data demonstrates
attainment of 20-30% relative noise suppression, and con-
firms the predicted effect of collective microdynamic noise
suppression process in the drift section.

Beyond observation of noise suppression, interpreting
the measured data and the noise suppression rate in terms
of a simple theoretical model as presented by Eq. 4 would
be very crude. For N2 � 1 Eq. 4 predicts maximum sup-
pression by a factor N2 at φp = π/2. In the present trans-
port configuration the beam was focused to a tight waist
in the section between triplet 1 and triplet 2 (the location
of a turned-off chicane). According to a theorem of Gover
and Dyunin [1] a plasma phase increment φp = π/2 is ac-
cumulated along a beam waist, but this applies only if the
beam transport is fully space-charge dominated. This is not
the case when the beam angular spread due to emittance
and beam focusing is significant, which compromises the
collective microdynamic noise suppression process. Solu-
tion of the more general equation (3) under conditions of
varying beam cross-section and finite angular spread shows
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70[MeV]

64[MeV]

57[MeV]

50[MeV]

CTR-0

CTR-1

Figure 3: Integrated OTR intensity measurement signals
divided by the electron pulse charge. The CTR-1 data cor-
responds to OTR measurement from a screen, intercepting
the e-beam 6.5m away from the LINAC exit. The curves
negative slope indicates relative current shot-noise suppres-
sion of 20-30% as the beam charge varies from 0.2nC to
0.5nC at different beam energies (50-70MeV). The CTR-
0 data corresponds to OTR measurement right after the
LINAC exit. Used for reference, its horizontal slope (linear
scaling of SOTR on beam charge) indicates that there was
no charge suppression prior to the collective microdynamic
process in the subsequent drift section.
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that the noise suppression expected in a model configu-
ration similar to the present experimental configuration is
smaller than anticipated in the uniform beam model (4).
This model calculation also shows that the observed weak
dependence of the relative suppression rate on the beam
energy is consistent with the experimental conditions (the
down scaling of ωpl with γ3/2 is offset by the increased cur-
rent density) and with a point of view that in the beam rest
frame the beam envelope expansion and the charge homog-
enization effects are related [1]. Other reasons that can re-
duce the collective microdynamic suppression rate may be
3-D effects and excitation of higher order Langmuir plasma
waves of different wavenumber values θpr [7],[20]. These
and other deviations from ideal conditions can explain why
the relative noise suppression effect in the range of charge
variation (200-500pC) is quite modest (20-30%).

The first observation of current shot noise suppression at
optical frequencies, though small, is of interest from the
fundamental and applications points of view. The elec-
tron beam shot-noise expression (1) is widely considered
to be an absolute limit, and the experiment demonstrates
that at least at optical frequencies this is not the case. The
suppression of OTR emission is a vivid demonstration of
spontaneous emission sub-radiance in Dickes sense [2] in
the classical limit. It is attributable to the uniform rate of
incidence of electrons on the screen, an effect that would
suppress spontaneous and SASE emission in any free elec-
tron radiation device, including undulators and FELs [5],
as was first suggested in [23]. Furthermore, microdynamic
control over electron beam noise may also help to control
beam instability in transport of intense high quality beams.

Theory predicts that much bigger factors of shot noise
suppression are possible in more favorable configurations,
and schemes have been suggested for producing the noise
suppression process in shorter lengths using dispersive
transport [20],[21] (dispersive transport noise suppression
has just been demonstrated experimentally in LCLS [22]).
While we demonstrated here the noise suppression ef-
fect at optical frequencies (that are four orders of magni-
tude higher than the previous microwave noise suppression
works), further research and beam quality improvements
are required in order to determine the short wavelength lim-
its of applicability of this process [24], a limit that is ulti-
mately bound at X-Ray wavelengths by the beam charge
granularity inter-particle spacing limit (2).
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AND FUTURE PROSPECTS* 
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Abstract 
The Novosibirsk terahertz FEL facility is based on the 

normal conducting CW energy recovery linac (ERL) with 
rather complicated lattice. This is the only multiorbit ERL 
in the world. It can operate in three different modes 
providing electron beam for three different FELs. 

The first FEL works for users since 2003. This FEL 
radiation is used by several groups of scientists which 
include biologists, chemists and physicists. Its maximum 
average and peak powers are 500 W and 1MW and 
wavelength can be tuned from 110 up to 240 microns.  
The high peak and average powers are used in 
experiments on material ablation and biological objects 
modification. The second FEL is installed on the second 
orbit. The first lasing of this FEL was achieved in 2009. 
Its radiation has almost the same average and peak 
powers and is delivered to the same user stations as the 
first FEL one, but its tunability range lies between 35 and 
80 microns. The third FEL will be installed on the fourth 
orbit.  

In this paper we report the latest results obtained from 
the operating FELs as well as our progress with the 
commissioning of the two remaining ERL orbits. We also 
discuss possible options for the future upgrade. 

ACCELERATOR DESIGN 
The Novosibirsk FEL facility is based on the multiturn 

energy recovery linac (ERL) which scheme is shown in 
Fig. 1. In this scheme the beam goes through the linac 
several times before it enters undulator. As the result one 
can increase the final electron energy. 

 
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. This 
problem can be solved by using more sophisticated 
scheme based on two linacs [1]. 

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 [2]. 

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. 

 
 
 

 ___________________________________________  
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Figure 2: The Novosibirsk ERL with three FELs (bottom view). 

 

Table 1: Basic ERL Parameters 

Injection energy, MeV 2 

Main linac energy gain, MeV 10 

Charge per bunch, nC 1.5 

Normalized emittance, mmmrad 30 

RF frequency, MHz 180.4 

Maximum repetition rate, MHz 90.2 

 
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 [3,4] 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. 

 
Figure 3: Accelerator hall (bottom view). 

THE FIRST STAGE FEL 

Design and Basic Parameters 
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 
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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 [5,6]. The minimum measured linewidth is 
0.3%, which is close to the Fourier-transform limit. 

Operation Experience 
For the last two years about 30 experiments were 

carried out at the Novosibirsk THz FEL. They include: 
pioneering works on THz ablation; study of micro- and 
nanoparticles, vaccines, polymers, metamaterials; 
production of nanotubes and nanostructures; composite 
diagnostics; terahertz radioscopy, imaging, detection of 
concealed objects; interferomety, holography & 
tomography; speckle and Talbot metrology; ellipsometry; 
fast water vapor detection; flame and gas detonation 
study; impact of THz radiation on genetic materials; 
impact of THz radiation on cells; study of integrated 
proteomic response; coherent effects in gases; ultrafast 
time-domain spectroscopy; interaction of atoms with 
strong THz EM-field.  

Five user stations are in operation now. Two other are 
in progress. The new spectrometer has been installed 
recently. It allows to measure continuously radiation 
spectrum not interrupting user experiments. Other 
radiation diagnostics include Fourier spectrometer, 
thermograph, microbolometer matrix, Shottky diode 
together with wideband oscilloscope. The last one is used 
for time-resolved measurements. It allows to detect 
longitudinal power distribution of radiation pulses.  

Recently the third harmonics lasing was obtained. It 
was achieved by suppression of the first harmonics lasing 
using aperture-decreasing scrapers installed inside the 
optical cavity and proper adjustment of the phase shifter. 
The measured detuning curves for the first and third 
harmonics lasing are shown in Fig. 4. 
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Figure 4: Normalized detuning curves for the lasing at the 
first (blue) and third (red) harmonics and the detuning 
curve for the amplified spontaneous emission at the third 
harmonic (pink). 

THE SECOND STAGE FEL 
The second stage FEL includes one electromagnetic 

undulator with period 12 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. 

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. 5) 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. Thus, the first in the world 
multiturn ERL operates for the far infrared FEL. 

 

 
Figure 5: 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. 

THIRD STAGE ERL AND FEL 
Electron beam in the third stage ERL is accelerated four 

times. The third FEL undulators will be installed on the 
last track where the beam energy is 42 MeV. In this FEL 
three permanent magnet undulators with period 6 cm and 
variable gap will be used. The wavelength range will be 
5-30 microns. The scheme of the third stage ERL with 
FEL undulators is shown in Fig. 6. The electron 
outcoupling is planned to be used here [7]. 
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Figure 6: The third stage ERL with FEL undulators. 

All magnetic system elements and vacuum chambers of 
the third stage ERL are assembled and installed. The first 
shifts for lattice adjustment took place and 80% of 
recuperation efficiency is already achieved. The signal 
from the BPM installed near the dump is shown in Fig. 7. 
All eight peaks here correspond to one bunch – the first 
four in accelerating phase and the last four in decelerating 
phase. One can see that the first and the last peak 
amplitudes do not differ significantly. It means that the 
beam losses mostly take place near the dump. 

 

 
Figure 7: Signal from the BPM installed near the dump. 

 

FUTURE PROSPECTS  
In the nearest future we plan to continue the third stage 

ERL commissioning. The third FEL undulators will be 
installed shortly. The optical cavity design and production 
is in progress now. 

The other important issue which we are working on 
now is the operation stability and improvement of the 
existing FEL parameters. We plan to make some 
improvements of the RF system. The new power supply 
for the exiting gun and new RF gun are being developed 
now. The lattice optimization is in progress. More serious 
modernization e.g. using the new type of undulators with 
variable period [8] is also considered. 
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ACCELERATOR BEAMLINE PERFORMANCE FOR THE IR FEL AT THE 
FRITZ-HABER-INSTITUT, BERLIN 

 
H. P. Bluem#, D. Dowell*, H. Loos*, J. Park, A. M. M. Todd and L. M. Young*                               

Advanced Energy Systems, Medford, NY, USA. 
S. Gewinner and W. Schöllkopf                                                                             

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin, Germany. 
 
Abstract 

An electron accelerator and beamline for an IR and 
THz FEL with a design wavelength range from 4 to 500 
μm has been commissioned by Advanced Energy Systems 
at the Fritz-Haber-Institut (FHI) [1] in Berlin, Germany, 
for applications in molecular and cluster spectroscopy as 
well as surface science.  The linac comprises two S-band 
standing-wave copper structures and was designed to 
meet challenging specifications, including a final energy 
adjustable in the range of 15 to 50 MeV, low longitudinal 
emittance (< 50 keV-psec) and transverse emittance (< 20 
π mm-mrad), at more than 200 pC bunch charge with a 
micro pulse repetition rate of 1 GHz. First lasing was 
achieved February 2012.  

INTRODUCTION 
The FHI FEL shown in Figure 1 will be utilized for 

research in gas-phase spectroscopy of (bio-)molecules, 
clusters, and nano-particles, as well as in surface science. 

Advanced Energy Systems (AES) has designed and 
installed the accelerator and electron beam transport 
system. STI Optronics fabricated the 40 mm-period MIR 
undulator [2] with Bestec GmbH delivering the MIR 
oscillator mirror optical equipment [3]. The FIR beamline 
has not yet been installed. We describe the achievement of 
first light at 16 microns and present the performance 
milestones achieved. 

SYSTEM DESCRIPTION 
The design, fabrication and installation of the FEL has 

been described previously [4,5,6]. The accelerator system 
is comprised of a gridded gun followed by a 1 GHz sub-
harmonic buncher and two 3 GHz, pi/2 copper linac 
structures. A chicane between the linacs affords bunch 
length control of the 20 MeV beam out of linac-1. Linac-2 
can then be operated in accel or decel mode to provide 
beams at 15 to 50 MeV to isochronous bends directing 
beam to the undulators or to a diagnostic station. 

 
Figure 1: Schematic diagram of the Fritz Haber Institute FEL showing key components. 

 ___________________________________________ __ 
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Figure 2: The MIR FEL installation in the FHI vault. 

The Figure 2 photograph shows the MIR FEL 
installation in the FHI vault from roughly the same 
perspective as Figure 1.   The gun and chicane, which are 
not particularly clear in Figure 2, but are critical 
components of the system, are shown separately in 
Figures 3 and 4. 

 
Figure 3: Gridded thermionic gun of the MIR FEL. 

 
Figure 4: FEL chicane between quadrupole doublets. 

FEL COMMISSIONING AND FIRST 
LIGHT 

RF conditioning of the accelerating structures began in 
late August of 2011. First gun operation took place in mid 
September. By the middle of October, we had succeeded 
in delivering a 35 pC beam to the MIR beam dump. 
Through the remainder of 2011, we made improvements 
to the low level RF (LLRF) system, increased the 
delivered RF power to the accelerators, increased the gun 
current and worked on the energy spread and bunch 
length.   

At the start of 2012, we began to work towards lasing 
in earnest.   A number of issues in the RF system slowed 
commissioning, including loss of tuning in the master 
source, a large phase jitter present in the subharmonic 
buncher drive and issues affecting one of the klystrons.  
Despite the phase jitter in the subharmonic buncher, an 
arrangement of phase settings could be found that resulted 
in an electron beam energy that was relatively insensitive 
to the subharmonic buncher phase.  This was key to 
achieving first lasing. 

Once energy stability was achieved, the beam was sent 
through the wiggler resulting in the observation of 
spontaneous emission in Figure 5.  In the figure, the 
yellow trace represents 200 mA at the exit of the second 
linac.  The red and green traces are the signals from 
current transformers at the entrance and exit of the 
wiggler.  These traces indicate that the initial 3 μs of the 
beam pulse had a significant spread in energy so some of 
the electrons were lost through the isochronous bends.  
However, the final 2 μs shows near 100% transmission of 
the beam through the wiggler.  The white trace is the 
baseline mercury cadmium telluride (MCT) signal with 
no beam, while the blue trace shows the energy from the 
spontaneous emission.  
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Figure 5: Observation of spontaneous emission with a 
mercury cadmium telluride (MCT) detector – blue trace. 

The following day, at 28 MeV, after aligning the 
electron beam in the wiggler, with a wiggler gap of 20 
mm corresponding to a wiggler parameter Krms = 1.22, we 
achieved first light at 16 microns. This is shown in Figure 
6. The saturated MCT detector trace is blue, the current 
transformer signal indicating > 200 mA (corresponding to 
210 pC) is red, while the green and yellow traces are the 
subharmonic buncher phase and amplitude. The issues 
with the subharmonic buncher phase can be seen in the 
green curve of Figure 6, which, in addition to a large 
slew, also has a substantial thickness, indicating the shot-
to-shot variation that was present prior to modification.  
More details on the MIR FEL oscillator can be found in 
Ref. [3]. 

 
Figure 6: Saturated MCT detector signal in blue 
confirming first light. 

ACCELERATOR PERFORMANCE 
MEASUREMENTS 

The electron beam performance we are seeking to 
achieve is given in Table 1. Where a specification value is 
shown in parentheses, this is a target upgrade parameter 
and not the base performance of the system. Table 1 also 

shows the measured performance that has been achieved 
to  date.  

Table 1: FHI FEL Electron Beam Parameters 
Parameter Unit Specification Achieved
Electron Energy MeV (15) 20 - 50 20 - 50
Energy Spread % (<) 0.1 0.1
Energy Drift per Hour % (<) 0.1 TBD
Bunch Charge pC (>) 200 215
Micropulse Length psec 1 - 5 (10) 2.5
Micropulse Repetition Rate GHz 1 1
Micropulse Jitter psec 0.5 (0.1) TBD
Macropulse Length μsec 1 - 8 (15) 1 - 8
Macropulse Repetition Rate Hz 10 (20) 1
Transverse RMS Emittance π mm-mrad 20 15.3  

 
Figure 7: Electron beam image from energy measurement 
YAG screen in diagnostic beamline. 

 
Figure 8: Beam size measurement for the image in Figure 
7 representing ~ 0.1% energy spread at 45 MeV. 

The dispersed electron beam on the diagnostic energy 
screen is shown in Figure 7. The corresponding profile 
measurement is depicted in Figure 8.  The gaussian fitted 
horizontal size of 590 μm rms represents an energy spread 
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slightly above 0.1%.  The saturation of the video clearly 
needs to be reduced in order to achieve a more accurate 
measurement.  Previous measurements indicated an 
energy spread below 0.1%.  We also performed some 
initial measurements to estimate the length of the 
micropulses.  This was accomplished by measuring the 
energy spread with the second linac structure set to zero 
energy gain (i.e. balancing the beamloading with minimal 
RF power), then setting the field amplitude to a known 
level with the phase 90° from the microbunch phase and 
remeasuring the energy spread.  With the chicane on and 
off, the bunch length was estimated to be 2 psec and 5 
psec respectively. 

The results of a quadrupole scan are shown in Figure 9. 
A horizontal emittance of 15.3 π mm-mrad was measured 
for a 45 MeV, 125 mA beam. The ± 3% statistical error is 
quite good and comes from the random variation in the 
measurements, mostly reflecting shot-to-shot stability. 

.�

E�=�45.0�MeV�
Q�=�0.125�nc�
γεx�=�15.30�±�0.43�μm�
βx�=�4.73�±�0.22�m�
αx�=�-0.86�±�0.04��
Χ2/NDF=�2.28�

 
Figure 9: Emittance scan for 125 mA, 45 MeV beam. 

We have achieved the base energy range but have not 
yet operated the second accelerator in a decelerating 
mode to deliver beam energies lower than 20 MeV. The 
energy spread requirement has been met at 25 MeV and at 
45 MeV. Currents in excess of the specified 200 pC have 
already been achieved at the 1 GHz micropulse repetition 
rate.   The transverse emittance measurements indicate the 
beam quality is at least very close to the expected level, 
but still needs to be verified at full current once issues 
with the gun high voltage power supply are resolved. The 
preliminary bunch length measurements are also very 
encouraging.  The 1 Hz RF macropulse pulse repetition 
rate is temporary and not intrinsic to the  system. 

Since first light, we have successfully implemented a 
LLRF feedforward system that will greatly aid in the 
upcoming acceptance testing. The feedforward system is 
designed to help compensate for the cavity filling 
transients.  The fields are sampled with the demodulated 
I&Q signals and then fed into an ADC for the controls to 
read and operate on.  The same system is used to provide 
a slow feedback to reduce the long term drift of the beam 
energy.  The subharmonic buncher provides an added 
challenge since the electron beam induced signal 

dominates the RF drive.  The upper trace of Figure 10 
shows the subharmonic buncher Q signal prior to the 
feedforward being applied.  Two features of note are the 
overshoot transient at the beginning of the pulse and the 
step down to a lower level when the electron beam shuts 
down.  After feedforward is applied, the new modified 
signal achieved is the Figure 10 lower trace.  The fill time 
transient is greatly reduced as is the beam turn-off 
transient.  The lower level at the end of the pulse is used 
for the slow feedback of the subharmonic buncher RF 
drive to improve the long term stability of the amplitude 
and phase.  Similar feedforward is applied to both of the 
linac RF drives. 

 
Figure 10: Subharmonic buncher Q signal without (upper) 
and with (lower) LLRF feed forward. 

SUMMARY 
The installation of the MIR beamline for the FHI FEL 

has been completed and commissioning is well underway.  
A number of equipment issues have been identified and 
most have been resolved.  Beam was first delivered to the 
MIR beam dump in mid October 2011 just before the FHI 
Centennial. First light at ~ 16 microns was achieved on 
February 14, 2012.  We are now in the final push towards 
mid-IR acceptance. 
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FREE ELECTRON LASERS IN 2012 
 

J. Blau#, K. Cohn, W. B. Colson, A. Laney and J. Wilcox 
Physics Department, Naval Postgraduate School, Monterey CA 93943 USA 

 
Abstract 
Thirty-six years after the first operation of the free 
electron laser (FEL) at Stanford University, there continue 
to be many important experiments, proposed experiments, 
and user facilities around the world.  Properties of FELs 
operating in the infrared, visible, UV, and X-ray 
wavelength regimes are tabulated and discussed. 
 

The following tables list existing (Table 1) and 
proposed (Tables 2, 3) relativistic free electron lasers 
(FELs) in 2012.  The 1st column lists a location or 
institution, and the FEL’s name in parentheses. 
References are listed in Tables 4 and 5; another useful 
reference is http://sbfel3.ucsb.edu/www/vl_fel.html. 

The 2nd column of each table lists the operating 
wavelength λ, or wavelength range. The longer 
wavelength FELs are listed at the top and the shorter 
wavelength FELs at the bottom of each table.  The large 
range of operating wavelengths, seven orders of 
magnitude, indicates the flexible design characteristics of 
the FEL mechanism. 

In the 3rd column, tb is the electron bunch duration 
(FWHM) at the beginning of the undulator, and ranges 
from almost CW to short sub-picosecond time scales. The 
expected optical pulse length in an FEL oscillator can be 
several times shorter or longer than the electron bunch 
depending on the optical cavity Q, the FEL 
desynchronism and gain.  The optical pulse can be many 
times shorter in a high-gain FEL amplifier.  Also, if the 
FEL is in an electron storage-ring, the optical pulse is 
typically much shorter than the electron bunch. Most FEL 
oscillators produce an optical spectrum that is Fourier 
transform limited by the optical pulse length. 

The electron beam kinetic energy E and peak current I 
are listed in the 4th and 5th columns, respectively.  The 
next three columns list the number of undulator periods 
N, the undulator wavelength λ0, and the rms undulator 
parameter K=eBλ0/2πmc2 (cgs units), where e is the 
electron charge magnitude, B is the rms undulator field 
strength, m is the electron mass, and c is the speed of 

light. For an FEL klystron undulator, there are multiple 
undulator sections as listed in the N-column; for example 
2x7.  Some undulators used for harmonic generation have 
multiple sections with varying N, λ0, and K values as 
shown.  Some FELs operate at a range of wavelengths by 
varying the undulator gap as indicated in the table by a 
range of values for K.  The FEL resonance condition, 
λ = λ0(1+K2)/2γ2, relates the fundamental wavelength λ to 
K, λ0, and the electron beam energy E=(γ−1)mc2, where γ 
is the relativistic Lorentz factor.  Some FELs achieve 
shorter wavelengths by using coherent harmonic 
generation (CHG), high-gain harmonic generation 
(HGHG), or echo-enabled harmonic generation (EEHG). 

The last column lists the accelerator types and FEL 
types, using the abbreviations listed after Table 3. 

The FEL optical power is determined by the fraction of 
the electron beam energy extracted and the pulse 
repetition frequency. For the conventional oscillator in 
steady-state, the extraction can be estimated by 1/(2N); 
for the high-gain FEL amplifier, the extraction at 
saturation can be substantially greater. In a storage ring 
FEL, the extraction at saturation is substantially less than 
this estimate and depends on ring properties. 

In the FEL oscillator, the optical mode that best couples 
to the electron beam in an undulator of length L=Nλ0 has 
a Rayleigh length z0 ≈ L/121/2 and has a fundamental 
mode waist radius w0 ≈ (z0λ/π)1/2.  The FEL typically has 
more than 90% of the power in the fundamental mode. 

At the 2012 FEL Conference, there were three new 
lasings reported worldwide: a mid-IR FEL at the Fritz-
Haber-Institut (FHI) in Berlin, a THz FEL (FLARE) at 
Radboud University in Nijmegen, and a direct seeded 
VUV FEL (sFLASH) at DESY in Hamburg.  Progress 
continues on many other existing and proposed FELs, 
including several large X-ray FEL facilities around the 
world. 
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Table 1: Existing Free Electron Lasers (2012) 
LOCATION (NAME) λ(µm) tb(ps) E(MeV) I(A) N λ 0(cm) K(rms) Type 
Frascati (FEL-CATS) 430-760 15-20 2.5 5 16 2.5 0.5-1.4 RF 
UCSB (mm FEL) 340 25000 6 2 42 7.1 0.7 EA,O 
Novosibirsk (FEL1) 120-240 50 12 8 2x33 12 0.71 ERL,O 
Nijmegen (FLARE) 100-1400 3 10-15 50 40 11 0.5-3.3 RF,O 
KAERI (THz FEL) 100-1200 20 4.5-6.7 0.5 80 2.5 1.0-1.6 MA,O 
Osaka (ISIR, SASE) 70-220 20-30 11 1000 32 6 1.5 RF,S 
Himeji (LEENA) 65-75 10 5.4 10 50 1.6 0.5 RF,O 
UCSB (FIR FEL) 60 25000 6 2 150 2 0.1 EA,O 
Osaka (ILE/ILT) 47 3 8 50 50 2 0.5 RF,O 
Novosibirsk (FEL2) 40-80 20 20 20 33 12 1.0 ERL,O 
Osaka (ISIR) 32-150 20-30 13-19 50 32 6 1.5 RF,O 
Tokai (JAEA-FEL) 22 2.5-5 17 200 52 3.3 0.7 RF,O 
Bruyeres (ELSA) 20 30 18 100 30 3.2 0.8 RF,O 
Osaka (iFEL4) 18-40 10 33 40 30 8 1.3-1.7 RF,O 
LANL (RAFEL) 15.5 15 17 300 200 2 0.9 RF,O 
Kyoto (KU-FEL) 5-14.5 <1 20-36 17-40 53 3.3 1.05 RF,O 
Darmstadt (FEL) 6-8 2 25-50 2.7 80 3.2 1.0 RF,O 
Osaka (iFEL1) 5.5 10 33.2 42 58 3.4 1.0 RF,O 
Beijing (BFEL) 5-25 4 30 15-20 50 3 0.5-0.8 RF,O 
Daresbury (ALICE) 5-8 ~1 27.5 80 40 2.7 0.35-0.9 ERL,O 
Dresden                U100 
 (FELBE)              U27 

18-280 
4-21 

1-4 
1-4 

15-34 
15-34 

15 
15 

38 
68 

10 
2.73 

0.5-2.7 
0.3-0.7 

RF,O 
RF,O 

Berlin (FHI MIR FEL) 4-50 1-5 15-50 200 50 4 0.5-1.5 RF,O 
Tokyo (MIR-FEL) 4-16 2 32-40 30 43 3.2 0.7-1.8 RF,O 
FOM (FELIX) 3-250 1 50 50 38 6.5 1.8 RF,O 
Orsay (CLIO) 3-150 10 12-50 100 38 5 ≤1.4 RF,O 
FOM (FELICE) 3-40 1 60 50 48 6.0 1.8 RF,O 
Osaka (iFEL2) 1.88 10 68 42 78 3.8 1.0 RF,O 
Nihon (LEBRA) 0.8-6.5 1 58-100 10-20 50 4.8 0.7-1.4 RF,O 
Tsukuba (ETLOK-III) 0.85-1.45 90 310 1-3 2x7 20 1-2 SR,O,K 
UCLA-BNL (VISA) 0.8 0.5 64-72 250 220 1.8 1.2 RF,S 
JLab (IR upgrade) 0.7-10 0.35 120 300 30 5.5 3.0 ERL,O 
DELTA (FELICITA-I) 0.42-0.47 50 450-550 90 2x7 25 1.4-1.7 SR,O,K 
SINAP (SDUV-FEL) 0.35 1 135 50-100 360 2.5 0.98 RF,A,H,E 
Osaka (iFEL3) 0.3-0.7 5 155 60 67 4 1.4 RF,O 
JLab (UV demo) 0.25-0.7 0.35 135 200 60 3.3 1.3 ERL,O 
Duke (OK-5) 0.25-0.79 5-20 270-800 10-50 2x30 12 3.18 SR,O,K 
BNL (SDL FEL) 0.2-1.0 0.5-1 100-250 300-400 256 3.9 0.8 RF,A,S,H 
Okazaki (UVSOR-II) 0.2-0.8 6 600-750 28.3 2x9 11 2.6-4.5 SR,O,K 
Tsukuba (ETLOK-II) 0.2-0.6 55 310 1-3 2x42 7.2 1-1.4 SR,O,K 
DELTA (U250) 0.2 100 1500 40 2x7 25 7.3-10 SR,K,H 
Duke (OK-4) 0.19-0.4 50 1200 35 2x33 10 4.75 SR,O,K 
ELETTRA (EUFELE) 0.09-0.26 70 1000 150 2x19 10 4.2 SR,A,K,H 
Frascati (SPARC) 0.066-0.5 0.5-8 115-177 40-380 450 2.8 2.2 RF,A,S,H 
DESY (sFLASH) 0.038 0.5 700 1000 180 

120 
3.1 
3.3 

1.9 
2.1 

RF,A 

SPring-8 (SCSS) 0.03-0.06 1 250 300 600 1.5 0.3-1.06 RF,S 
ELETTRA (FERMI-1) 0.02-0.08 0.7-1.2 1250 300-600 252 5.5 1-3 RF,A,H 
DESY (FLASH I) 0.0041 0.05 1250 2000 984 2.73 0.87 RF,S 
SLAC (LCLS) 0.00012 0.07 15400 3500 3696 3 2.5 RF,S 
SPring-8 (SACLA) 0.0001 0.02-0.03 8300 3000-4000 4986 1.8 1.06 RF,S 
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Table 2: Proposed Free Electron Lasers (2012) 
PROPOSED FELs λ(µm) tb (ps) E(MeV) I(A) N λ 0(cm) K(rms) Type 
KAERI (THz-FEL) 400-600 20 6.5 1 28 2.3-2.6 2.1-2.4 MA,O 
Tokyo (FIR-FEL) 300-1000 5 10 30 25 7 1.5-3.4 RF,O 
Colorado State University 200-1000 5-15 6 100 50 2.5 1.0 RF,O 
India (CUTE-FEL) 50-100 1000 10-15 20 50 5 0.57 RF,O 
Berlin (FHI FIR FEL) 40-500 1-5 20-50 200 40 11 1-3 RF,O 
Novosibirsk (FEL3) 5-30 10 40 20-100 3x33 6 2.0 ERL,O 
Beijing (PKU-FEL) 4.7-8.3 1 30 60 50 3 0.5-1.4 ERL,O 
Turkey (TACIR I) 
             (TACIR II) 

2.7-30 
10-190 

1-10 
1-10 

40 
40 

8-80 
12-120 

56 
40 

3 
9 

0.2-0.8 
0.4-2.5 

RF,O 

Tallahassee (Big Light) 2-1500 1-10 50 50 45 5.5 4.0 ERL,O 
Daresbury (CLARA) 0.1-0.4 0.5 250 400 500 2.9 0.7-1.5 RF,A 

 
Table 3: Proposed Short Wavelength Free Electron Lasers (2012) 

PROPOSED FELs λ(nm) tb (ps) E(GeV) I(kA) N λ 0(cm) K(rms) Type 
JLab (JLAMP) 10-100 0.1 0.6 1 330 3.3 1.0 ERL,O,A 
ELETTRA (FERMI-2) 4-20 0.7 1.2-1.5 0.8 396 3.5 1-1.7 RF,A,H 
Rome (SPARX 1) 10-30 0.2-0.01 0.96-1.5 1 715 3.4 0.2-2.3 RF,S 
SINAP (SXFEL) 8.8 0.26 0.84 0.6 720 2.5 0.95 RF,H,E 
DESY (FLASH II) 4-80 0.15 0.5-1.2 2.5 768 3.14 0.5-2 RF,S,H 
Wisconsin (WiFEL) 2.3-6.9 0.1 1.7 1 788 3.3 0.74-1.9 RF,H 
Glasgow (ALPHA-X) 2-300 0.001-0.005 0.10-1.0 1 200 1.5 0.5 PW,A 
LBNL (NGLS) 1-5 0.5 2.4 0.6 2300 1.9 1.4 RF,S,H 
Rome (SPARX 2) 1-14 0.2-0.01 0.96-2.6 1-2.3 220 

900 
400 

4.0 
2.8 
2.2 

3.1 
1.63 
1.34 

RF,S 

Groningen (ZFEL) 0.8 0.1 1-2.1 1.5 2600 1.5 0.85 RF,S,H 
Rome (SPARX 3) 0.6-1.6 0.2-0.01 1.5-2.4 2.3 2520 1.5 0.91 RF,S 
PSI (SwissFEL Athos) 
       (SwissFEL Aramis) 

0.7-7 
0.1-0.7 

0.002-0.015 
0.002-0.015 

2.5-3.4 
2.1-5.8 

1.5-2.7 
1.5-2.7 

1200 
3192 

4 
1.5 

0.7-2.5 
0.85 

RF,S,E 
RF,S 

Pohang (PAL SXFEL) 1-10 0.06-0.18 2.6-3.2 1-3 1300 3.43 1.6-3.4 RF,S 
             (PAL HXFEL) 0.06-1 0.045-0.09 4-10 2-4 4100 2.44 1.3-2.1  RF,S 
DESY (Europe XFEL) 0.05-0.1 0.1 17.5 5 4700 3.65 3.3 RF,S 
LANL (MaRIE) 0.03 0.03 12 3.4 3200 1.86 0.86 RF,S,H,E 

 
Accelerator type: 
MA - Microtron Accelerator 
ERL - Energy Recovery Linear Accelerator 
EA - Electrostatic Accelerator 
RF - Radio-Frequency Linear Accelerator 
SR - Electron Storage Ring  
PW- Laser Plasma Wakefield Accelerator 
 

FEL type: 
A - FEL Amplifier 
K - FEL Klystron 
O - FEL Oscillator 
S - Self-Amplified Spontaneous Emission (SASE) 
H - Harmonic Generation (CHG, HGHG) 
E - Echo-Enabled Harmonic Generation (EEHG) 
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Table 4:  References and Websites for Existing FELs
LOCATION (NAME) Internet Site or Reference 
Beijing (BFEL) http://www.ihep.ac.cn/english/BFEL/index.htm 
Berlin (FHI MIR) http://fel.fhi-berlin.mpg.de 
BNL (SDL FEL) http://sdl.nsls.bnl.gov 
Bruyeres (ELSA) P. Guimbal et al., Nucl. Inst. and Meth. A341, 43 (1994). 
Daresbury (ALICE) http://www.stfc.ac.uk/ASTeC/Alice/projects/36060.aspx  
Darmstadt (FEL) M. Brunken et al., Nucl. Inst. and Meth. A429, 21 (1999). 
DELTA (FELICITA-I) D. Nölle et al., Nucl. Inst. And Meth. A445, 128 (2000). 

DELTA (U250)  H. Huck et al., Proceedings of FEL 2011, Shanghai, China. 
 http://accelconf.web.cern.ch/AccelConf/FEL2011/papers/mooa5.pdf 

DESY (FLASH, sFLASH) http://flash.desy.de 
   Dresden (FELBE) http://www.hzdr.de/FELBE 

Duke (OK-4, OK-5) http://www.fel.duke.edu 
ELETTRA (EUFELE) http://www.elettra.trieste.it/elettra-beamlines/fel.html  
ELETTRA (FERMI-1) http://www.elettra.trieste.it/FERMI 
FOM (FELICE, FELIX) http://www.rijnhuizen.nl/felix 
Frascati (FEL-CATS) http://www.frascati.enea.it/fis/lac/fel/fel2.htm 
Frascati (SPARC) http://www.roma1.infn.it/exp/xfel 
Himeji (LEENA) T. Inoue et al., Nucl. Inst. and Meth. A528, 402 (2004). 
JLab (IR upgrade) G. R. Neil et al.,  Nucl. Inst. and Meth. A557, 9 (2006). 

JLab (UV demo)  S. V. Benson et al., Proceedings of FEL 2011, Shanghai, China. 
 http://accelconf.web.cern.ch/AccelConf/FEL2011/papers/weoci1.pdf 

KAERI (THz FEL) Y. U. Jeong et al., Nucl. Inst. and Meth. A575, 58 (2007). 
Kyoto (KU-FEL) http://wonda.iae.kyoto-u.ac.jp/index-e.html  

LANL (RAFEL) D. C. Nguyen et al., Proceedings of LINAC 2000, Monterey, CA, USA. 
    http://accelconf.web.cern.ch/AccelConf/l00/papers/TH301.pdf 

Nihon (LEBRA) K. Hayakawa et al., Proceedings of FEL 2007, Novosibirsk, Russia. 
http://accelconf.web.cern.ch/AccelConf/f07/papers/MOPPH046.pdf  

Nijmegen (FLARE) http://www.ru.nl/flare 
Novosibirsk (FEL1) N. G. Gavrilov et al., Nucl. Inst. and Meth. A575, 54 (2007). 

Novosibirsk (FEL2) N. A. Vinokurov et al., Proceedings of FEL 2009, Liverpool, UK. 
http://accelconf.web.cern.ch/AccelConf/FEL2009/papers/tuod01.pdf 

Okazaki (UVSOR- II) H. Zen et al., Proceedings of FEL 2009, Liverpool, UK. 
http://accelconf.web.cern.ch/AccelConf/FEL2009/papers/wepc36.pdf 

Orsay (CLIO) http://clio.lcp.u-psud.fr 
Osaka (iFEL4) T. Takii et al., Nucl. Inst. and Meth. A407, 21 (1998). 

Osaka (iFEL1,2,3) H. Horiike et al., Proceedings of FEL 2004, Trieste, Italy. 
http://accelconf.web.cern.ch/AccelConf/f04/papers/THPOS17/THPOS17.pdf 

Osaka (ILE/ILT) N. Ohigashi et al., Nucl. Inst. and Meth. A375, 469 (1996). 

Osaka (ISIR) R. Kato et al., Proceedings of FEL 2007, Novosibirsk, Russia. 
http://accelconf.web.cern.ch/AccelConf/f07/papers/FRAAU04.pdf 

SINAP (SDUV-FEL) Z. T. Zhao and D. Wang, Proceedings of FEL 2010, Malmo, Sweden. 
http://accelconf.web.cern.ch/AccelConf/FEL2010/papers/moobi1.pdf 

SLAC (LCLS) http://lcls.slac.stanford.edu 
SPring-8 (SCSS, SACLA) http://www.riken.jp/XFEL/eng/index.html 
Tokai (JAEA-FEL)  R. Hajima et al., Nucl. Inst. and Meth. A507, 115 (2003). 
Tokyo (MIR-FEL) http://www.rs.noda.tus.ac.jp/fel-tus/English/E-Top.html 
Tsukuba (ETLOK-II) K.Yamada et al., Nucl. Inst. and Meth. A528, 268 (2004). 
Tsukuba (ETLOK-III) N. Sei, H. Ogawa and K. Yamada, Optics Letters 34, 1843 (2009). 
UCLA-BNL (VISA) A. Tremaine et al., Nucl. Inst. and Meth. A483, 24 (2002). 
UCSB (mm, FIR FEL) http://sbfel3.ucsb.edu 
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Table 5:  References and Websites for Proposed FELs 
LOCATION (NAME) Internet Site or Reference 

Beijing (PKU-FEL) Z. Liu et al., Proceedings of FEL 2006, Berlin, Germany. 
http://accelconf.web.cern.ch/AccelConf/f06/papers/TUAAU05.pdf 

Berlin (FHI FIR)   http://fel.fhi-berlin.mpg.de 
Colorado State University   S. Milton et. al., Proceedings of FEL 2012, Nara, Japan. http://www.jacow.org 
Daresbury (CLARA)   J. A. Clarke et. al., Proceedings of IPAC 2012, New Orleans, LA, USA. 

  http://accelconf.web.cern.ch/AccelConf/IPAC2012/papers/tuppp066.pdf 
DESY (FLASH II) B. Faatz et al., Proceedings of INAC 2010, Kyoto, Japan. 

http://accelconf.web.cern.ch/accelconf/IPAC10/papers/tupe005.pdf 
DESY (Europe XFEL) http://www.xfel.eu 
ELETTRA (FERMI-2) http://www.elettra.trieste.it/FERMI 
Glasgow (ALPHA-X) http://phys.strath.ac.uk/alpha-x/ 
Groningen (ZFEL) J. P. M. Beijers et al., Proceedings of FEL 2010, Malmo, Sweden. 

http://accelconf.web.cern.ch/AccelConf/FEL2010/papers/mopc22.pdf 
India (CUTE-FEL) S. Krishnagopal and V. Kumar, Proceedings of FEL 2007, Novosibirsk, Russia. 

http://accelconf.web.cern.ch/accelconf/f07/papers/MOPPH074.pdf 
JLab (JLAMP) S. V. Benson et al., Proceedings of FEL 2009, Liverpool, UK. 

http://accelconf.web.cern.ch/accelconf/FEL2009/papers/mopc70.pdf 
KAERI (THz-FEL) Y. U. Jeong et al., Proceedings of FEL 2012, Nara, Japan. 

http://www.jacow.org 
LANL (MaRIE) http://marie.lanl.gov  
LBNL (NGLS) J. N. Corlett et al., Proceedings of IPAC 2010, Kyoto, Japan. 

http://accelconf.web.cern.ch/accelconf/IPAC10/papers/wepea067.pdf 
Novosibirsk (FEL3) N. G. Gavrilov et al., Nucl. Inst. and Meth. A575, 54 (2007). 
Pohang (PAL XFEL) J.-H. Han et. al., Proceedings of IPAC 2012, New Orleans, LA, USA. 

http://accelconf.web.cern.ch/accelconf/IPAC2012/papers/tuppp061.pdf 
PSI (SwissFEL Athos,Aramis) http://www.psi.ch/swissfel 
Rome (SPARX 1, 2, 3) http://www.sparx-fel.it 
SINAP (SX-FEL) Z. T. Zhao and D. Wang, Proceedings of FEL 2010, Malmo, Sweden. 

http://accelconf.web.cern.ch/AccelConf/FEL2010/papers/moobi1.pdf 
Tallahassee (Big Light) http://www.magnet.fsu.edu/usershub/scientificdivisions/emr/facilities/fel.html 
Tokyo (FIR-FEL) http://www.rs.noda.tus.ac.jp/fel-tus/English/E-Top.html 
Turkey (TACIR I & II)   A. Aksoy, O. Karsli and O. Yavas, Infrared Phys. Technol. 51, 378 (2008). 
Wisconsin (WiFEL)   http://www.wifel.wisc.edu 
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THE CSU ACCELERATOR AND FEL FACILITY* 

S. Milton, S. Biedron, T. Burleson, C. Carrico, J. Edelen, C. Hall, K. Horovitz, A. Morin, L. Rand, 
N. Sipahi, T. Sipahi, CSU, Fort Collins, Colorado, USA 

P. van der Slot, Mesa+, Enschede, NL and CSU, Fort Collins, Colorado, USA 
H. Yehudah, Morgan Park Academy, Chicago, Illinois, USA 

A. Dong, University of Illinois, Urbana, Illinois, USA 

 
Abstract 

The Colorado State University (CSU) Accelerator 
Facility will include a 6-MeV L-Band electron linear 
accelerator (linac) with a free-electron laser (FEL) system 
capable of producing Terahertz (THz) radiation, a laser 
laboratory, a microwave test stand, and a magnetic test 
stand. The photocathode drive linac will be used in 
conjunction with a hybrid undulator capable of producing 
THz radiation. Details of the systems used in CSU 
Accelerator Facility are discussed. 

FACILITY GOALS 
There is an expanding demand across a wide variety of 

discipline in academia, laboratories, and industry for 
particle accelerators [1,2]. The growing demand of trained 
accelerator experts continues to motivate the expansion of 
facilities in a university setting dedicated to training 
engineers and physicists in accelerator technology. Part of 
the goal of the CSU Accelerator Facility is to provide a 
place where both accelerator research and training of 
high-school through post-doctoral students can flourish. 
The CSU Accelerator Facility will initially focus on 
generating long-wavelength free-electron lasers, electron-
beam components, and peripherals for free-electron lasers 
and other light sources. It will also serve as a test bed for 
particle and laser beam research and development. 

FACILITY OVERVIEW 
There are four major systems to the CSU Accelerator 

Facility: an accelerator and FEL system, a laser 
laboratory, a microwave test stand, and a magnetic test 
stand. A diagram of the setup of the major accelerator and 
FEL components is shown in Figure 1. Overviews of the 
accelerator, undulator, the laser laboratory, the microwave 
test stand, and the magnetic test stand are given in the 
following sections.  

The Accelerator 
The linac to be used was constructed by the Los Alamos 

National Laboratory for the University of Twente. The 
University of Twente has generously donated the entire 
system for use at CSU and their team will remain in close 
collaboration with CSU.  

The accelerator is a five and a half cell copper structure 
operating at an RF frequency of 1.3 GHz. The accelerator 

will operate at a 10-Hz repetition rate and a micropulse 
repetition rate of 81.25 MHz (the 16th subharmonic of 1.3 
GHz). Additional specifications are given in Table 1. 

Table 1: Linear Accelerator Characteristics 

Energy 6 MeV 

Number of Cells 5 ½ 

RF Frequency 1.3 GHz 

Unloaded Q 18,000 

Axial Electric Field  

    Cell no. 1 26 MV/m 

    Cell No. 2 14.4 MV/m 

    Cell No. 3 - 6 10.6 MV/m 

Peak Solenoid Field 1,200 G 

 

Figure 1: Schematic of the accelerator and FEL. 
 

Initial characterization of a single linac cell was 
performed using SUPERFISH (Figure 2) [3]. This 
included an assessment of the variation in resonant 
frequency due to thermal expansion. Thermal expansion 
calculations showed a possible shift of about 200 kHz/C 
that is acceptable for resonant tuning via water 
temperature control. 

Work is currently being done to build a total cavity 
model combined with solenoid and beamline models to 
establish the initial setup requirements for operation. 

The cathode preparation chamber for the accelerator 
can support a variety of cathode types, including those 
previously used:  CsK2Sb, K3Sb, and copper. In the high 
vacuum of the preparation chamber (~4x10-10 Torr), it has 
been demonstrated that acceptable cathode lifetimes can 
be on the order of days.  

* Work supported by Colorado State University, the Office of Naval
Research, and the High-Energy Laser Joint Technology Office. 
Corresponding author: Milton@engr.colostate.edu 
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Figure 2: Single cell model of the RF cavity performed 
using SUPERFISH. 

The Laser Laboratory 
The laser laboratory will have a Coherent, Inc. mode-

locked Ti:Sapphire oscillator operating at a repetition rate 
of 81.25 MHz coupled to a regenerative amplifier single 
pass amplifier combination operating at up to 1 kHz. This 
laser system will be used both as the drive laser for the 
photocathode and to perform independent experiments. 
The Boeing Company generously donated the laser to 
CSU. 

Table 2: Laser System Characteristics 

Micra Oscillator  

  Avg. Power >300 mW 

  Rep. Rate 81.25 MHz 

  Pulse Width    <15 fs 

Legend Elite Duo Amplifier  

  Avg. Power (800 nm) >10 W @ 1kHz 

  Avg. Power (256 nm) >1 W 

  Pulse Duration 40 fs (FWHM) 

 
An optical transport system has been designed to 

achieve the desired laser pulse parameters at the cathode 
for the aforementioned Ti:Sapphire laser system. A 
schematic of the component layout on the optical table 
next to the photocathode rf gun is shown in Figure 3. 

Figure 3: Layout of the optical table next to the 
photocathode-driven accelerator. 

The Undulator 
The undulator was also part of the donation from the 

University of Twente [4]. The hybrid undulator is 
powered by Sm1Co5 magnets and utilizes curved 2V-
permendur pole tips to achieve equal focusing in both 
planes. It has a nominal design peak magnetic field of 
0.61 T with a period of 25 mm, and yields a K-value of 
about 1.  The undulator has 50 periods and a gap size of 8 
mm. The undulator parameters are given in Table 3. 

In the original setup this undulator was placed inside an 
optical cavity with planar mirrors at either end. The 
downstream planar mirror was movable over a 1-cm 
distance to allow for tuning of the cavity. After the 
undulator, there was a spectrometer to capture the energy 
spectrum of the electron bunch and an interferometer to 
examine the FEL spectrum [5] as shown in Figure 4.  

CURRENT STATUS OF THE FACILITY 
At present (Summer 2012), the laboratory space is 

being cleared prior to installation of the accelerator and 
undulator. The magnet measurement and microwave 
measurement laboratories are currently being set up in a 
separate dedicated lab area.  

The accelerator is set to arrive at CSU in early Fall 
2012. The laser system will arrive at CSU in early 
September. All linac and laser system components will be 
tested in the laser, microwave, and magnetic measurement 
laboratories that have been established at CSU. Peripheral 
system checkout and installation will occur soon 
thereafter.  

The Magnetic Measurements Laboratory 
At present, a Lake Shore Cryotronics, Inc. Gaussmeter 

has been set up and mounted to take magnetic field profile 
measurements of the accelerator components. This will 
serve as the test-bed for evaluating the components for the 
6-MeV linac and other components developed in our 
group. A LabVIEW program has been developed to 
iterate through specified magnet current setpoints and 
record the current settings and magnetic field values.  

WEPD03 Proceedings of FEL2012, Nara, Japan

374C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Progress and Projects



u

t

 

F
u

 

The labora
undulator char
stand and dat
Twente undula
the laboratory.

Table

Type 

K value 

Undulator p

Total period

Half gap 

Overhang of

Half thickne

Half thickne

Height of po

Height of m

Half width o

Half width o

 

Figure 4

 

Figure 5: Un
undergoing ini

The Microw
A microwav

characterizatio

atory will als
racterization th
ta acquisition 
ator will be th
.  

e 3: Basic Undu

eriod 

ds 

f magnet 

ess of pole 

ess of magnet 

ole 

magnet 

of pole 

of magnet 

: Wavelength s

niversity of 
itial measurem

wave Labora
ve test stand is
on of accelera

so have the 
hrough modific

software. The
he first to be c

ulator Characte

Hybrid: Sm

1 (at 8 mm 

25 mm 

50 

4.0 mm 

6.0 mm 

2.00 mm

4.25 mm

40.0 mm

45.0 mm

15.0 mm

21.0 mm

spectrum of FE

Twente quadr
ments. 

atory 
s being establi
ating structure

capability fo
ation of the tes

e University o
characterized i

eristics 

m1Co5

gap) 

m 

m 

m 

m 

m 

m 

 
EL radiation. 

rupole double

ished for use i
es. Initially th

or 
st 
of 
n 

et 

n 
he 

setup wil
electric fi
will meas
with pertu
first test p
on loan fr

A moun
use in h
measurem
necessary
installed 
measurem
still in pro

Other 
ballistic b
donated b
linac and
also be te

 

Figure 6: 
field char

PL
Follow

system, th
experimen
Twente. T
the machi
with the 
accelerato
newly dev

In para
will also b
system f
applicatio
in the la
Plasma T
Ti:Sapphi
simulate t
method o
utilize on
measurem
laser puls
electro op
gate; this 

ll be used as 
ield measurem
sure transmiss
urbations to m
piece will be a
rom the SLAC 
nt has been de
holding an X
ments for cavit
y electronics fo

and calibr
ment system p
ogress.  
RF measurem

bunch compres
by Argonne N
d other RF dev
ested.  

X-band cavity
racterization.

LANNED FI
wing initial co

he accelerator 
nt originally 
This will serve
ine and allow 
equipment. F

or will then b
veloped techno
allel to the lin
be developing 
for high-pow
ons. Initially, tw
ab against a b
THz pulses wil
ire laser at 800
the low energy
of electro-opti
nly the Ti:S

ment, while th
ses. Each meth
ptical (EO) cr
gate will open

a training pla
ents of cavity 
sion and reflec
map the interna
a X-band RF a
 National Labo

esigned, fabrica
X-Band cavity
ty characteriza
for these meas
rated. Steppe
programming f

ment configur
ssion and high

National Labora
vices develope

y mounted in t

IRST EXPE
ommissioning 
facility will fir
performed at

e as a baseline
the CSU users

Following the 
be used as a 
ologies and for
nac/laser comm
an electro-opt
er, relatively 
wo methods o
balanced diod
ll be generated
0 nm. These pu
y electron bea
ical sampling
apphire oscill
e other will re
hod uses a pro
rystal that is p
n only when th

atform for exe
structures. The
ction in conju
al cavity field

accelerating str
oratory.  
ated and install
y during bead
ation (Figure 6
urements have
er controller 
for the test st

rations will in
her-order mode
atory [6]. Add
ed here at CSU

 

test stand for e

ERIMENTS
of the lina

rst replicate th
t the Univers
e characterizat
s to become fa
initial FEL te
platform for t

r training.   
missioning tes
tical sampling 

low-energy 
f EOS will be 

de detection sy
d with the amp
ulses will be u

am bunches fo
. One method
lator for the 
equire the amp

obe pulse throu
polarized to ac
he electric field

ecuting 
e setup 
unction 
s. The 
ructure 

led for 
d pull 
6). The 
e been 

and 
tand is 

nclude 
e guns 

ditional 
U will 

electric 

S 
c/laser 

he FEL 
sity of 
tion of 
amiliar 
est the 
testing 

sts we 
(EOS) 
beam 
tested 

ystem. 
plified 

used to 
or each 
d will 

EOS 
plified 
ugh an 
ct as a 
d from 

Proceedings of FEL2012, Nara, Japan WEPD03

Progress and Projects 375 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



an electron bunch is present. The plasma THz pulses in 
the lab could in theory be used to simulate low emittance, 
high current bunches. Measurement of the simulated 
bunch profiles by the EO crystal systems will be 
compared against a balanced diode detection system 
known to be too susceptible to noise to be useful in a 
beam environment. [7,8] 

Work will also be conducted on the testing of new 
materials for photocathode use. The first of these 
experiments will be centered on 12CaO-7Al2O3 (electride), 
a crystalline ceramic. Electride is a promising candidate 
for use as a photocathode material due to its very low 
work function of 0.82 eV [9] and resistance to 
contamination. Using the laser laboratory at CSU, 
investigation into electride’s quantum yield as a function 
of incident light wavelength will be performed.  
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STATUS OF THE SOLEIL FEMTOSECOND X-RAY SOURCE 

O. Marcouille*, L. Cassinari, M.-E. Couprie, P. Hollander, C. Herbeaux, M. Labat, C. Laulhe, J. 
Luning, V. Leroux, L. Manceron, J.-L. Marlats, T. Moreno, P. Morin, A. Nadji, P. Prigent, J-B. 

Pruvost, S. Ravy, P. Roy, M. Silly, F. Sirotti, K. Tavakoli, D. Zerbib, J. Zhang. 

Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, BP 48, 91192 Gif-sur-Yvette Cedex, 
FRANCE.

Abstract 
An electron bunch slicing setup is presently under 

construction on the SOLEIL storage ring for delivering 
100 fs (rms) long photon pulses to two undulator-based 
beamlines providing soft (TEMPO) and hard X-rays 
(CRISTAL). Thanks to the non-zero dispersion function 
present in all straight sections of the storage ring, the 
sliced bunches can be easily separated from the core 
bunches. The modulator is a wiggler composed of 20 
periods of 164.4 mm. It produces a magnetic field of 1.8 
T at a minimum gap of 14.5 mm. To modulate the kinetic 
energy of the electrons in the wiggler, a Ti:Sa laser will 
be used, which produces 50 fs pulses at 800 nm with a 
repetition rate of 2.5 kHz. The laser beam is splitted into 
two branches in order to provide 2 mJ to the modulator 
and 0.5 mJ as pump pulse for the CRISTAL and TEMPO 
end stations. Focusing optics and beam path, from the 
laser hutch to the inside of the storage ring tunnel are 
presently under finalization. In this paper, we will report 
on the specificities of the SOLEIL setup, the status of its 
installation and the expected performances. 

INTRODUCTION 
SOLEIL is a third generation synchrotron radiation 

light source operating at 2.75 GeV. The facility produces 
routinely photon beams of high brightness from infrared 
(IR) to hard X-Rays with short pulses (20 ps FWHM) 
whose duration is determined by the electron bunch 
structure. Going down to the pico or sub-picosecond 
range is of great interest for studies of the dynamics of the 
chemical reactions, phase transitions and rapid structural 
changes in crystals, but is hardly achievable with the 
usual optics of storage ring [1]. A Slicing-based facility 
[2] is presently under construction at SOLEIL. The 
concept is based on the interaction between a short (50 fs) 
laser pulse operating at 800 nm and electrons oscillating 
in a wiggler, called “modulator”. The exchange of energy 
between electrons and the laser pulses is driven by the 
analytical expression: 

                           (1) 

Where �, e and m0 are respectively the relativistic factor, 
the charge and rest mass of the electrons, c the light 
celerity,  and  the electric field of the laser and the 
normalized speed of the electrons in the modulator. 
Considering a planar wiggler generating a vertical 

magnetic field as a modulator, the exchange differs from 
0 if laser is horizontally polarized and if the fundamental 
wavelength �RS of the modulator equals the laser 
wavelength �L: 

        (2) 
where �w is the modulator period and K the deflection 
parameter defined as: 

K=0.934 B0[T] �w[cm]                 (3) 
where B0 is the peak magnetic field. The interaction 
between laser pulses and electrons results in a modulation 
in energy of the electron bunches which is converted into 
spatial (longitudinal) modulation inside the electron 
bunches. Assuming the use of a modulator generating a 
vertical magnetic field and a horizontal polarized laser, 
the maximum energy modulation ��max is given by [3]: 

       (4) 
where AL is the laser pulse energy, � the fine structure 
constant, h the Planck constant, J0 and J1 the Bessel 
function of order 0 and 1.  
Slicing was demonstrated experimentally at ALS [4] and 
is now used routinely at BESSY II [5], SLS [6] and ALS 
upgrade [7] and new setup with 2 stages of energy 
modulation have been proposed [8] . The slicing setup of 
SOLEIL presents some particularities. Firstly, several 
beamlines are able to use the ultra-short pulses 
simultaneously such as CRISTAL and TEMPO operating 
respectively in the 4 keV-30 keV range and 50 eV-1.5 
keV range. Second, the spatial separation between the 
core beam and the sliced beam is performed without using 
any additional magnetic elements since all straight 
sections (SS) have a non-zero horizontal dispersion. 
Third, the radiation produced by the modulator will be 
routinely used as a source for the PUMA beam line, 
dedicated for the study of ancient materials [9].  

This paper presents the progress of the construction of 
the femtosecond X-ray source: the modulator, the laser 
system and the diagnostics of the slicing effect. 

LASER SYSTEM  
The laser characteristics are presented in Table 1. The 

laser is already installed in the CRISTAL beamline. It 
serves in particular for IR pump-X ray probe experiment 
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in the picosecond scale. However, a great amount of the 
laser power (2 mJ) is also used to generate the energy 
modulation inside the modulator wiggler. 

 
Table 1: Laser Characteristics 

Type COHERENT Legend Elite DUO USP 

Pulse energy at 
the laser exit 

0.5 mJ – 6 mJ (nom.: 2.5 mJ) 

Repetition rate 1 kHz – 10 kHz (nom.: 2.5 kHz) 

Pulse duration 50 fs 

Wavelength 800 nm 

 
The laser is based on a Chirped Pulsed Amplification 
System (CPA) composed of an oscillator, a temporal 
stretcher, a regenerative amplifier and photon pulse 
compressor. The oscillator frequency is synchronized to 
the RF system of SOLEIL and produces short pulses of 
25 fs at 800 nm with a repetition rate of 88 MHz. The 
laser pulses are temporally enlarged to few tens of ps in 
an optical stretcher to avoid excessive power during 
amplification. The amplification is performed in a Ti:Sa 
crystal pumped by a 532 nm laser operating between 1 
kHz and 10 kHz. At the exit of the amplifier, an optical 
grating compressor enables to reach 50 fs pulse width at 
the exit of the laser system. To distinguish the sliced 
bunches from the core bunches during using experiments, 
a minimum spatial separation of 5 to 7 times the 
horizontal electron beam size is required. At SOLEIL, as 
the effective dispersion is high in the straight section 
(0.53 in CRISTAL SS, 0.19 in TEMPO SS), the energy 
modulation is only 14 MeV obtained with laser pulses of 
0.25 mJ (equation 4). However, as the transfer losses 
from the laser station to the interaction area are not 
precisely known we consider rather an operation at 
nominal laser energy (#2.5 mJ). 

THE MODULATOR W164 
Constraints 
The modulator W164 is aimed at matching the 
synchrotron radiation wavelength with laser wavelength 
(800 nm). It will to be implemented in medium straight 
section of SOLEIL (overall length of 5.4 m). The 
acceptable minimum gap, usually fixed at 15.5 mm for 
out-vacuum devices has been relaxed to 14.5 mm due to 
the limited length of the modulator (3.28 m). The 
minimum number of periods is driven mainly by the 
slippage which occurs between laser pulses and electrons 
propagating in the modulator. Between the entrance and 
the exit of the modulator, the electrons are overtaken by 
NW.�L where NW is the period number of the modulator. 
If the number of periods exceeds the number of optical 
cycle inside the laser pulse, there is no further energy 
exchange. In the case of the SOLEIL laser system the 
minimum number of period is 19 for pulses of 50 fs. In 

addition, the radiated power must remain below the 
technological limits of front end cooling (~20 kW), the 
performances of the storage ring in terms of emittance 
and beam life time must be preserved and the modulator 
should provide high photon flux up to 50 keV to satisfy 
the PUMA beamline specifications. 

Magnetic Design 
   The modulator W164 is an out-vacuum hybrid wiggler 
composed of 20 periods of 164.4 mm. Each period 
consists of vanadium permendur poles surrounded with 
NdFeB main magnets and side magnets (see Table 2). 
 

Table 2: Modulator W164 Characteristics 

Type Hybrid out-vacuum  

Magnetic period 164.4 mm 

Period number 20 

Magnetic gap 14.5 mm – 240 mm 

Magnetic components Poles: VACOFLUX50 (Saturation 
field: 2.35 T) 
Magnets: VACODYM 764 TP 
(magnetization: 1.33T) 

Max. magnetic field 1.74 T 

  
A three period model using the RADIA code [10] and the 
characteristics listed in table 2 is presented in figure 1.  

 

 
Figure 1: RADIA Short model of three periods (left) and 
calculated magnetic field at minimum gap (14.5 mm). 
  
The transverse variation of the peak field and the 
Dynamic Field Integral (DFI) were also calculated with 
RADIA. The DFI results from the finite transverse width 
of the poles and reduces the injection efficiency and the 
beam lifetime [11].  
 

 
Figure 2: Transverse variation of the field (▬) at 
minimum gap and Dynamic Field Integral (…). 
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To avoid any impact on the beam lifetime and the 
injection efficiency, it is foreseen to correct the DFI with 
magic finger magnets or with additional magnet blocks. 

Mechanical Design 
   Magnets and poles are assembled on half-period 
supports which are mounted, once equipped on stiff 
stainless steel girders (Figure 3) of 3.35 m length. The 
gap is varied with a maximum speed of 4 mm/s from 240 
mm down to 14.5 mm by two motors of SCHNEIDER 
BRS 39 type and is controlled by two absolute linear 
encoders (LTS-340) reaching e resolution of 1 �m. The 
modulator is set to the medium plane of the storage ring 
by means of four adjustable feet (+/- 10 mm). 
 

 
Figure 3: Carriage of the modulator (left) and half-period 
support equipped with magnets and poles (right). 

ENERGY MODULATION 
Fig. 4 shows the calculated energy modulation using 

the SLS code [12], GENESIS [13], ELEGANT [14] and 
the analytical expression (4) with the laser and modulator 
parameters listed in Table 1 and Table 2.  

 
Figure 4: Maximum energy modulation calculated with 
the SLS code, ELEGANT, GENESIS and the analytical 
expression (theoretical).  

The simulation using different codes are consistent with 
the analytical expression (4). Depending on the code, the 
energy modulation is comprised between 31 MeV and 37 
MeV with a laser operating at 2 mJ (laser energy reaching 

the interaction area), which largely exceeds the required 
14 MeV. The SLS code has been also used to evaluate the 
longitudinal distribution of energy of the sliced electron 
bunch at the exit of the modulator (Figure 5). The laser 
and modulator parameters are respectively those listed in 
Table 1 and  Table 2. The electron energy is periodically 
modulated between – 31 MeV and +31 MeV with a 
periodicity of 2.7 fs. Some electrons gain or lose energy 
resulting in a horizontal separation of the sliced electrons 
compared to the core electrons when they cross a non-
zero dispersion section. 

 

 
Figure 5: Energy modulation of electrons at the exit of the 
modulator W164. 

DIAGNOSTICS 
IR Diagnostic 

A new diagnostic line, “IR diagnostic beam line”, is 
planned to be installed at the exit the modulator straight 
section. The laser and the modulator radiations are 
collected via a removable mirror to a diagnostic station 
composed of three devices enabling independently to 
measure: 
- Delay between laser pulses and electron bunches. Both 
radiations are focused on a fast detector (IR diode from 
MENLO) and their delay will be adjusted via a delay line.  
- Spectral overlap. The spectral matching will be insured 
by the tuning of the modulator gap and controlled via a 
spectrometer (OCEAN Optics USB 2000+). 
- Spatial overlap. The photon beam emitted by the 
modulator will be imaged on a CCD camera (BASLER 
ScA 640). 

Such diagnostics will be used only at low current (<10 
mA) because of the excessive power emitted by the 
modulator at nominal current (500 mA). It will enable 
adjusting laser and modulator parameters in order to 
obtain efficient energy exchange mandatory for slicing. 
During usual shifts, the IR mirror will be removed to 
enable the PUMA beam line to be provided with X-rays 
photons. 
THz Diagnostic 

The laser will induce a local energy modulation over a 
few tens of fs, which will be further converted spatially 
into a hole via the machine optics (dispersion function). 
This very short structure will emit coherent radiation in 
the THz range. This coherent emission (CSR) will be 
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orders of magnitude higher than the incoherent emission 
in the THz range (Fig. 6) between 0.01 THz and 1 THz. A 
bolometer (QnbB/QMC Instruments) will be installed at 
the exit of the dipole beam line AILES [15]. It will enable 
to optimize with the THz signal intensity the first 
alignments already performed with the IR diagnostic 
station. The regular checking of the signal will also 
enable to verify the stability of the Slicing experiment.  

 

 
Figure 6: Calculated power radiated by the AILES dipole 
at 500 mA during Slicing operation (Laser ON) and user 
operation (Laser OFF). The energy modulation is set to 14 
MeV. The laser pulse width is 50 fs. 

EXPECTED PERFORMANCES 
Slicing experiments are planned to be performed either 

with 10 mA in single electron bunch mode, with 100 mA 
distributed in 8 bunches or in hybrid mode (390 mA + 10 
mA). Optical and temporal performances depend on all 
the contributing factors: laser pulse length, slippage 
between electron bunches and laser pulses, emittance, 
energy dispersion and the type of radiating section. Table 
3 summarizes the different contributions in the sliced 
bunch length.  
 
Table 3:  Contributions in the Total Sliced Bunch Width 
in fs: Laser (�tL), Slippage (�tS), Emittance (�tE) and 
Energy Spread (�tES)�

Radiator ��tL �tS �tE �tES Total 

CRISTAL 50 53 54 52 104 

TEMPO 50 53 47 117 145 
 
Due to the non-zero dispersion in the straight sections the 
sliced electron bunches separate naturally from the core 
bunches at the entrance of the radiator. The calculations of 
the intensity per laser pulse have been performed with the 
SRW code [16] in the particular case of the CRISTAL 
beam line operating at 7 keV (Fig. 7). The collection 
aperture is 0.5 x 0.5 mm2 at 15 m from the center of the 
radiator. The energy modulation induced by the 50 fs laser 
is 14 MeV (laser energy~0.25 mJ). The sliced bunch, 
even less intense than the core bunch (more than one 
order of magnitude) is well separated and will enable to 
perform preliminary experiments in the sub-picosecond 
range. 

CONCLUSION 
The specificity of the SOLEIL Slicing project results 

from the fact that, first, several beamlines (CRISTAL, 
TEMPO and later GALAXIES) will benefit from ultra-
short photon pulses without any addition magnetic 
elements and, second, that the modulator will be used also 
for a dedicated beamline (PUMA). Optical equipment 
will be received at the end of 2012. The modulator is 
presently under construction and will be installed in 
August 2013.  

 

 
Figure 7: Intensity of the core bunches and sliced bunches 
in the CRISTAL versus the horizontal position. 
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Abstract
The extension of the FLASH facility at DESY (Ham-

burg, Germany) – FLASH II Project – is under way. The

extension includes a second undulator line with variable

gap undulators to allow a more flexible operation, and a

new experimental hall for photon experiments. The present

FLASH linac will drive the both undulator beamlines. Civil

construction of the new buildings has been started in au-

tumn 2011 continuing in several steps until spring 2013.

The design of the new electron beamline including the ex-

traction from the FLASH linac and the undulator section is

mostly finished, and the manufacturing of the components

is under way. Design of the photon beamline and layout of

the experimental hall is in an advanced stage. The beam-

line mounting starts end of 2012, and the commissioning

with beam is scheduled for the second half of 2013.

INTRODUCTION
FLASH [1–4], the free-electron laser (FEL) user facil-

ity at DESY, delivers high brilliance XUV and soft x-ray

FEL radiation for photon experiments since summer 2005.

In order to provide more beam time for user experiments

and to improve the properties of the delivered FEL radia-

tion, an extension of the FLASH facility – the FLASH II

Project [5,6] – was proposed in 2008 by DESY in collabo-

ration with Helmholtz Zentrum Berlin (HZB). The project

has been approved in 2010 and the civil construction started

in 2011. The first beam of the extended facility is foreseen

in late summer 2013.

LAYOUT
The present FLASH facility consists of an injector with

a laser driven RF-gun to produce high quality electron

bunches, a superconducting linac with TESLA type ac-

celerator modules to accelerate the electron beam up to

∗katja.honkavaara@desy.de

1.25 GeV, and an undulator section with fixed gap undula-

tors to produce SASE (Self Amplified Spontaneous Emis-

sion) FEL radiation. The total length of the facility includ-

ing the experimental hall is about 315 meters. More details

of FLASH and its parameters are, for example, in [2, 3].

The aim of the FLASH II project is to extend FLASH

with a second undulator line to allow a more flexible oper-

ation and more beam time for photon experiments with im-

proved photon beam properties. The FLASH linac drives

both undulator lines: the present fixed gap undulator line

(referred here as FLASH1) and the new variable gap undu-

lator line (referred here as FLASH2). The separation be-

tween the two beamlines is downstream of the last accel-

erating module. Figure 1 shows the layout of the extended

FLASH facility; the location of the HHG (High Harmonic

Generation) seeding experiment sFLASH [7,8] is indicated

as well.

The FLASH2 undulator beamline will be placed in a

new building separated from the existing FLASH tunnel.

It provides enough space for future upgrades, like a third

undulator line. The FLASH2 photon beamlines and ex-

periments are located in a new experimental hall. Since

most of civil construction and installation work in the new

beamline building and experimental hall can take place

while FLASH accelerator is in operation, the interruptions

of FLASH operation could be limited to two short periods:

the first one (3.5 months) has already taken place in au-

tumn 2011, and the second one (4 months) is scheduled for

spring 2013.

The extraction of the electron beam is realized by a

kicker-septum system. The superconducting accelerating

modules have a long RF-pulse allowing operation with up

to 800μs long electron bunch trains. The repetition rate

is 10 Hz. The bunch train can be divided between the two

undulator lines by using a flat-top kicker with a fast rise

(or fall) time less than 50μs. The extraction angle between

FLASH1 and FLASH2 is large (12 deg). Therefore the
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sFLASH 

5 MeV 150 MeV 450 MeV 1250 MeV 

RF-Gun FLASH1 FLASH Accelerator 

HHG  
Seed Laser 

Fixed Gap Undulators 

Figure 1: Layout of the extended FLASH facility with two undulator lines FLASH1 and FLASH2 (not to scale). The total

length of the facility is about 315 m.

minimization of the emittance and energy spread growth

due to coherent synchrotron radiation (CSR) has been care-

fully taken into account in the extraction arc design. More

details can be found in [9].

The undulator section consists of 12 variable gap undu-

lators. Downstream the main undulators, space is reserved

for further upgrades, like a second harmonic afterburner

and a THz undulator to provide radiation in the THz range

for pump and probe experiments.

The photon beam is transported through a photon diag-

nostics section similar to [4] and, after crossing the accel-

erator tunnel of the PETRA III synchrotron, guided to the

new experimental hall located next to the FLASH1 exper-

imental hall. Space is available at least for five photon

beamlines. In addition, experiments may be installed in

a row or – in case of long photon wavelengths – at larger

angles. An option of permanent photon experiment end

stations is under discussion.

PARAMETERS AND CHARACTERISTICS
FLASH1 and FLASH2 are operated by the same electron

linac. Therefore their main parameters – for both electron

and photon beam – are similar. FLASH2 design parameters

are listed in Table 1. FLASH1 parameters can be found, for

example, in [2, 3].

The overall FLASH2 wavelength range is 4 - 60 nm (fun-

damental radiation). Since FLASH1 has fixed gap undu-

lators, the electron beam energy is defined by the wave-

length required for FLASH1 operation. Due to variable

gap undulators, the FLASH2 wavelength can be tuned, to

a certain extend, independently from FLASH1. Figure 2

shows examples of FLASH2 wavelength ranges for elec-

tron beam energies, which are typical for FLASH1 opera-

tion: for beam energy of 1.2 GeV, photon wavelengths be-

tween 4 and 13.5 nm are possible, for 1 GeV the available

range is 6 - 20 nm, and for 700 MeV 10 - 40 nm.

In the first FLASH2 operation phase, the FEL radia-

tion is produced using the SASE process. In addition, the

seeded operation is as under preparation. The first seed-

ing scheme to be applied is a direct HHG seeding, which

is foreseen for wavelengths between 10 and 40 nm. More

details can be found in [10]. Developments on advanced

Table 1: FLASH2 Design Parameters

Electron beam
Energy GeV 0.5 - 1.25

Peak current kA 2.5

Emittance, norm. (x,y) μm rad 1 - 2

Bunch charge nC 0.02 - 1

Energy spread MeV 0.5

Bunch spacing μs 1 - 25

Rep. rate Hz 10

Undulator
Period mm 31.4

Segment length m 2.5

Number of segements 12

Photon beam SASE
Wavelength (fundamental) nm 4 - 60

Average single pulse energy μJ 1 - 500

Pulse duration (fwhm) fs 10 - 500

Spectral width (fwhm) % 0.5 - 2

Peak power GW 1 - 5

Peak brilliance * 1028 - 1031

Photon beam HHG
Wavelength (fundamental) nm 10 - 40

Average single pulse energy μJ 1 - 50

Pulse duration (fwhm) fs 10 - 50

Spectral width % Fourier limited

Peak power GW 1 - 5

Peak brilliance * 1028 - 1031

* photons / (s mrad2 mm2 0.1 % bw)

HHG sources and on a laser system appropriate for the

HHG seeding are under way [11]. The recent experimen-

tal demonstration of the direct HHG seeding at 38 nm by

sFLASH [8] is also an important step for the FLASH II

project.

Seeding schemes for short wavelengths (below 10 nm)

are under discussion. One candidate is a cascade HGHG

(High Gain Harmonic Generation) [12]. Considerations

of an EEHG (Echo-Enabled Harmonic Generation) seed-

ing have also been carried out [13].
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Figure 2: FLASH2 photon wavelength as a function of the

undulator gap for three electron beam energies [6].

OPERATIONAL ISSUES
Every photon experiment has its own demands on the

beam parameters like photon wavelength, pulse duration,

number of pulses, and pulse spacing. The ultimate goal is

to operate FLASH1 and FLASH2 simultaneously for dif-

ferent kind of experiments. However, since one accelerator

drives both beamlines, the beam parameters delivered for

FLASH1 and FLASH2 users can not be completely inde-

pendent from each other.

Since FLASH1 has fixed gap undulators, the electron

beam energy is defined by the wavelength required by

the FLASH1 experiment. The FLASH2 wavelength can

be adjusted by changing the undulator gap. The exper-

iments must, however, be organized such that their re-

quested wavelength can be obtained with the same electron

beam energy. A small change of the electron beam energy

– in other words of the photon wavelength – of only one of

the beamlines can be realized by applying a slightly differ-

ent accelerating gradients for the first and the second part

of the 800μs long RF-pulse flat-top.

In the case of a simultaneous operation, every RF-pulse

is shared between two bunch trains: the train transported to

FLASH1 and the train deflected by the kicker-septum sys-

tem to FLASH2. Both beamlines are served with the same

10 Hz repetition rate. Different bunch patterns (number of

bunches, bunch spacing, bunch charge) in the two bunch

trains can be realized by using two separate injector laser

systems. Development of a laser pulse kicker system [14]

allowing a bunch pattern manipulation is in progress as

well.

Operation with different electron bunch charges allow

different photon pulse durations for the FLASH1 and

FLASH2 experiments.The practicable charge difference is,

however, limited by the electron beam dynamics and ac-

ceptance of the beam optics.

More detailed discussion of the simultaneous operation,

including results from performance tests, is in [15].

STATUS AND OUTLOOK
The civil construction started in autumn 2011. The first

step was the construction near the existing FLASH tun-

nel. In order to carry out this part of the work, the radi-

ation shielding of the FLASH tunnel had to be removed.

Therefore, a 3.5 months shutdown was scheduled from mid

September to the end of 2011. The second step has been the

civil construction near the PETRA III tunnel taking place

early 2012 during the regular PETRA III winter shutdown.

The remaining building construction does not require any

further interruptions of FLASH or PETRA III beam opera-

tion. The beamline building is presently under construction

and is scheduled to be completed by the end of this year.

The construction of the experimental hall takes place from

autumn 2012 to spring 2013. Figure 3 shows the FLASH2

construction site in August 2012.

Figure 3: FLASH2 construction site August 2012.

The design of the FLASH2 main beamline has been fin-

ished in spring 2012, and most its components are already

manufactured. The design of the extraction beamline, in-

cluding modifications required for FLASH beamline be-

tween the last accelerating module and the septum, is final-

ized end of August 2012. The design of the HHG beamline

is on-going, as well as the design of the photon diagnostics

and photon beamlines.

The mounting of the FLASH2 main beamline starts in

winter 2012/13, and the undulators will be installed in

spring 2013. The connection of FLASH2 to the FLASH

linac, including the mounting of the extraction arc, requires

interruption of FLASH beam operation. A four months

shutdown starting mid February 2013 is scheduled for this

work. The installation of the basic photon diagnostics is

scheduled for summer 2013, and the first photon beamline

in the experimental hall is expected to be available early

2014.

The technical commissioning of components and sub-

systems starts in spring 2013. The first electron beam

through FLASH2 is foreseen late summer 2013. As soon as

the kicker-septum system has been commissioned, most of
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the FLASH2 beam commissioning can take place parasitic

to the FLASH1 user operation. In addition, periods ded-

icated explicitly to FLASH2 operation will be scheduled

in a regular basis. As mentioned above, FLASH2 will start

with the SASE mode; the installation of the HHG hardware

is planned for autumn 2014.

A goal is to demonstrate a stable simultaneous operation

of FLASH1 and FLASH2 by early 2014. The first FLASH2

pilot photon experiments are expected mid 2014.

SUMMARY
Extension of the FLASH facility with a second undulator

beamline is under way. The civil construction is on-going,

and the beamline mounting will start soon. The first beam

in FLASH2 is expected in late summer 2013.
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Abstract

The photoinjector of FLASH uses an RF gun equipped

with cesium telluride photocathodes illuminated by appro-

priate UV laser pulses as a source of ultra-bright electron

beams. The superconducting accelerator of FLASH is able

to accelerate 800 μs long trains of thousands of electron

bunches in a burst mode. This puts special demands on

the design of the laser system, since it has to produce flat

pulse trains with a flexible pattern. The construction of a

second undulator beamline FLASH2 has started. The pulse

train will be divided into two parts to serve both beamlines

simultaneously. Since experiments with the FLASH soft

X-ray beam need flexibility, we plan to use two laser sys-

tems each serving one beamline. This makes it possible to

deliver two trains with different properties in charge, num-

ber of bunches, and bunch spacing in the same RF pulse.

This also required an upgrade of the laser beamline design.

Moreover, we report on recent improvements in arrival time

stabilization.

INTRODUCTION
Since 2005, the free-electron laser FLASH at DESY,

Germany operates as a user facility providing laser-like ra-

diation pulses from the XUV to the soft X-ray wavelength

regime with durations down to a few ten femtoseconds.[1]

FLASH uses L-band superconducting TESLA-type accel-

erating technology. The acceleration is driven by long RF

pulses with a length of 1.5ms, and a usable flat part for ac-

celeration of 0.8ms. The repetition rate is 10Hz, the RF

frequency 1.3GHz. With seven accelerating modules in-

stalled, the beam energy of FLASH reaches 1.25GeV.

The high duty cycle is efficiently used by accelerating

bursts (or trains) of electron bunches. The standard opera-

tion mode is 800 bunches spaced by 1 μs (1MHz) in a pulse

train.

THE ELECTRON SOURCE
The electron source is based on a normal conducting RF-

gun operated with a 10MW, 1.3GHz klystron at a repeti-

tion rate of 10Hz. The RF pulse length is up to 850 μs, suf-

ficient for generation of the required bunch trains of 800 μs

duration.

In order to keep the average power of the laser system

reasonably small, a photocathode with a high quantum ef-

ficiency is used. Cesium telluride has been proven to be

∗ siegfried.schreiber@desy.de

a reliable and stable cathode material with a quantum ef-

ficiency above 5% for a wavelength around 260 nm for a

long time of more than 170 days of continuous operation

[2, 3]. The bunch charge required for FLASH is up to 1 nC,

some experiments require up to 3 nC per bunch. Assuming

a very conservative quantum efficiency of the cathode of

0.5%, a laser pulse energy of not more then 3 μJ on the

cathode is sufficient to produce a 3 nC electron bunch. For

800 bunches in 800 μs long trains, this corresponds to a rea-

sonable intra train power of 3W in the UV (average power

24mW for 10 Hz).

A challenge for the laser system is, that it has to pro-

vide the same flat burst structure in the UV as required for

the electron beam. In addition, the picosecond long pulses

must be synchronized to the RF of the accelerator to sub-

stantially better than 1 ps.

THE LASER SYSTEM
The laser systems [4] described in this report have been

installed in 2010 [5] and 2012, and are a substantial up-

grade compared to the previous lasers in operation at

FLASH and the former TESLA Test facility [6, 7]. The

lasers have been developed in the Max Born Institute,

tested at DESY (PITZ) and finally installed at FLASH.

Recently, a second laser system has been installed, al-

most identical to the one in operation, The laser system

design is described in detail in [4]. Both systems consist

of a pulsed laser oscillator with subsequent amplification

stages. Figure 1 shows a schematic overview of the laser.

The laser material chosen is Nd:YLF, lasing at a wave-

length of 1047 nm. The material has together with a high

gain, a long upper-state lifetime of 480 μs, and exhibits only

a weak thermal lensing. This makes it suitable to produce

pulse trains with milliseconds duration. After amplifica-

tion, the wavelength is converted in two steps using an LBO

and BBO to the UV wavelength of 262 nm. Figure 2 shows

examples of pulse trains measured with photodiodes.

The pulse energy is adjusted by two remote controlled

attenuators. One attenuator is used by a feedback system

to compensate for slow drifts in pulse energy, the other

by the operators of FLASH. The laser beam is expanded

and collimated to overfill a set of remotely controlled hard

edge apertures of various sizes. The chosen aperture corre-

sponding to the required transverse size is imaged onto the

cathode of the RF-gun. The nominal laser pulse diameter

is 1.2mm flat-hat.

The laser is equipped with a pulse picker which is

used by the operator to chose the number of laser pulses,
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Figure 1: Schematic overview of the laser system. The

second new laser has a more modern shorter oscillator op-

erated at 108MHz.

and also the distance between pulses (intra-train repetition

rate), according to the requirements determined by the ex-

periment of the facility. The protection system of the accel-

erator acts on the laser to realize an emergency switch-off

of the electron beam. Depending on the operation mode, it

is also able to restrict the laser output to a save number of

pulses per second.

The installation of the new laser is just being finished.

It is planned to set-up the laser beamlines in a way, that

they are both transported to the RF-gun simultaneously.

This is required for the planned operation of FLASH1 and

FLASH2 at the same time [8].

Laser Oscillator
The laser oscillator is an actively mode-locked and

pulsed oscillator. The repetition rate is 27.08MHz, the 48th

subharmonic of the accelerator RF frequency of 1.3GHz.

A large resonator length and thus a large distance of 37 ns

between the pulses has been chosen to facilitate the subse-

quent Pockels-cell drivers for pulse picking. A Nd:YLF rod

is end-pumped by two fiber-coupled laser diodes. Mode-

locking is achieved with a 13.54MHz modulator. The os-

cillator is pulsed with 10Hz. The initial relaxation oscil-

lations in the pulse train of the oscillator completely settle

after 1ms. A second modulator operates at the frequency

of the accelerator RF of 1.3GHz and provides the required

phase stability. A third mode-locker operating at 108MHz

is required for stabilization. All frequencies are locked to

the master RF oscillator [9] of the accelerator. The length

of the resonator is stabilized with a slow feedback using a

Piezo actuator at one of the mirrors. The air temperature at

the oscillator is stabilized to 0.04◦C (rms), the humidity is

constant within 10% (pp).

An optical balanced cross-correlator has been set-up [10]

Figure 2: Example of a 3MHz laser pulse train. The oscil-

loscope traces show the pulse train of the oscillator (yellow

trace), after preamplification (wavelength 1047 nm, ma-

genta), after conversion to 523 nm (green), and after con-

version to the UV (262 nm, blue). The time scale is 1ms

(whole range). The train length is 700 μs. The 3MHz pulse

structure is not resolved.

Figure 3: Upper plot: Relative arrival time of the laser in re-

spect to the FLASH synchronization laser measured at the

exit if the injector laser oscillator using the optical cross-

correlator. The data shown are with slow feedback on, over

a period of 21 hours. The arrival time jitter over the whole

period is δt = 57 fs (rms). Lower plot: Response of the

slow feedback on the relative phase of the 1.3GHz RF used

to synchronize the laser oscillator. The phase has been cor-

rected by a small amount of ± 0.2◦(pp) by the feedback

action.

to monitor the phase of the laser oscillator pulses in respect

to the FLASH laser-based optical synchronization system.

The arrival time is stabilized in a slow feedback loop acting

on the phase of the 1.3GHz RF driving the electro-optical

modulator of the laser. A stability of 60 fs (rms) is achieved

routinely (Fig. 3).

Amplification

The amplifier chain increases the energy by about four

orders of magnitude to a level of 100 to 300 μJ, depend-

ing on the operation mode. No stretcher or compressor is

used. The Nd:YLF amplifiers are again end-pumped by

two fiber-coupled laser diodes each.
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Figure 4: Measured charge in the FLASH accelerator.

Shown is the charge of bunches 1 and 6 (blue, magenta)

and also averaged over the train (green). The intra train

rms jitter is shown in red with a magnification of 10. The

rms stability of a single bunch from shot to shot is 0.36%,

and average over the pulse train, 0.19%. In this example,

1250 bunches per second have been accelerated.

A Pockels cell based pulse picker installed in the pream-

plification stage runs at 1MHz forming a pulse train with

a length of about 1.5ms (repetition rate 10Hz). A second

pulse picker installed before the final amplification stages

picks only those laser pulses, which the accelerator needs.

This pulse picker is controlled by the operator and is also

used for emergency switch off. A maximum of 800 pulses

with 1MHz per train at 10Hz with a single pulse energy of

up to 300 μJ or in a second mode, up to 2400 pulses with

3MHz at 5Hz and a reduced single pulse energy can be

amplified. Table 1 summarizes the pulse parameters for the

two main operational modes of the laser.

Charge Stability

The infrared radiation (1047 nm) is frequency doubled

twice to the UV (262 nm) with two non-linear crystals,

LBO and BBO. The crystals are equipped with a tempera-

ture stabilizer and a remote phase matching angle control.

After proper adjustment, the single pulse energy jitter is be-

low 0.5% (rms). Figure 4 shows a stability measurement of

the electron bunch charge. The charge is stable over sev-

eral hours with only little or no adjustments for small drifts

required. A slow feedback to compensate small long-term

drifts acts on a variable attenuator. The attenuator consists

of a remote controlled half wave plate together with a polar-

izer. The polarizer is a thin plate mounted at the Brewster

angle (s-polarization is totally reflected). A special coat-

ing allows for almost 100% transmission of a p-polarized

beam.

Table 1: Laser Parameters for the Two Main Operation

ing to the Requirements of the Specific Experiment.

Updated from [5]

option

parameter 1 MHz 3 MHz
laser material Nd:YLF

wavelength 1047 nm

4th harmonic 262 nm

train repetition rate 10Hz 5Hz

max. train length 800 μs

intra-train rate up to 1MHz** 3MHz

pulses per train 800* 2400*

max. pulse energy UV 45 μJ 15 μJ

max. energy per train 36mJ 36mJ

arrival time jitter 60 fs (rms)

longitudinal shape Gaussian

micro pulse length 6.5±0.1 ps (sigma)

transverse profile flat

spot size on cathode 1.2mm diam.*

charge stability 0.5% rms

*adjustable **1 MHz, 500, 250, 200, 100, 50, 40 kHz

Pulse Length
The duration of the UV-pulse is 6.5±0.1 ps, measured

with a streak camera. The longitudinal shape is Gaussian,

no longitudinal pulse shaper is installed.

The duration of the UV pulse is also determined by the

pulse shortening due to the nonlinearity of the wavelength

conversion process, and saturation effects which lengthen

the pulse. These effects lead to a measurable change of

the pulse duration and longitudinal shape in dependence

on the intensity of the laser pulses [5]. In consequence,

a proper adjustment of the BBO phase matching angle is

required during machine set-up, since this influences the

bunch compression process of the accelerator. Later on,

changes in for instance number of pulses per train may re-

quire a retuning of the bunch compression and adjustments

of the phase of the laser in respect to the RF.

To mitigate this effect, a pulse picker in the UV is be-

ing designed. The kicker will allow to operate the BBO

at constant power, while the bunch pattern is modeled by

the picker. Such a pulse picker based on an acousto-optic

modulator has been successfully tested recently [11].

SIMULTANEOUS OPERATION FLASH1
AND FLASH2

FLASH is being upgraded with a second undulator

beamline, FLASH2 [12]. The goal is to operate the two un-

dulator beamlines FLASH1 and FLASH2 simultaneously

for different kind of experiments. However, since one ac-

celerator drives both beamlines, the beam parameters de-

livered for FLASH1 and FLASH2 users can not be com-

pletely independent from each other. On the other hand,

every photon experiment has its own requirements on beam

Modes. Some Parameters are Adjustable and are Set

Accord
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Figure 5: Bunch train sharing between FLASH1 (FL1) and

FLASH2 (FL2): one RF pulse is shared by two sub-bunch

trains. One train goes to FLASH1, the other is kicked to

FLASH2. The sub-trains may have different bunch pattern

or energy as indicated.

pattern, photon wavelength, pulse duration, number of

pulses etc.

The plan is to share every 0.8ms long RF-pulse between

two bunch trains: one part of the bunch train (sub-train 1)

is transported to FLASH1, while the other part (sub-train

2) is deflected by a kicker-septum system to FLASH2 (see

Fig. 5).

Both beamlines are served with the same 10Hz repeti-

tion rate. The sub-trains will have a distance as short as

possible, between 10 and 50 μs, determined by the kicker

response time. The easiest and most straight-forward and

also transparent way to realize different bunch patterns for

both sub-trains (number of bunches, bunch spacing, bunch

charge) is to use two separate injector laser systems.

The UV laser pulse kicker system [11] under develop-

ment as described in the previous section, will also allow

– to a certain extend – a bunch pattern manipulation. With

such a laser kicker system, flexible bunch pattern for both

beamlines may be realized with one laser only.

A more detailed discussion of simultaneous operation

of FLASH1 and FLASH2, including results from perfor-

mance tests, is in [8].

CONCLUSION

The photoinjector laser system has been upgraded in sev-

eral places. A second laser system has been installed to

serve as a back-up for normal FLASH operation but also

to allow sharing of pulse trains within one RF pulse be-

tween FLASH1 and the new FLASH2 undulator beamline.

Two lasers allow the generation of flexible, independent

pulse pattern for each sub-train. In addition, the trans-

port beamline has been upgraded to improve the transverse

beam quality using fixed apertures imaged onto the cath-

ode. A laser UV kicker system is being developed to fur-

ther improve the operability of the laser system. The ar-

rival time of the laser oscillator is stabilized by an optical

cross-correlator linked to the FLASH synchronization sys-

tem. An arrival time stability of 60 fs (rms) is achieved.

Further upgrades are planned to improve the stabilization,

especially shot-to-shot and intra-bunch train charge and ar-

rival time.
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SCHEME FOR GENERATING AND TRANSPORTING THZ RADIATION
TO THE X-RAY EXPERIMENTAL HALL AT THE EUROPEAN XFEL

W. Decking, V. Kocharyan, E. Saldin and I. Zagorodnov, DESY, Hamburg, Germany
G. Geloni, European XFEL GmbH, Hamburg, Germany

Abstract
We consider generation of THz radiation from the spent

electron beam downstream of the SASE2 undulator in the
electron beam dump area. The THz output must propagate
at least for 250 meters through the photon beam tunnel to
the experimental hall to reach the SASE2 X-ray hutches.
We propose to use an open beam waveguide such as an iris
guide as transmission line. In order to efficiently couple
radiation into the iris transmission line, generation of the
THz radiation pulse can be performed directly within the
iris guide. The line transporting the THz radiation to the
SASE2 X-ray hutches introduces a path delay of about 20
m. Since THz pump/X-ray probe experiments should be
enabled, we propose to exploit the European XFEL base-
line multi-bunch mode of operation, with 222 ns electron
bunch separation, in order to cope with the delay between
THz and X-ray pulses. We present start-to-end simulations
for 1 nC bunch operation-parameters, optimized for THz
pump/X-ray probe experiments. Detailed characterization
of the THz and SASE X-ray radiation pulses is performed.
Highly focused THz beams will approach the high field
limit of 1 V/atomic size.

INTRODUCTION
The exploitation of a high power coherent THz source

as a part of the LCLS-II user facility has been proposed in
the LCLS-II CDR [1]. THz radiation pulses can be gener-
ated by the spent electron beam downstream of the X-ray
undulator. In this way, intrinsic synchronization with the
X-ray pulses can be achieved. A first, natural application
of this kind of photon beams is for the pump-probe exper-
iments. Through the combination of THz pump and X-ray
probe, XFELs would offer unique opportunities for stud-
ies of ultrafast surface chemistry and catalysis [1]. Also,
the LCLS team started an R&D project on THz radiation
production from the spent electron beam downstream of
the LCLS baseline undulator [2]-[4]. In that case, THz
pulses are generated by inserting a thin Beryllium foil into
the electron beam. In this paper we describe a scheme for
integrating such kind of radiation source at the European
XFEL facility [5].
We begin our considerations with the generation of THz

radiation from the spent electron beam downstream of the
SASE2 undulator in the electron beam-dump area. We then
move to consider the transport of THz radiation pulses from
the XFEL beam dump-area to the experimental hall. This
constitutes a challenge, because the THz output must prop-
agate at least 250 meters in the photon beam tunnel and in

the experimental hall to reach the SASE2 X-ray hutches.
Since THz beams are prone to significant diffraction, a
suitable beam transport system must be provided to guide
the beam along large distances maintaining it, at the same
time, within a reasonable size. Moreover, the THz beam-
line should be designed to obtain a large transmission ef-
ficiency for the radiation over a wide wavelength range.
Transmission of the THz beam can only be accomplished
with quasi-optical techniques. In this paper, similarly as
in [6], which focused on the LCLS baseline, we propose
to use an open beam waveguide such as an iris guide, that
is made of periodically spaced metallic screens with holes,
for transporting the THz beam at the European XFEL. The
eigenmodes of the iris guide have been calculated numeri-
cally for the first time by Fox and Li [7] and later obtained
analytically by Vainstein [8, 9]. In [6] we already presented
a complete iris guide theory. In particular, the requirements
on the accuracy of the iris alignment were studied. In order
to efficiently couple radiation into the transmission line, it
is desirable to match the spatial pattern of the source radi-
ation to the mode of the transmission line. To this end, it
is advisable to generate radiation from the spent electron
beam directly in the iris line with the same parameters used
in transmission line. In this way, the source generates THz
radiation pulses with a transverse mode that automatically
matches the mode of the transmission line. The theory de-
scribed in [6] supports this choice of THz source.

In the present work we present a conceptual design for
a THz edge radiation source at the European XFEL. It
includes an 80 m-long electron beam vacuum chamber
equipped with an iris line, and a 250 m-long transmis-
sion line with the same parameters. The transmission line,
which develops through the XTD7 distribution tunnel and
field 5 of the experimental hall, includes at least ten 90-
degrees turns with plane mirrors at 45 degrees as func-
tional components. It is possible to match incident and
outgoing radiation without extra losses in these irregular-
ities. The transport line introduces a path delay of about
20 m between THz and X-ray pulses generated from the
same electron bunch. Since THz pump/X-ray probe exper-
iments should be enabled, in order to cope with this delay
we propose to exploit the unique bunch structure foreseen
as baseline mode of operation at the European XFEL, with
222 ns electron bunch separation, together with an addi-
tional delay line in experimental hall. More details can be
found in [10].
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Figure 1: Installation of the setup at the European XFEL.

Figure 2: Bunch structure in a macropulse for the baseline
multi-bunch operation mode at the European XFEL.

SCHEME FOR GENERATING THZ EDGE
RADIATION AT THE EUROPEAN XFEL
In this section we discuss a scheme for THz generation

at the European XFEL. A more detailed description of the
principle of THz generation in the iris guide can be found in
[10]. The THz edge radiation source proposed in this paper
can be realized with little efforts andminimal modifications
to the European XFEL baseline setup. The vacuum cham-
ber equipped with iris line and outcoupling system can be
installed in the unoccupied straight vacuum line upstream
of the first electron beam dump, Fig. 1.
The transport of the THz beam to the experimental hall

can be performed exploiting the use of the tunnel XTD7, as
reproduced schematically in Fig. 1. The THz transmission
line transporting the THz radiation introduces a path-delay
of about 20 m with respect to the path of X-ray pulse from

Figure 3: Sketch of a possible arrangement for a THz delay
line in the experimental hall.

Figure 4: Geometry of a transmission-line turn.

the SASE2 undulator. Since THz pump/X-ray probe exper-
iments should be enabled, we propose to exploit the natural
bunch spacing within a train, Fig. 2. The THz and X-ray
pulses should be synchronized by a THz delay line installed
in experimental hall, Fig. 3.
The THz transmission line includes at least ten 90-

degrees turns, and will exploit plane mirrors as functional
components. If the pipe of the transmission line has a diam-
eter smaller than the distance between the irises it is possi-
ble to match incident and outgoing radiation without extra
losses in these irregularities, Fig. 4.
It is possible to calculate the energy spectral density at

the sample position. The bunch form factor considered here
is given in Fig. 5. We set a total length of the transport iris
line of 250 m. The energy losses in the line are accounted
for. The energy spectral density at the exit of transport iris
line as a function of the frequency ν = ω/(2π) is shown
in Fig. 6. Partial contributions of individual modes of the
circular iris guide are illustrated. The sample is set at Ls =
250 meters away from the extracting mirror. The curves
are calculated with analytical formulas in [10]. Here Ne =
6.4 · 109 (1 nC), L = 80 m, b = 30 cm, 2a = 15 cm. The
bunch form factor used is shown on the lower plot of Fig.
5.
The maximum value of the energy spectral density is

achieved at λ � 150 μm. When the bandpass filter is tuned
to this value of λ, the expression for the total edge radiation
pulse energy at the sample can be written in the form

W [mJ] � 0.35
Δω

ω
. (1)

The energy spectral density as a function of frequency ex-
hibits a low frequency cutoff due to losses in the transport
line and a high frequency cutoff due to electron bunch form
factor suppression.
We studied the influence of the edge radiation setup

length L and of the iris hole radius a on the operation of
the THz source. Fig. 7 and Fig. 8 show the dependence
of the THz pulse energy spectral density on the frequency
for different values of these two parameters. In Fig. 7,
Ne = 6.4 · 109 (1 nC), b = 30 cm, 2a = 15 cm. The bunch
form factor used is shown on the right plot of Fig. 5. The
curves indicated with numbers from 1 to 20 refer to differ-
ent values of L starting from L = 20 m and ending with
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Figure 5: Upper plot: Electron beam current profile at the
European XFEL, optimized for THz pump/X-ray probe ex-
periments. Lower plot: Squared modulus of the electron
beam form factor, |F̄ |2, corresponding to the current pro-
file on the upper plot.

L = 210m, with a step of 10m. In Fig. 8Ne = 6.4 ·109 (1
nC), b = 30 cm, L = 80 m. The bunch form factor used is
shown on the right plot of Fig. 5. The curves indicated with
numbers from 1 to 20 refer to different values of a starting
from 2a = 6 cm and ending with 2a = 25 cm, with a step
of 1 cm.
Finally, we note that according to our calculations in Fig.

6, one obtains about 0.12 mJ total THz radiation pulse en-
ergy at the sample position at a wavelength around 0.075
mm with a filter bandwidthΔω/ω ∼ 0.5. For one cycle in
a pulse, corresponding to 50% spectral bandwidth, one ob-
tains about 0.5 GW peak power level. By highly focusing
this THz beam, one will approach the high field limit of 1
V/atomic size.

EUROPEAN XFEL RADIATION
PARAMETERS FOR THZ PUMP/X-RAY

PROBE EXPERIMENTS
The electron beam formation system of the European

XFEL accelerator complex operates with nominal charge

Figure 6: Edge radiation pulse energy spectral density as a
function of frequency transported at the sample position.

Figure 7: Scan of the dependence on L of the edge radia-
tion pulse energy spectral density transported at the sample
position (Ls = 250m downstream of the mirror) as a func-
tion of frequency.

of 1 nC. The initially 2 mm (rms) long bunch is compressed
in three magnetic chicanes by a factor of 4, 8 and 4 respec-
tively, to achieve a peak current of 5 kA.
The design of our THz source is also based on the ex-

ploitation of electron bunches with nominal charge of 1
nC. However, in order to optimize the THz source per-
formance, the electron bunch should be made about two
times shorter than in the nominal mode of operation. In
this case, the peak current increases by a factor two. Op-
eration beyond the design parameters leads to some degra-
dation of the electron beam quality. The operation of the
proposed THz source is insensitive to the emittance and
energy spread of the electron bunch. However, one should
examine the performance of the electron bunches in terms
of X-ray SASE pulses generation, since THz pump/X-ray
probe experiments are based on such pulses.
First, we ran start-to-end simulations for the beam for-

mation system [11]. Subsequently, we studied the perfor-
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Figure 8: Scan of the dependence on a of the edge radiation
pulse energy spectral density transported at the sample po-
sition (Ls = 250m downstream of themirror) as a function
of frequency.

mance of the electron bunch with the help of the FEL code
GENESIS 1.3 [12] running on a parallel machine.
The SASE2 undulator is composed of 35 cells. The

SASE output after the first 10 undulator cells is shown in
Fig. 9. On the upper plot we show the output power, while
on the lower plot one can see the spectrum around the the
fundamental at 1.5 Angstrom. Grey lines refer to single
shot realizations, the black line refers to the average over a
hundred realizations. The output characteristics are in line
with the expected baseline performance, demonstrating an
average power of several tens of GW, and a relative band-
width in the 10−3 range.
Simulations presented in this Section show that the op-

eration of SASE2 with a 1 nC bunch and a peak-current
increase of a factor two compared to the nominal mode of
operation (also with a 1 nC bunch but with design parame-
ters), leads practically to the same peak power of the X-ray
pulse that is in the order of 20 GW. In other words, the two
times shorter bunch duration in our case study has the sim-
ple consequence of a decrease in the X-ray pulse energy of
about a factor two, from around 2 mJ in the design case to
around 1 mJ in our case.
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CONCEPTUAL DESIGN OF AN UNDULATOR SYSTEM FOR A
DEDICATED BIO-IMAGING BEAMLINE AT THE EUROPEAN X-RAY

FEL
G. Geloni, European XFEL GmbH, Hamburg, Germany
V. Kocharyan and E. Saldin, DESY, Hamburg, Germany

Abstract
We describe a future possible upgrade of the European

XFEL consisting of a new undulator beamline dedicated to
coherent diffraction imaging of complex molecules. Cru-
cial parameters are photon energy range, peak power, and
pulse duration. The peak power is maximized in the pho-
ton energy range between 3 keV and 12 keV by the use
of a very efficient combination of self-seeding, fresh bunch
and tapered undulator techniques. The unique combina-
tion of ultra-high peak power of 1 TW in the entire energy
range, and ultrashort pulse duration tunable from 2 fs to 10
fs, would allow for single shot coherent imaging of protein
molecules with size larger than 10 nm. Also, the new beam-
line would enable ima ing of large biological structures in
the water window, between 0.3 and 0.4 keV. In order to
make use of standardized components, at present we favor
the use of SASE3-type undulator segments. The number
segments, 40, is determined by the tapered length for the
design output power of 1 TW. The present plan assumes
the use of a nominal electron bunch with charge of 0.1 nC.
Experiments would be performedwithout interference with
the other three undulator beamlines.

INTRODUCTION
Structural biology aims at understanding biological

functions of proteins by studying their three-dimensional
structures. The main technique for elucidating three-
dimensional structures of macromolecules is X-ray crystal-
lography (see references in [1]). One of the requirements of
X-ray crystallography of biological molecules is that they
form crystalline samples large enough for crystallographic
study. This requirement severely limits the number of bio-
logical molecules that can be studied as many fail to form
crystals. The development of XFELs promises to open up
new areas in life science by allowing structure determina-
tion without the need for crystallization. In fact, as sug-
gested in (see references in[1]), sufficiently short and in-
tense pulses from X-ray lasers may allow for the imaging
of single protein molecules.
This article describes a possible future upgrade of the

European XFEL. We present a study for a dedicated beam-
line for single-biomolecular imaging. The main idea is to
use one of the free undulator tunnels of the EuropeanXFEL
for providing the user community with the three SASE1,
SASE2 and SASE3 lines, with the addition of a fourth
beamline where the combination of 1 TW peak power in
the energy range between 3 keV and 13 keV, and tunability
of the pulse duration from 2 fs to 10 fs will provide signifi-

cantly better conditions for single shot coherent imaging of
protein molecules than at other XFEL facilities.
The European XFEL equipped with a dedicated bio-

imaging beamline represents a development half way in
between a proof-of-principle and a fully dedicated bio-
imaging XFEL facility with high-rate of protein structure
determination. The main advantage of the new beamline
is the operation point at 1 TW with 2 fs-5 fs long pulses
in the particular energy range between 3 keV and 5 keV,
where the diffraction signal is strong. Operation at 1 TW
in this peculiar energy range will not be accessible to other
XFEL facilities at least until the end of the next decade.
These characteristics would enable new exciting possibil-
ities for coherent imaging of protein molecules with size
larger than 10 nm.

BASIC CONCEPT OF THE BIO-IMAGING
BEAMLINE

For the realization of the bio-imaging beamline we pro-
pose to use the same undulator technology optimized for
the generation of soft X-rays at the European XFEL. The
installation and commissioning of the new beamline can
take place gradually. In the beginning, the new beamline
would just extend the soft X-ray (SASE3) beamline and
take advantage of the long XTD4 tunnel. An additional
undulator composed by 19 cells would be added into the
300m-long XTD4 tunnel. This undulator would extend the
existing SASE3 line, composed by 21 cells, and have the
same period of SASE3, in order to obtain a total cell num-
ber of 40. With this, SASE3 would be de facto converted
into a bio-imaging beamline. Then, a new soft X-ray beam-
line, identical to the SASE3 baseline, could be installed in
the free 150 m-long XTD3 tunnel.

Setup Description
The proposed setup is composed of four undulators sepa-

rated by three magnetic chicanes as shown in Fig. 1. These
undulators consist of 4, 3, 4 and 29 undulator cells, respec-
tively. Each magnetic chicane is compact enough to fit one
undulator segment. The installation of chicanes does not
perturb the undulator focusing system. The implementa-
tion of the self-seeding scheme for soft X-ray and hard X-
ray would exploit the first and the third magnetic chicane,
respectively. Both self-seeding setups should be compact
enough to fit one undulator module.
A retractable grating monochromator based on a recent

SLAC design (see references in [1]) will be introduced in
the space created by the first chicane to enable soft X-ray
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Figure 1: Design of the undulator system for the bio-
imaging beamline. The method exploits a combination
of self-seeding, fresh bunch, and undulator tapering tech-
nique. Each magnetic chicane accomplishes three tasks
by itself. It creates an offset for monochromator or X-
ray mirror delay line installation, it removes the electron
microbunching produced in the upstream undulator, and it
acts as a magnetic delay line.

Figure 2: Optics for the compact grating monochromator
originally proposed at SLAC (see references in[1]) for the
soft X-ray self-seeding setup.

self-seeding, Fig. 2. The final design is currently under
active investigations by the SLAC staff. A retractable mir-
ror chicane will be introduced in the second chicane, and
will introduce a tunable delay between electrons and pho-
tons, Fig. 3. Finally, a single-crystal monochromator (also
retractable) will be inserted in the third chicane, to enable

Figure 3: X-ray optical system for delaying the soft X-ray
pulse with respect to the electron bunch. The X-ray optical
system can be installed within the second magnetic chicane
of the fresh bunch setup.

Figure 4: X-ray optics for compact crystal monochromator
(see references in [1]) for a hard X-ray self-seeding setup.

Figure 5: Design of the undulator system for 1 TW power
mode of operation in the soft X-ray photon energy range.
The method exploits a combination of self-seeding scheme
with grating monochromator and an undulator tapering
technique.

hard X-ray self-seeding, Fig. 4.

Generation of TW Pulses in the 0 .3 keV - 1 .7 keV

The four-undulator configuration in Fig. 1 can be natu-
rally taken advantage of at different photon energies rang-
ing from soft to hard X-rays. Fig. 5 shows the basic setup
for the high-power mode of operation in the soft X-ray
wavelength range. The second and the third chicanes are
not used for such regime, and must be switched off. After
the first undulator (4 cells-long) and the grating monochro-
mator, the output undulator follows. The first section of the
output undulator (consisting of second and third undulator)
is composed by 7 untapered cells , while tapering is imple-
mented in the fourth undulator. The monochromatic seed
is exponentially amplified by passing through the first un-
tapered section of the output undulator. This section is long
enough to allow for saturation, and yields an output power
of about 100 GW. Such monochromatic FEL output is fi-
nally enhanced up to 1 TW in the second output-undulator
section, by tapering the undulator parameter over the last
cells after saturation. Under the constraints imposed by
undulator and chicane parameters it is only possible to op-
erate at an electron beam energy of 10 GeV. The setup was
optimized based on results of start-to-end simulations for
a nominal electron beam with 0.1 nC charge (see [1] for

Photon Energy Range
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Figure 6: Design of the undulator system for 1 TW power
mode of operation in the 3 keV - 5 keV photon energy
range. The method exploits a combination of self-seeding
scheme with grating monochromator, fresh bunch and un-
dulator tapering techniques.

Figure 7: Principle of the fresh bunch technique for the
high power mode of operation in the photon energy range
between 3 keV and 5 keV. The second chicane smears out
the electron microbunching and delays the monochromatic
soft X-ray pulse with respect to the electron bunch of 6
fs. In this way, half of of the electron bunch is seeded and
saturates in the third undulator.

references). Results in [1] show the feasibility of nearly
Fourier-limited, TW-level pulses in this energy range.

Generation     of       TW    Pulses       in     the 3 keV   - keV

Fig. 6 shows the basic setup for high power mode of
operation in the most preferable photon energy range for
single biomolecule imaging. All three chicanes are used
for such regime, and must be switched on. The third chi-
cane is used as a magnetic delay only, and the crystal must
be removed from the light path. We propose to perform
monochromatization at photon energies ranging between 1
keV and 1.7 keV with the help of a grating monochroma-
tor, and to amplify the seed in the second undulator up to
the power level of 0.2 GW. The second chicane smears out
the electron microbunching and delays the monochromatic
soft X-ray pulse of 2 μmwith respect to the electron bunch.
In this way, half of the electron bunch is seeded and satu-
rates in the third undulator up to 40 GW, Fig. 9. At satura-
tion, the electron beam generates considerable monochro-
matic radiation at the third harmonic in the GW power
level. The third magnetic chicane smears out the electron

Figure 8: Principle of the fresh bunch technique for the
high power mode of operation in the photon energy range
between 3 keV and 5 keV. The third magnetic chicane
smears out the electron microbunching and delays the elec-
tron bunch with respect to the radiation pulse. The un-
spoiled part of electron bunch is seeded by a GW level
monochromatic pulse at third harmonic frequency. Tun-
ability of the output pulse duration can be easily obtained
by tuning the magnetic delay of the third chicane.

Figure 9: Schematics of a backgroundfiltering setup down-
stream of the extended SASE3 undulator. The scheme for
spatial filtering will make use of a short magnetic chicane
immediately behind the exit of the output undulator, so that
the electron beam bypasses the slits. Vertical and horizon-
tal slits will positioned at 70m (Phase one) or 200m (Phase
two) downstream of the third undulator, where the back-
ground radiation (between 1 keV and 1.73 keV) is charac-
terized by a spot size ten times larger than that of the main
X-ray beam (between 3 keV and 5 keV).

microbunching and delays the electron bunch with respect
to the radiation of 2 μm. Thus, the unspoiled part of the
electron bunch is seeded by the GW-level monochromatic
pulse at the third harmonic frequency, Fig. 10. The fourth,
29 cells-long undulator is tuned to the third harmonic fre-
quency (between 3 keV and 5 keV), and is used to amplify
the radiation pulse up to 1 TW. The additional advantage
of the proposed setup for bio-imaging is the tunability of
the output pulse duration, which is obtained by tuning the
magnetic delay of the third chicane. Simulations show that
the X-ray pulse duration can be tuned from 2 fs to 5 fs. The
production of such pulses is of great importance when it
comes to single biomolecule imaging experiments.
The soft X-ray background can be easily eliminated by

using a spatial window positioned downstream of the fourth

Photon Energy Range
5
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undulator exit, Fig. 9. Since the soft X-ray radiation has
an angular divergence of about 0.02 mrad FWHM, and the
slits are positioned more than 100 m downstream of the
third undulator, the background has much larger spot size
compared with the 3 keV - 5 keV radiation spot size, which
is about 0.1 mm at the exit of the fourth undulator. There-
fore, the background radiation power can be diminished of
more than two orders of magnitude without any perturba-
tions of the main pulse.
Under the constraints imposed by the soft X-ray self-

seeding setup, it is only possible to operate at an electron
beam energy of 10 GeV. The setup was optimized based on
results of start-to-end simulations for a nominal electron
bunch with a charge of 0.1 nC. Results are presented in
Section 4. The proposed undulator setup uses the electron
beam coming from the SASE1 undulator. We assume that
SASE1 operates at the photon energy of 12 keV, and that
the FEL process is switched off for one single dedicated
electron bunch within each macropulse train. A method
to control the FEL amplification process is based on be-
tatron switcher (see references in [1]). Due to quantum
energy fluctuations in the SASE1 undulator, and to wake-
fields in the SASE1 undulator pipe, the energy spread and
the energy chirp of the electron bunch at the entrance of
the bio-imaging beamline significantly increases compared
with the same parameters at the entrance of the SASE1 un-
dulator. The dispersion strength of the first chicane has
been taken account from the viewpoint of the electron beam
dynamics, because it disturbs the electron beam distribu-
tion. The other two chicanes have tenfold smaller disper-
sion strength compared with first one. The electron beam
was tracked through the first chicane using the code El-
egant (see references in [1]). The electron beam distor-
tions complicate the simulation procedure. However, sim-
ulations show (see Section 4) that the proposed setup is not
significantly affected by perturbations of the electron phase
space distribution, and yields about the same performance
as in the case for an electron beam without chicane trans-
formation (see below).
Finally, the design of the grating monochromator for the

soft X-ray self-seeding scheme is under active investiga-
tion. For example, a more compact grating monochromator
design has appeared very recently (see references in [1]).
This novel design is based on the use of a toroidal grating,
and adopts a constant entrance-angle mode of operation.
The resolution and the photon energy range are the same,
but the delay of the photons is about three times smaller.
Therefore, the perturbations of the electron beam distribu-
tions generated in this way would be negligible. Results in
[1] show the feasibility of nearly Fourier-limited, TW-level
pulses in this energy range.

Generation of TW Pulses in 8 keV- 13 keV Energy

Fig. 10 shows the basic setup for the high-power mode
of operation in the hard X-ray photon energy range. The
first and the second chicane are not used in this regime, and

Figure 10: Design of the undulator system for 1 TW power
mode of operation in the 8 keV - 13 keV photon energy
range. The method exploits a self-seeding scheme with
crystal monochromator.

are switched off. After the first three undulators and the
single-crystal monochromator, a fourth output-undulator
follows. Under the constraints imposed by the undulator
parameters it is possible to operate at two nominal electron
beam energies of 14 GeV and 17.5 GeV. The setup was
optimized based on results of the start-to-end simulations
for an electron beam energy of 17.5 GeV and a nominal
electron beam with 0.1 nC charge. Results are presented in
section 4. The output undulator is long enough to reach 1
TW power. The duration of the output pulses is of about 10
fs. In this mode of operation there is no possibility to tune
the pulse duration without changing the electron beam dis-
tribution. If tunability of the pulse duration is requested in
this energy range, this is most easily achieved by providing
additional delay with a magnetic chicane installed behind
the hard X-ray self-seeding setup. Results in [1] show the
feasibility of nearly Fourier-limited, TW-level pulses in this
energy range.
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DEPENDENCE OF FEL INTENSITY ON THE AVAILABLE NUMBER OF 
UNDULATORS FOR FERMI FEL-1* 

E. Allaria#, Sincrotrone Trieste, Strada Statale 14 - km 163.5, 34149 Basovizza, Trieste ITALY

Abstract 
FERMI@Elettra [1] is a free electron laser user facility 

based in Trieste Italy. The first FEL line (FEL-1), based 
on the high gain harmonic generation scheme, covers the 
spectral range from about 80nm down to 20nm with high 
quality FEL pulses and started producing FEL light for 
user operations in 2011. FERMI FEL-1 radiator is 
composed by six undulators 2.4 meter long with the 
available space for additional two undulators. In this work 
we investigate the impact of additional undulators on the 
FEL performance in the case of FERMI FEL-1. We 
finally extend the work studying the dependence of the 
FEL power as a function of the length of the radiator for 
FELs based on the high gain harmonic generation scheme 
showing that for typical parameters there is a linear 
dependence. 

INTRODUCTION 
The use of harmonic generation to produce FEL pulses 

at short wavelength starting from an external seed laser at 
long wavelength has been applied to high gain single pass 
FELs to generate VUV coherent emission [2]. In the last 
decade HGHG has been demonstrated and studied in few 
FEL test facilities [3] and all experiments have shown the 
capability of HGHG to produce FEL pulses with a well-
controlled and narrow bandwidth. Due to the quality of 
available electron beam parameters and the length of 
undulators some of these experiments does not necessary 
implies a strong exponential growth of the power along 
the undulator that in some cases is just few meter long. In 
those cases, the FEL power only has coherent emission in 
the radiator without exponential gain and the process is 
generally called coherent harmonic generation (CHG) 
while HGHG should be associated to cases with an 
exponential growth of the power in the radiator that 
generally is much longer.  

In this work we focus on the impact of the length for 
the final radiator in the case of a HGHG FEL using the 
parameters of FERMI as a case study.  

As it will be shown the results for HGHG are different 
from what occurs for a simple FEL amplifier that starts 
from a week signal. In FEL amplifiers the input signal 
can be provided by an external source or by the 
spontaneous emission as in self-amplified spontaneous 
emission (SASE) [4] and the output power drastically 
depends on the length of the radiator. Indeed, the power 
that a FEL amplifier can produce increases exponentially 
with the length of the available radiator till saturation is 
reached.  

 

HGHG AT FERMI 
An HGHG or a coherent harmonic generation (CHG) 

FEL can be divided into three parts, the modulator, the 
bunching section and the radiator.  

In the modulator the electron beam is in resonance with 
the electromagnetic wave of the external seed laser. Due 
to the interaction with the seed laser the electron beam 
become energy modulated with a periodicity equal to the 
seed wavelength.  

The energy modulation is then converted into density 
modulation when the electron beam is passing through 
the dispersive section where high-energy electrons 
perform a path shorter than low energy electrons. Density 
modulation is created at the seed laser wavelength and its 
harmonics 

The final radiator is set so that the electron beam is at 
resonance with the desired harmonic of the seed laser. As 
a consequence of the bunching, electrons will 
immediately emit coherently and this emission is 
generally several orders of magnitude larger than the 
spontaneous emission. In HGHG the further interaction of 
the electron beam with the produced coherent radiation 
lead to an increase of the bunching and a rapid increase of 
the produced FEL radiation.  

In a simple view the first part, where only coherent 
emission is generated, power increases quadratically with 
the undulator length while an exponential growth of the 
power along the undulator characterize the second part. In 
this final part the bunching increase is associated with the 
self induced effect that characterized high gain FELs 

FERMI Parameterts 
FERMI uses electron beams accelerated by a normal 

conducting linear accelerator with electron beam energy 
in the range between 0.9 and 1.5GeV. Electron bunches 
with a charge of few hundreds of pC are generated in a 
high brightness RF photocathode gun. The accelerator has 
two bunch compressors and has been designed to 
preserve the high quality and brightness of the beam up to 
the entrance of the undulator. The design value for the 
normalized emittance of the electron beam at the 
undulator entrance is of the order of 1 mm mrad and the 
energy spread of the order of 100keV. A more detailed 
description of the accelerator design and configuration is 
reported in [1]. 

FEL studies at FERMI started in 2011 demonstrating 
the capability to generate high quality FEL pulses in the 
30 nm spectral range starting from an UV seed laser at 
about 260nm [5]. Due to incomplete installation of all 
accelerator components, the electron beam used in the 
first period of FERMI has not been the final one. In 
particular the electron beam peak current used during first 

____________________________________________  
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periods of operation has been in the range between 350A 
and 500A compared to about 800A that is the design 
value. 

In this study we focus on the 500A peak current 
electron beam and study its impact on the output power of 
the radiator length. Other electron beam parameters are 
reported in Table I. 

 
Table 1: Electron Beam Parameters 

Parameter Value Units 

Energy 1.2 GeV 

Energy spread 100 keV 

Normalized transverse 
emittance 

1.0 mm mrad 

Peak current 500 A 

Average beta 10 m 

 
The undulator parameters used for these studies are the 

ones of the first FEL at FERMI (FEL-1) [1] and the 
scheme is sketched in Figure 1. The FEL-1 radiator 
(RAD) is composed of six 2.4 meter long undulators with 
a period of 55 mm. FERMI has the possibility to extend 
the length of the present radiator by adding two additional 
undulators (Free). In order to study the effects of 
undulator length also beyond the present capability of 
FERMI we have considered a radiator up to 10 undulators 
long.  

 

 

Figure 1: Layout of the undulator system of FERMI FEL-
1 and used for this work.  

The studied setup uses a seed laser at 260 nm with a 
seed power that for this work can be varied in the range 
between 20 MW and 1GW. The seed power level is used 
as an optimization parameter to maximize the FEL output 
power for the various cases. Seed laser interacts with the 
electron beam in the modulator (MOD) that in FERMI is 
a 3-meter long undulator with an undulator period of 100 
mm. The energy modulation produced in the modulator is 
converted into density modulation by the “dispersive 
section” that has a R56 that can also be varied to 
maximize the output power from few microns to more 
than 100 microns. 

 

FEL DEPENDENCE ON RADIATOR 
LENGTH 

Due to the different processes that originate the 
coherent emission of the FEL the effects of the available 
length for the radiator is different for FELs operating in 

the HGHG regime with respect to the case of a simple 
FEL amplifier or a SASE FELs.  

In an amplifier FEL the start-up power is defined by the 
seed laser power or by the electron beam shot noise. By 
contrast, the start-up in an HGHG can be easily controlled 
by adjusting the seed power or optimizing the bunching in 
the dispersive section. 

In the case of a HGHG the amount of bunching and 
coherent emission that initiate the process can be 
optimized in order to allow the beam to reach the 
maximum bunching before the end of the radiator. Since 
this optimization can be done independently the length of 
the radiator the effect of the undulator length on the FEL 
output power is less critical than in a simple FEL 
amplifier. In the case of an amplifier indeed, the radiator 
has to be long enough to allow the FEL to reach the 
saturation while starting with the available input power. 
Being in the exponential regime in case of a shorter 
undulator the FEL power would be significantly reduced. 

 

 
Figure 2: FEL evolution as a function of radiator length 
for simple amplifier (SASE, red) and HGHG with 5, 6 
and 7 undulators (green, blue, green respectively). FEL 
power is reported in linear (a) and logarithmic (b) scales. 
The bunching (c) shows a local maximum in all cases in 
the last undulator. The value of the maximum bunching is 
different for various cases due to different seeding that 
has been used to optimize the system and that produce 
different energy spread (d) into the beam entering the 
radiator. 

 
Figure 2 reports the results of GINGER [6] simulations 

of the FEL process in different conditions. A case of FEL 
amplifier (red) is shown together with three HGHG cases 
with different radiator length. All cases use the same 
electron beam and HGHG cases have been optimized in 
terms of seeding power and strength of the dispersive 
section to maximize the FEL output power. HGHG 
results show how for each length of the radiator it is 
possible to optimize the seeding in order to reach the 
maximum bunching within the length of the available 
undulator (Figure 2-c). Since shorter undulator requires 
stronger seed and hence a larger energy spread the 
absolute values for the maximum bunching and output 
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power depend on the length of the undulator. However 
such dependence is less critical than in the simple 
amplifier regime.  

Power vs Undulator Length 
Results of HGHG numerical simulations in terms of 

maximum power as a function of the number of used 
undulators is reported in Figure 3-a. Results indicate an 
almost linear increase of power with the length of the 
radiator. The FEL saturation power [7] is reached by 
HGHG with about 8 undulators and longer radiators 
allow slightly exceeding the saturation power.  

 

Figure 3: (a) Maximum power achievable from HGHG 
for the electron beam with 500 A of peak current as a 
function of the number of undulator used for the final 
radiator. (b)  Final bunching (right axis, black line), and 
energy spread at the entrance and exit of the radiator (left 
axis, red dashed and continuous lines respectively) 
achieved in the conditions that maximize the output 
power. Data are plotter as a function of the number of 
undulator that constitutes the radiator. 

 
Figure 3-b reports the energy spread of the beam at the 

entrance and ant the exit of the radiator (left axis) and the 
output bunching (right axis) for various length of the final 
radiator. As it has been anticipated, shorter radiators 
require a stronger seed that lead to a larger entrance 
energy spread. As a consequence of the higher initial 
energy spread the FEL process is less effective and the 
final power, energy spread and bunching are smaller for 
shorter undulators.  

Generalization of the Results 
In this section we report the results of additional 

simulations where the power as a function of the radiator 
length are studied for the three different cases 
characterized by different values of beam peak current. In 
order to be able to compare results obtained with different 

electron beams, for each current the HGHG power is 
normalized to the corresponding saturation power 
calculated with the M. Xie formula [8]. Similarly the 
length of the used radiators are normalized to the 
corresponding gain lengths obtained with Xie formula.  

 

 
Figure 4: Maximum power normalized to the saturation 
power for HGHG with three different values for the beam 
current, 350A, 500A and 800A (green, blue and red 
respectively). FEL power is reported as a function of the 
length of the available radiator, length has been 
normalized to the FEL gain length. 

 
Data reported in Figure 4 show that for HGHG the FEL 

power that can be produced from a given radiator only 
increases linearly with the length of the available radiator. 
In the particular case of FERMI that has been studied 
here this linear behavior is almost independent on the 
current of the electron beam.  

Using the data corresponding to radiators that are from 
3 to 10 gain lengths long, all results can be fitted with an 
unique linear function that express the power from 
HGHG (PHGHG) as a function of the available length of 
the radiator (Lrad): 

PHGHG

PSat

= 0.17 ⋅
Lrad

Lg

− 2.5
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ . (1) 

In Eq. 1 Lg and Psat are the gain length and saturation 
power calculated for the electron beam under 
consideration.  

Eq. 1 could be used to predict the expected power from 
an FEL in HGHG configuration using a given undulator 
whose length is larger than 3 gain lengths and shorter 
than 10 gain lengths.   

Additional studies, not reported here, show that the 
same behavior of normalized power vs normalized 
undulator length is obtained using different electron 
beam. Electron beam with larger energy spread and or 
emittance has been studied with the undulator setup used 
here and results fit well with the curve presented here.  

Reported results summarized by Eq. 1 could be useful 
in the design of FEL facility based on HGHG. Eq. 1 could 
be used for a quick estimation of the undulator length in 
the FEL performance and guide for the decision of the 
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length for the radiator length with all the constraints 
(space, budget, …). 

CONCLUSIONS 
We report a study that shows the linear dependence of 

the maximum output power of an HGHG FEL on the 
length of the radiator. While for a given radiator length 
the power will still have quadratic or exponential growth 
along the undulator length, the final power that an HGHG 
FEL can produce depends only linearly on the length of 
the radiator. Using the standard FEL normalization a 
universal linear dependence of power as a function of the 
length has been found. 
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STATUS OF THE DELTA SHORT-PULSE FACILITY∗
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Center for Synchrotron Radiation (DELTA), TU Dortmund University, 44221 Dortmund, Germany

Abstract
Since 2011, a new Coherent Harmonic Generation

(CHG) source is under commissioning at the 1.5-GeV stor-

age ring DELTA. Following first experiments using the fun-

damental wavelength of a Ti:sapphire laser to modulate the

electron energy in a small slice of the electron bunches,

400 nm pulses from a second-harmonic conversion unit are

used since early 2012. With the radiator tuned to the second

harmonic thereof, 200 nm CHG pulses are routinely ob-

served. In order to detect higher harmonics and to proceed

to a seed wavelength of 266 nm, an evacuated diagnostics

beamline is under construction. Additionally, an existing

VUV beamline is being upgraded to allow for the detec-

tion of the CHG pulses and their utilization in pump-probe

experiments. Furthermore, a dedicated THz beamline pro-

vides valuable information about the laser-induced energy

modulation of the electrons. In this paper, the status of the

project and technical details will be presented.

INTRODUCTION
At free-electron lasers (FELs) based on linear acceler-

ators, good progress is being made in generating ultra-

short radiation pulses in the VUV and X-ray regime in or-

der to investigate atomic phenomena on the femtosecond

timescale. The large fluctuations of arrival time and spec-

tra of the pulses generated by SASE FELs can be effec-

tively alleviated by seeding the FEL process with exter-

nal laser pulses, or, most recently, with pulses generated

by an upstream undulator [1]. It is nevertheless worth-

while to develop methods to generate ultrashort pulses at

conventional synchrotron radiation sources, given the large

number of existing facilities and their well-established user

communities. One method is Coherent Harmonic Genera-

tion (CHG) [2, 3, 4].

The principle of CHG is illustrated in Fig. 1. The interac-

tion between the electrons and a co-propagating laser pulse

in a first undulator (the ”modulator”) causes a periodic en-

ergy modulation within a small slice (typically 50 fs long)

of the bunch. Tilting the phase-space distribution by means

of a dispersive chicane results in microbunches, which ra-

diate coherently at harmonics of the laser wavelength in

a second undulator, the ”radiator”. Typically, the radia-

tor can be tuned to provide ultrashort pulses with reason-

able intensity up to the 5th harmonic. Doubling or tripling

the frequency of the external laser pulse through nonlinear

∗Work supported by DFG (INST 212/236-1 FUGG), BMBF

(05K10PE1, 05K10PEB), and the Federal State NRW
† holger.huck@tu-dortmund.de

crystals, as well as the extension of the scheme to so-called

Echo-Enabled Harmonic Generation (EEHG) [5], allows

for even shorter wavelengths.

At the storage ring DELTA operated by the TU Dort-

mund University, a new CHG source with focus on user

availability is under commissioning since 2011 [6, 7]. The

goal is to provide ultrashort pulses at 23 eV (53 nm, the 5th

harmonic of 265 nm) for future pump-probe experiments

in standard routine operation.

Figure 1: Principle of Coherent Harmonic Generation. In

the modulator, a laser pulse imprints an energy modula-

tion onto a short slice of the electron bunch. This slice

is micro-bunched in a dispersive chicane, and the micro-

bunched electrons then radiate coherently at harmonics of

the laser wavelength.

SETUP AND IMPROVEMENTS
DELTA is a 1.5-GeV synchrotron light source with a

circumference of 115.2 m (Fig. 2). Located in the north-

ern straight section, the electromagnetic undulator U250

consists of 19 periods of 25 cm each, and was in the past

used as optical klystron for storage-ring FEL studies. New

power supplies allow separate tuning of the first and last

part up to a wavelength of λ = 1 μm (undulator param-

eter K = 12), while the three central periods serve as a

dispersive chicane with magnetic fields up to 0.76 T.

Seed Beamline
A Ti:sapphire laser system (Tab. 1) sends pulses of 35

fs duration through beamline BL3 into the U250 undulator

(Fig. 2). The position and size of the laser waist can be

changed by remote-controlled mirrors and lenses. A sec-

ond/third harmonic generation unit (SHG/THG) is located

between the laser amplifier and the telescope.
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Figure 2: Overview of the DELTA accelerator complex.

Table 1: Laser and Harmonic Pulse Energies

Laser SHG THG

wavelength 796 nm 398 nm 265 nm

pulse energy @ 1 kHz 8 mJ 1.8 mJ 0.75 mJ

Recently, the beamline including the telescope tank has

been evacuated and the remaining laser path has been cov-

ered. Both measures visibly stabilized the laser spot shape

and pointing (Fig. 3), thus increasing the overall stability of

the laser-electron overlap.

Figure 3: Position of the laser spot at the waist before (left)

and after (right) covering the laser path on the optical table.

When working with a seed laser wavelength of 400 nm,

however, the present setup yields a severe reduction of

the central cone intensity of the laser light in the undu-

lator (Fig. 4), thus limiting the achievable CHG perfor-

mance. This donut-shaped profile can be attributed partly

to the accumulated effects of intensity-dependent index of

refraction in two vacuum windows (Fig. 5) and three lenses.

Thermal distortions in the first window may also play a

role. Furthermore, the accumulated material dispersion af-

ter the SHG crystal (at which the laser pulses are shortest)

leads to temporal pulse stretching to ∼200 fs in the undu-

lator, thus severely reducing the peak power.

To amend this situation, alterations of several parts of the

seed beamline are underway:

• A mirror telescope on the laser table now increases the

Figure 4: Sketch of the seed beamline BL3 (left). The laser

pulses from the THG unit pass through two vacuum win-

dows (W1, W2) and three lenses (L1-3) before entering

the undulator, which leads to a donut-shaped laser profile

(right).

Figure 5: Vertical (blue) and horizontal (red) apertures of

the laser path from BL3 to BL4, starting from the THG

unit. The green curves denote the spot size (2σ radius) of

the laser pulses, which pass through two vacuum windows

(W1, W2) before entering the undulator.

spot size on the first vacuum window (W1).

• The spot size on the vacuum window between BL3

and the storage ring (W2) is increased by reposition-

ing the window towards the telescope.

• Replacing the 3-lens telescope in the vacuum tank by

a reflective telescope will reduce material dispersion.

• Plans exist for repositioning the frequency-up conver-

sion and pulse compression into the vacuum tank.

Diagnostics Beamline
The undulator radiation can be guided into a diagnostics

hutch (BL4) by a water-cooled copper mirror. The tempo-

ral overlap of electrons and laser pulses is measured with an

accuracy of ∼100 ps using a photodiode that observes the

undulator and laser pulses, and to ∼10 ps using a streak

camera. Transversely, two different methods have been

used to control the overlap between the laser pulses and

the undulator radiation (Fig. 6). Firstly, two CCD cameras

WEPD12 Proceedings of FEL2012, Nara, Japan

402C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Progress and Projects



with different focal lengths look upstream into the undu-

lator. Secondly, the images on two screens, approximately

11 m and 18 m from the modulator, are recorded. While the

camera images of the first method are difficult to interpret,

the second method suffers from the large opening angles of

the beams and the distance from the interaction area. Au-

tomating the analysis of the images is planned in order to

find and maintain the transverse overlap more easily.

Figure 6: Transverse laser-electron overlap observed in the

undulator (left) and on downstream screens (right).

Currently, a new evacuated beamline is being built in

order to observe and characterize CHG radiation below

200 nm.

Pump-Pulse Beamline
At the VUV beamline BL5, operated by the

Forschungszentrum Jülich, spin- and angle-resolved

photoelectron spectroscopy experiments are carried out

using the radiation from the U250 undulator. In order to

enable pump-probe experiments using the CHG pulses, an

evacuated laser beamline has been built to send a fraction

of each laser pulse with a variable delay to the experimen-

tal station of BL5. Additionally, the pump pulses will be

available for experimenters at the THz beamline described

in the next paragraph.

THz Beamline
Approximately 13 meters downstream of the undula-

tor, energy-dependent path length differences displace the

off-energy electrons of the modulated slice far enough to

leave a gap (approx. 100 μm) in the bunch profile. The gap

gives rise to coherent THz radiation in a bending magnet.

This THz radiation is first deflected by a water-cooled and

gold-coated plane copper mirror and then extracted through

a dedicated beamline (BL5a), consisting of six toroidal

aluminium mirrors, each pair of which forms a Gaussian

telescope for wavelength-independent focusing. The THz

pulses, detected by a LHe-cooled hot-electron bolometer,

provide a sensitive signal for detecting and optimizing the

laser-electron overlap in the undulator, but are also used

for other purposes. For example, the longitudinal elec-

tron bunch profile can be recorded by shifting the timing of

the laser trigger with respect to the storage ring RF phase;

transverse bunch profiles are studied by transversely dis-

placing the laser pulses using a mirror in the seed beamline

[8]. The longitudinal scans revealed that in standard user

operation (1.5 GeV electron energy, 25 kW RF power) and

for bunch currents up to 15 mA the bunch length stays at a

constant value slightly above 100 ps (FWHM). This value

is significantly higher than the natural bunch length of 85

ps, which may be attributed to jitter, but current-dependent

lengthening due to the microwave instability does not occur

at these bunch currents. This is consistent with the absence

of spontaneous THz bursts, which have been observed else-

where [9].

Currently, a Fourier-transform IR spectrometer is under

commissioning, which allows to analyze THz pulses within

a range of 0.5 - 250 THz.

EXPERIMENTAL RESULTS
CHG signals with an intensity about 20 times higher

than that of the spontaneous emission of a single bunch

have been achieved [10] with a seed wavelength of 800

nm, showing good progress compared to first results [6].

Furthermore, significant coherent contributions at radiator

wavelengths of 265 nm and 200 nm have been recorded, as

well as the second harmonic of the radiator tuned to 400

nm. Due to air absorption, higher harmonics could not yet

be observed.

The dependence of the CHG intensity on the laser pulse

energy E was measured by tilting the polarization vector

of the laser pulses with a half-wave plate, thus changing

the projected electric field in the undulator plane. For the

nth harmonic, the power of the CHG radiation should scale

with the squared nth Bessel’s function Jn according to

Pn ∝ J2
n(
√
E) [11]. The data for the second harmonic

confirm this behaviour [10].

Early this year, the seeding wavelength was changed

from 800 to 400 nm, and coherent pulses at 200 nm have

been routinely observed. A typical spectrum, obtained with

a Czerny-Turner spectrometer and a photomultiplier capa-

ble of resolving the revolutions of bunches in the storage

ring, is shown in Fig. 7. The CHG spectral width of 2.4

nm indicates a time-bandwidth product close to the Fourier

limit, assuming a pulse duration of 50 fs.

CHICANE STRENGTH
The dispersive chicane in the current undulator configu-

ration consists of one full and two matching undulator pe-

riods with higher magnetic field. This S-shaped chicane

yields an R56 value that is significantly lower than required

for optimum micro-bunching. This has been shown by sim-

ulations and by magnetic field measurements, and was re-

cently confirmed by analyzing the spectra of the sponta-

neous emission of the optical klystron with both undulators

tuned to the same wavelength (Fig. 8).
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Figure 7: Spectrum of the spontaneous emission (blue) and

coherent radiation (red) around 200 nm in air with a laser

and modulator wavelength of 400 nm and the radiator tuned

to the second harmonic. The top graph was acquired with

a scanning PMT spectrometer and additional bandpath fil-

ters. The bottom graph shows only the spontaneous emis-

sion acquired with a CCD spectrometer without bandpath

filters.

Figure 8: Dispersive strength R56 of the U250 chicane,

determined by simulation (red curve), by field measure-

ments (green dots), and by measured spectra of the optical

klystron with both undulator parts tuned to 200 nm (blue

dots).

The chicane provides a maximum R56 value of 10 μm,

while the modulator with seven periods adds another

∼5.6 μm (for λ = 800 nm) [12]. According to

R56 · Δγ

γ
≈ λ

4
,

for optimum density modulation and an energy modulation

of (Δγ/γ) < 0.5%, the chicane should be nearly three

times stronger (R56 = 34 μm). At 400 nm and 266 nm,

the requirements on the chicane are somewhat relaxed, but

on the other hand both the dispersion contribution by the

modulator and the available pulse energy are lower (Tab. 1).

A U-shaped chicane would provide a larger R56 value.

It is planned to rewire the chicane magnets such that they

can easily be switched between the present S-shaped con-

figuration (compatible with the user mode) and a U-shaped

chicane.

OUTLOOK
The measures described in this paper will increase both

the intensity and the achievable photon energy of the CHG

pulses. Reducing material dispersion in the seed beamline

is a necessary step in order to maintain a high peak power

of the laser pulses in the undulator when seeding with the

second or third harmonic of 800 nm. Rewiring the central

undulator periods should provide a strong enough disper-

sive chicane for optimum micro-bunching. An evacuated

diagnostics beamline will enable the detection and opti-

mization of the second harmonic of 265 nm, while higher

harmonics can be detected by the user beamline BL5. The

final goal is to provide ultra-short VUV pulses at 53 nm for

time-resolved photoelectron spectroscopy at BL5 in stan-

dard routine operation.

As an upgrade to the CHG facility at DELTA, plans for

echo-enabled harmonic generation exist [13], which would

provide coherent radiation pulses at even higher photon en-

ergies. For this purpose an additional undulator is needed,

and the northern straight section of the storage ring must be

extended.
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BEAM DYNAMICS DESIGN OF THE CLARA FEL TEST ACCELERATOR 
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Abstract 
CLARA (Compact Linear Advanced Research 

Accelerator) is a proposed FEL test facility at Daresbury 
Laboratory in the UK. This is proposed to be a 250 MeV 
normal-conducting linac capable of producing short, high 
brightness electron bunches which can be synchronised 
with an external source. CLARA will build upon the 
EBTF photoinjector under construction at Daresbury, 
utilising the S-band RF electron gun. Bunch compression 
will be achieved via two methods: a variable magnetic 
chicane with fourth harmonic cavity, or velocity bunching 
in the low energy regime. CLARA will be capable of 
providing beams for various novel FEL schemes. 

INTRODUCTION 
CLARA is proposed to be the UK’s national FEL test 

facility. The design approach adopted is to build 
flexibility in both operation and layout, enabling as wide 
an exploration of FEL schemes as possible. For a full 
overview of the aims of the project and details of FEL 
schemes under consideration see [1]. The accelerator 
design is aimed at being flexible, allowing for various 
modes of operation at different energies and ultilising 
different compression methods.  

CLARA will be based on normal conducting S-band 
RF linac structures, with a maximum energy of 250 MeV. 
Four linac structures will be used. The first one a short 
2 m long section, and the next three either 4 or 5 m in 
length. A schematic is shown in Fig. 1. 

There will be two modes of bunch compression in 
CLARA: the first uses velocity bunching in the first 2 m 
linac section, and the second uses a magnetic chicane at 
around 70 MeV. Two modes are proposed for the velocity 
bunching scheme, one pushing high peak current for 
single-spike SASE FEL operation, and the other a more 
generic bunch with around 300 A peak current. 

For the seeded FEL schemes, a bunch with a flat 
current profile over 300 fs is desirable. The long flat-top 
will help reduce any effects of jitter between the electron

bunch and seed laser. Simulations suggest such a bunch 
cannot be produced by velocity bunching so compression 
by a magnetic chicane was also investigated. However, a 
long, flat-top longitudinal profile cannot be produced if 
the bunch entering the magnetic chicane has curvature in 
longitudinal phasespace. As such, various options were 
investigated for correcting this curvature, including 
introducing non-linear elements, such as sextupoles, into 
the chicane. It was found that the best solution was to use 
a higher harmonic cavity before the chicane. 

MODES OF OPERATION 
Five different FEL modes have currently been 

identified: long pulse for the seeded FEL experiments, 
short pulse for SASE, ultra-short pulse for single spike 
SASE, multibunch mode for an oscillator FEL and a high 
repetition rate mode. The high repetition rate mode will 
be a technology demonstrator to push normal conducting 
linac technology, with the aim being 400 Hz. It is 
envisaged that to reach this repetition rate, the gradient in 
the cavities might need to be reduced, so the final electron 
beam energy could be lower. Bunch charges of up to 
250 pC have been investigated, with 100 pC nominal for 
the velocity bunched schemes and 200 pC for the 
magnetic compression. For the oscillator FEL, 20 bunches 
at a spacing of 200 ns will be required. The RF pulse 
width will need to be able to accommodate this.  

PHOTOINJECTOR 
The photoinjector for CLARA will be based around 

that of the Electron Beam Test Facility (EBTF), currently 
under construction at Daresbury Laboratory [2]. The 
electron gun in the first stage will be a 2.5 cell normal 
conducting S-band RF gun, as shown in Fig. 2. This was 
originally intended for use on the ALPHA-X laser 
wakefield project [3]. A solenoid surrounds the gun cavity 
with a bucking coil to zero the magnetic field on the 
cathode plane. The design gradient is 100 MV/m. 

Figure 1: CLARA Schematic. 
 ___________________________________________  

*julian.mckenzie@stfc.ac.uk 
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Figure 2: The EBTF/ALPHA-X photoinjector gun. 

For all simulations, an intrinsic transverse emittance 
from the copper photocathode is included as per LCLS 
measurements of 0.9 mm mrad per mm rms of a flat-top 
laser spot [4]. The simulated longitudinal laser profile is a 
Gaussian of around 100 fs rms. This allows the gun to 
operate in the so-called "blow-out" regime, where the 
bunch length expands due to space-charge. Figure 3 shows 
ASTRA [5] simulations of a 200 pC beam from the 
photoinjector through Linac-1, and shows the bunch 
length blow-up from 100 fs to 1.2 ps rms. 

 

 
Figure 3: (Top left) rms beamsize, (top right) projected 
emittance, (bottom left) rms bunch length, (bottom right) 
energy. 

BUNCH COMPRESSOR 
To accommodate modes which rely solely on velocity 

bunching for compression, a variable bunch compression 
chicane, as shown in Fig.4, has been designed. This way, 
the bunch compressor can effectively be bypassed without 
bending the beam. The central two dipoles can be offset 
transversely up to 300 mm, allowing the R56 to 
continuously vary from 0 to 72 mm. The bunch 
compressor has been specified to operate at beam 
energies from 70 - 150 MeV.  

 
Figure 4: Variable bunch compressor. 

Table 1: Bunch Compressor Parameters 

Parameter  Units 
Energy at compressor 70 - 150 MeV 
Min. - Max, bend angle 0 - 200 mrad 
Bend magnetic length 200 mm 
Max. bend field 0.5 T 
Min. - Max. transverse offset 0 - 300 mm 
Z-distance DIP-01/04 - DIP-02/03 1500 mm 
Z-distance DIP-02 - DIP-03 1000 mm 
Max. bellows extension 260 mm 
Min. - Max. R56 0 -72 mm 
Max. σx from δE (±3σ) 0 - 10 mm 
Max. σx from βx (±3σ) 1.5 mm 

MAGNETIC COMPRESSION 
For simulating the magnetic compression scheme, 

ASTRA was used until the exit of Linac-1, to include 
space-charge, and then ELEGANT [6] until the exit of 
Linac-4, to include cavity wakefields and coherant 
synchrotron radiation, but only longitudinal space-charge. 
Without linearising the phasespace, only a peaked current 
profile can be produced, as shown in Fig. 5 for a charge 
of 200 pC. Simulations were produced with Linac-2 
accelerating the beam to both 70 MeV and 130 MeV to 
look at the effects of compressing and transporting the 
beam at different energies [7]. It was found that, after the 
bunch compressor, the beam has a residual chirp which 
can be removed by operating the post-chicane linac 
modules off-crest. This is easier to achieve if the 
compressor is at a lower beam energy, and thus 70 MeV 
was chosen as the nominal. 

 
Figure 5: Longitudinal phasespace (left) and current 
profile (right) of the magnetically compressed bunch 
without linearisation. 

To achieve a long, flat-top current profile as required 
for the seeded FEL modes, the longitudinal phasespace 
must be linearised before or during compression. Two 
options were investigated: magnetic elements in the 
bunch compressor, or a harmonic RF cavity before the 
compressor. The sign of the natural T566 term in the bunch 
compressor chicane must be changed. This can be done 
by adding sextupoles to the chicane. The number, 
positions and strengths of these were parameters in a 
Luus-Jaakola optimisation [8]. This scheme could 
produce the desired beam parameters, however, it was not 
found to be robust under anticipated RF jitter due to 
change in energies changing trajectory through the 
chicane. 
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The chosen method for phasespace linearisation is by 
utilising harmonic RF. A fourth harmonic (11.992 GHz) 
structure 0.7 m long was added immediately prior to the 
magnetic chicane. A Luus-Jaakola optimisation was then 
performed with variables being the harmonic voltage and 
phase, the off crest phase of the preceding linac and the 
angle of the compressor dipoles. Results for two 
candidate tunings are shown in Fig. 6, with flat-top 
current profiles 200 and 300 fs long respectively. The 
peak voltage on the linearising cavity is ~7 MV/m. It can 
be seen that the additional complication of a harmonic 
cavity is justified by the ability to predictably tailor 
longitudinal phase space.  

 

 
Figure 6: (Top left) βx,y (black, red) and ηx,  (top right) 
emittance (x,y), (middle left) Longitudinal phase space 
(blue - optimised for 200 fs flat top, red - optimised for 
300 fs flat top). (middle right) Current profile (40 fs 
slices, optimised for 200 fs flat top, red - optimised for 
300 fs flat top). (bottom left) Normalised slice emittances 
(40 fs slices): horizontal / vertical (blue / red - optimised 
for 200 fs flat top, green / orange - optimised for 300 fs 
flat top) (bottom right) Slice energy spread (20 fs slices) 
optimised for 200 fs flat top, red - optimised for 300 fs 
flat top.   

VELOCITY BUNCHING 
An alternative to magnetic compression is to use 

velocity bunching in the low energy section of the 
accelerator. The first 2 m linac section is set to the zero 
crossing to impart a time-velocity chirp along the bunch. 
The bunch then compresses in the following drift space. 
The second linac section is positioned at the waist of the 
bunch length evolution, after 3 m of drift space to rapidly 
accelerate the beam and "capture" the short bunch length. 
Solenoids are required around the bunching section to 
control the transverse beam size and prevent emittance 
degradation.  

 
Figure 7: Short pulse velocity bunched beam (Top left) 
Longitudinal phase space (top right) Current profile 
(bottom left) Normalised slice emittances (40 fs slices) 
(Bottom right) slice energy spread. 

Optimisation of these schemes were performed using a 
multi-objective genetic/evolutionary algorithm based on 
the non-dominated sorting approach, similar to NSGA-
II [9]. The optimisation was performed using ASTRA 
only up to the exit of Linac-2, optimising on both 
transverse emittance and bunch length simultaneously. 
Two tunings are shown for a bunch charge of 100 pC. 
The first, shown in Fig. 7, has a peak current of 300 A, 
which possesses a similar current profile to the non-
linearised magnetically-compressed bunch but with a less 
desirable emittance profile, although slice emittance does 
remain less than 1 mm mrad at the peak. The current 
distribution is too peaky and thus cannot be used for the 
seeded FEL scheme, however can be used for the long-
pulse SASE mode. 
 

 
Figure 8: Ultra-short pulse velocity bunched beam (Top 
left) Longitudinal phase space (top right) Current profile 
(bottom left) Normalised slice emittances (40 fs slices) 
(Bottom right) slice energy spread. 

The second tuning pushes the velocity bunching to a 
high level, achieving a peak current over 2 kA after Linac 
2. Tracking the bunch through to 250 MeV in ELEGANT 
with wakefields on, shows degradation down to 800 A.  
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The bunch profiles are shown in Fig. 8. This mode will 

be used for single-spike SASE FEL operation. It is 
expected that arrival time jitter will be greater for the 
velocity bunched modes than for the magnetically 
compressed modes. This has yet to be verified in 
simulation, and is less important for SASE rather than 
seeded operation, as the beam does not need to be 
synchronised to an external source. Further details can be 
found in [10].  

 

 
Figure 9: Bunch length (rms) (top) and energy (bottom) 
evolution for the first two linac modules during velocity 
bunching. 

Figure 9 shows the evolution of beam parameters in the 
first two linac sections for the ultra-short pulse mode. It 
can be seen that even operating the first linac at the "zero-
crossing", due to phase slippage of the low energy beam, 
there is a substantial amount of energy gain. 

 SUMMARY 
CLARA is proposed to be the UK’s national FEL test 

facility, based on normal conducting S-band RF linac 
structures, with a maximum energy of 250 MeV. Beam 
dynamics simulations have been presented with meet a 
variety of operational modes suitable to FEL operation.  

 

 
Short pulse SASE can be met using short pulse modes 

from either velocity bunched or magnetically compressed 
bunches. Single-spike SASE operation may be reached by 
a different velocity bunched optimisation. Seeded FEL 
operation may be met with a long pulse mode. This mode 
uses linearisation of the longitudinal phasespace before 
the magnetic compressor to achieve a 300 fs long flat-top 
current profile. 

Two further modes of CLARA involve technological 
challenges outside the beam dynamics area. The first 
involves development of RF technology to enable normal-
conducting linac cavities to operate at repetition rates up 
to 400 Hz. The second involves operating in a macro-
pulse mode with 20 bunches at a spacing of 200 ns to 
profile an oscillator or regenerative amplifier type FEL. 

Further investigations will be carried out as to whether 
to use solenoids around both linac modules instead of 
quadrupoles before the magnetic compressor, to retain 
transverse symmetry. Tolerance and jitter studies of all 
operational modes will be carried out to estimate FEL 
stability.  
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Table 2: Beam Parameters for the Various Operating Modes 

Parameter Long pulse Short pulse Short pulse Ultra-short pulse Units 
Compression mode Magnetic Magnetic Velocity Velocity  
Bunch charge 200 200 100 100 pC 
Projected emittance 0.7 0.7 0.8 1.7 mm mrad 
Slice emittance @ Peak I 0.6 0.6 1.0 1.2 mm mrad 
Bunch length 400 350 350 100 fs (FWHM) 
Peak current 400 350 300 800 A 
Projected energy spread 160 100 400 630 keV (rms) 
Slice energy spread @ Peak I 10 10 25 250 keV (rms) 
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POTENTIAL FOR LASER-INDUCED MICROBUNCHING STUDIES WITH 
THE 3-MHz-RATE ELECTRON BEAMS AT ASTA* 

A.H. Lumpkin#, J. Ruan, Fermi National Accelerator Laboratory, Batavia, IL 60510, USA 
 J.M. Byrd , R.B. Wilcox, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 

 
Abstract 
  Investigations of the laser-induced microbunching as it is 

related to time-sliced electron-beam diagnostics and high-
gain-harmonic generation (HGHG) free-electron lasers 
using bright electron beams are proposed for the ASTA 
facility. Initial tests at 40-50 MeV with an amplified 800-
nm seed laser beam co-propagating with the electron 
beam through a short undulator (or modulator) tuned for 
the resonance condition followed by transport through a 
subsequent chicane will result in energy modulation and 
z-density modulation (microbunching), respectively. The 
latter microbunching will result in generation of coherent 
optical or UV transition radiation (COTR, CUVTR) at a 
metal converter screen which can reveal slice beam size, 
centroid, and energy spread. Additionally, direct 
assessment of the microbunching factors related to HGHG 
by measurement of the COTR intensity and harmonic 
content after the chicane as a function of seed laser power 
and beam parameters will be done. These experiments 
will be performed using the ASTA 3-MHz-rate 
micropulse train for up to 1ms which is unique to test 
facilities in the USA. 
 

INTRODUCTION 
We have identified critical aspects of laser-induced 

microbunching (LIM) to be explored at the Advanced 
Superconducting Test Accelerator (ASTA) which relate 
directly to time-sliced electron-beam diagnostics and 
seeded free-electron laser (FEL) issues.  In the first 
category the capability of evaluating the electron beam 
parameters such as beam size, centroid, and energy spread 
as well as the microbunching factors in sub-ps time slices 
should be possible by imaging the LIM coherent optical 
and UV transition radiation (COTR, CUVTR). In the 
second category, enhanced performance in gain length, 
spectral bandwidth, central wavelength stability, etc. of 
free-electron lasers (FELs) can be obtained by seeding the 
FEL either with electron beam microbunching at the 
resonant wavelength as in the case of high gain harmonic 
generation (HGHG), cascaded HGHG, and echo-
enhanced harmonic generation (EEHG) [1-3] or by 
generating a photon beam at short wavelengths such as 
from a plasma as in high harmonic generation (HHG) [4]. 
These seeding processes are initiated by co-propagating a 
laser beam with the electron beam through a short 
undulator (modulator) tuned to the seed wavelength to 

generate an energy modulation which is then converted to 
a z density modulation (microbunching) in a dispersive 
section such as a chicane. It has been found that the 
electron beam is also microbunched at the harmonics of 
the laser fundamental after the chicane, and the radiator 
undulator is tuned to one of them for the FEL [1]. Yu et 
al. have reported lasing on the 3rd harmonic of the laser 
fundamental of 800 nm, and FERMI@Elettra staff have 
reported recent HGHG results out to the 13th harmonic of 
266 nm [5]. The direct measurement of the 
microbunching by looking at the coherent optical and UV 
transition radiation (COTR) was first done in a SASE 
FEL [6], but microbunching generated by LIM has rarely 
been measured [7]. Moreover, high harmonic content has 
not been directly observed, but it has been deduced from 
the HGHG radiator results [8].  Direct microbunching 
measurements have been proposed on the SDUV FEL in 
Shanghai [9], and discussions are underway with 
FERMI@elettra staff for VUV tests on their HGHG FEL. 
Elucidating the harmonic content, optimizing it, and 
benchmarking codes would be critical to present and 
future short wavelength (VUV-soft x-ray) FEL projects 
based on HGHG or EEHG.  Only ASTA has the high-
micropulse-repetition rate (3 MHz for 1 ms) beam such as 
proposed for the next generation of FELs [10], albeit with 
higher duty factor for the latter. 
   Our emphasis in this paper is on the use of COTR 
(ultimately CVUVTR) as a direct microbunching 
diagnostic with the potential for time–resolved electron 
beam diagnostics and for benchmarking relevant FEL 
codes. As context, we point out that there are at least three 
mechanisms for generating optical-regime microbunching 
(which can be extended to the VUV) in an electron beam: 

1. Longitudinal-space-charge-induced microbunching
(LSCIM): This mechanism has been suggested by Saldin 
et al. [11] to contribute more in the visible wavelength 
regime than coherent synchrotron radiation (CSR) or 
wakefields. This effect can be considered as starting from 
shot noise in the charge distribution that couples through 
the longitudinal impedance of the transport line and linac 
into an energy modulation. This energy modulation will 
become a z-density modulation, or microbunching, after 
bunch compression in a chicane (or other R56 lattice point) 
[12]. It is generally a broadband effect in wavelength, and 
most of the gain is in the FIR (>10-µm regime). However, 
we have the LCLS/SLAC [13], APS/ANL [14], 
FLASH/DESY [15], and FERMI@Elettra [16] results on 
COTR in the OTR images and even scintillator screens. 
Spatially localized enhancements of 10-10,000 at visible 
wavelengths have been reported which prevent using the 

 _____________________  
# lumpkin@fnal.gov 
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standard beam profiling techniques with optical beam 
images.  

2. Laser-induced microbunching (LIM): a) where an  
external laser beam is injected into the beamline so it 
copropagates with the electron beam through a short 
undulator (the modulator) which interaction modulates the 
beam energy that then becomes a z-density modulation 
after a dispersive element such as in a chicane and b) 
where the seeding of an FEL with an external laser or 
harmonic at the long radiator undulator itself. The former 
results in narrowband microbunching and is used to 
prebunch or seed the beam for the FEL, and the latter is 
used as input to an FEL amplifier. The main objective of 
these proposed studies is measuring LIM. 

3. SASE-induced microbunching (SIM) which is the 
fundamental mechanism of the self-amplified spontaneous 
emission (SASE) FEL process starts from noise when the 
SASE photon fields acting with the undulator fields on the 
electrons result in the growth of electron beam 
microbunching and concomitant exponential growth of 
SASE light at the resonant wavelength and harmonics. 
This is a narrowband effect. We note evidence for the 
LSCIM from the linac providing prebunched beam on 
experiments in the APS visible SASE FEL [17]. This 
demonstration actually links to the HGHG process via the 
principle of a prebunched beam’s enabling FEL startup, as 
opposed to startup from noise as in a SASE FEL. 
Historically, LSCIM [18] and SIM COTR [19] were 
modeled after the first experiments, but in the LIM case 
we have more modeling in place before extensive 
experiments have been performed. We also expect to take 
advantage of techniques developed for the earlier modes. 
 

CONCEPTUAL ASPECTS OF LIM 

Laser-Induced Microbunching  
The initial step in HGHG is co-propagation of a seed 

laser with the electron beam through a short undulator or 
modulator tuned to resonance as indicated schematically 
in Fig. 1. The laser pulse length can be used to modulate a 
time slice of the transverse distribution or it could be 
lengthened to provide modulation over the whole e-beam 
pulse length. At 40 MeV it is impractical to satisfy the 
resonance condition for an 800-nm wavelength on the 
fundamental of an undulator based on permanent magnets. 
For a planar undulator, the FEL process is governed by 
the resonance condition: 
                                                               
             λ = λu (1 + K2/2)/2nγ2,                                       (1) 
 
Where λ is the FEL wavelength, λu is the undulator 
period, K is the undulator field strength parameter, n is the 
harmonic number, and γ is the relativistic Lorentz factor.      
It has been calculated that there is reasonable coupling 
strength at the third harmonic of the planar undulators as 
shown in Fig. 2 from reference [20]. The coupling 
coefficients JJn for n=1,3,5 versus K are reasonable, 

 
 

Figure 1:  Schematic of laser-induced energy modulation 
followed by the dispersion in the chicane to produce a 
microbunched beam that can generate COTR or COSR in 
a slice. In principle the entire e-beam profile could be 
microbunched as well for HGHG. 

 
although with a rapid decrease in their values below 
K=1.5 for n=3,5 for the 780-nm case. We suggest with 
this concept we could modulate the energy at 800 nm in 
an undulator with period 2.18 cm using the third harmonic 
coupling of ~0.25 and then generate harmonics of the 
laser wavelength in the microbunching in the dispersive 
section. Initially, we would use visible-UV optics to 
detect n=2,3,4 at 400, 266, and 200 nm, respectively, in 
the Phase 1a experiments.  Subsequently we would look 
for the critical higher harmonics in the VUV with 
appropriate diagnostics in Phase 1b as will be discussed in 
a later section. (Due to available 1054-nm lasers now at 
FNAL and LBNL, there may be some practical 
advantages for shifting to this wavelength. 

 
Figure 2: Coupling coefficients for odd harmonics for a 
planar wiggler as a function of K. The γ=90 case with 
K=1.20 is indicated by the arrow . [20]  

 However, the present S20 PC streak camera tube is 
insensitive at 1054 nm, it is difficult to chirp the IR beam 
to generate few-ps pulses to cover the electron beam 
longitudinally, and the harmonic wavelengths will be 20% 
longer than the reference case. Further evaluation of this 
aspect is warranted. The narrowband nature of LIM may 
be best illustrated by showing the results of the 
narrowband microbunching in the SIM experiments at 
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APS/ANL in 2002. Figure 3 shows a composite of the 
spectra obtained for a visible FEL operating near 535 nm 
[6]. The COTR spectra on the left are narrowband, but not 
quite as narrow as the SASE also observed after undulator 
5 of nine undulators. The bunching fraction at saturation 
was calculated at about 20% of the e-beam, and 
enhancements of 104 for COTR and 106 for SASE were 
obtained. As we understand it bunching fractions of 5-10 
% could be obtained in HGHG and EEHG configurations, 
even for harmonics of n=10 or 50, respectively. The 
potential for measuring the resultant enhanced transition 
radiation and elucidating LIM is high. We note that the 
bunching fractions would also apply to enhancing 
coherent optical synchrotron radiation (COSR), coherent 
undulator radiation (CUR), and coherent optical 
diffraction radiation (CODR) which mechanisms provide 
the potential for nonintercepting beam diagnostics for the 
high power beam mode of ASTA. 
 

 

 
 
Figure 3: Example COTR (L) and SASE (R) spectra from 
the visible FEL experiments at ANL sampled after 
undulator 5 with SASE saturation occurring at about 
undulator 5. The SASE is 100 times brighter than COTR 
[6]. 

 
PROPOSED STUDIES 

 
The ASTA linac with photocathode (PC) rf gun, two 

booster L-band SCRF accelerators (CC1 and CC2), and 
beamline is schematically shown in Fig. 4. The L-band 
accelerating sections will provide 40- to 50-MeV beams 
before the chicane, and an additional acceleration 
capability up to a total of 800 MeV will eventually be 

installed in the form of three cryomodules with eight 9-
cell cavities with average gradient of 31 MV/m after the 
chicane. The phase of the CC2 section can be adjusted to 
energy chirp the beam entering the chicane to vary bunch-
length compression. Maximizing the FIR coherent 
transition radiation (CTR) in a detector after the chicane 
will be used as the signature of generating the shortest 
bunch lengths. Micropulse charges of 20 to 3200 pC will 
be used typically. The nominal pulse format for high 
power ILC-like beam is 3.2 nC per micropulse at 3 MHz 
for 1 ms. The macropulse repetition rate will be 5 Hz. For 
the 1-ms period the pulse train micropulse spacing can be 
at a higher rate than a proposal of 100 kHz in any one of 
ten FEL beamlines. This aspect is unique for test facilities 
in the USA and highly relevant to the next generation of 
FELs.  
   We would start Phase 1 at 40-50 MeV with an 800-nm 
seed and a modulator with about 1.8 to 2.2 cm period, 
K~1.2, and with length about 1 m. The experiment 
location is shown in Fig. 4. We would need to use 
resonance at the 3rd harmonic of the planar undulator as 
explained earlier and shown in Table 1. This is a key, and 
confirmation of this approach and modeling of the 
expected microbunching is recommended.  We would 
need an amplifier for the 100 kHz 800-nm laser beam 
from the ASTA Ti:Sa laser or doubled- frequency Erbium 
Fiber laser to provide about 200-500 µJ per 
pulse, although we could start with fewer pulses in the 
pulse train initially. An optical parametric amplifier 
(OPA) could do this in principle. A laser concept 
developed for the electro-optical sampling (EOS) 
experiments envisioned for ASTA is shown in Fig. 5.  
The pump laser is an existing Nd:YLF operating at 1 
MHz. One might obtain higher energy pulses at the lower 
repetition frequency of 100 kHz and for longer pulses. 
The pulse train also might be shortened for initial tests. 
The modulator should fit after the dogleg entering the 
low-energy test beamline at ASTA with diagnostics at 
both ends to align the laser and electron beam 
transversely. The FNAL Visible-UV streak camera would 
be used for timing the laser with the UR or OTR within 

Figure 4: Schematic of the injector for the ASTA facility showing PC rf gun, booster accelerators, and beamlines. The 
first LIM tests are proposed in the test beamline as schematically indicated by the 800-nm laser beam injection into the 
beamline, modulator, chicane, and COTR diagnostics station locations. The Visible-UV streak camera could be used 
for both laser synchronization and COTR measurements. 

Chicane COTR Diag. 
800-nm Laser 
Streak camera              Modulator 
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Table 1: Summary of possible microbunching experiments 
at ASTA at 40-45 MeV and higher energies following the 
cryomodules. The potential observation wavelengths of 
several of the harmonics are indicated  

 
 
the modulator to 1 ps or better. We have successfully 
done this in recent EOS tests at A0PI with the 800 nm 
Ti:Sa and incoherent OTR signals [21]. It also might be 
used to look directly at the LIM COTR within the 
micropulse as generated at the test station. (The system 
temporal resolution will be improved with narrow 
bandwidth COTR and also might be extended with a 
deflecting mode cavity [7].) The chicane configuration 
that is planned for an emittance exchange (EEX) could 
presumably be used with its tunable R56 [22], but this 
needs to be checked. Visible-UV diagnostics would be 
needed after the Chicane to measure the harmonics 
n=2,3,4 of 800 nm at 400, 266, and 200 nm, respectively. 
In Phase 1b we would use VUV diagnostics since codes 
generally indicate harmonics of n~10 should be generated. 

Figure 5: Schematic of the proposed ASTA diagnostics 
laser with OPA indicated. The pulse length and 
wavelengths need to be evaluated for microbunching tests. 
This laser system is being considered for the downstream 
diagnostics lab to support EOS tests. 

                         SUMMARY 
   In summary, we have described how a series of direct 
LIM experiments with diagnostics in the optical, VUV, 
and soft x-ray regime could be implemented at the ASTA 
facility. This is the only facility in the USA that has the 
pulse train of at least 100 kHz repetition rate to simulate 
proposed FEL configurations. These experiments should 
extend understanding of the critical phenomena of 
microbunching harmonic generation and preservation and 

allow benchmarking of codes. In addition, the as-
described sub-micropulse electron-beam diagnostics 
based on COTR could be developed into nonintercepting 
electron beam diagnostics if used with the COSR, CUR, 
or CODR mechanisms. 
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Phase 
# 

Energy 
(MeV) 

 

Laser Fund.  
(nm) 

Und. 
Period 

(cm),K,n 

Harm.       
(nm) 

1a 44.5 800 2.18,1.2,3 400,266, 
200 

1b 44.5 800 2.18,1.2,3 100,90,80 

2 250 800 20.0,1.36,
1 

400,266, 
200 

2 200 266 5,1.2,1 48,29,26 
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DESIGN OF A PROOF-OF-PRINCIPLE EXPERIMENT TOWARD THE
GENERATION OF COHERENT OPTICAL RADIATION

USING A 4-MeV ELECTRON BEAM∗

Y.-E Sun, P. Piot, Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
D. Mihalcea, H. Panuganti, P. Piot

Department of Physics, Northern Illinois University, DeKalb, IL 60115, USA
W.S. Graves, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Abstract

Transverse-to-longitudinal phase-space-exchange tech-

niques have opened new possibilities towards shaping the

temporal distribution of electron beams. Sub-ps bunch

trains have been experimentally realized at the A0 pho-

toinjector at Fermilab. Recently, the combination of such

emittance-exchange methods with nanocathode arrays was

suggested as the backbone of compact coherent short-

wavelength sources. In this paper, we discuss a possible

proof-of-principle experiment to produce coherent optical

transition radiation using a ∼ 4MeV electron bunch. The

optically-modulated bunch is produced from a structured

cathode combined with a transverse-to-longitudinal phase

space exchanger.

INTRODUCTION

It is well known that radiation produced by a bunch of

charged particles is greatly enhanced when observed at

wavelengths of the order or shorter than the bunch length.

In general, the spectral angular fluence emitted by a bunch

of N � 1 electrons from any electromagnetic process is

related to the single-electron spectral fluence, d2W
dωdΩ

∣∣
1
, via

d2W

dωdΩ

∣∣
N

� d2W

dΩdω

∣∣
1
[N +N2|S(ω)|2

where ω ≡ 2πf (f is the frequency) and S(ω), the bunch

form factor (BFF), is the intensity-normalized Fourier

transform of the normalized charge distribution S(t) [1].

The former equation assumes the bunch can be approxi-

mated as a line charge distribution. Considering a series of

Nb identical bunches with normalized distribution Λ(t) we

have S(t) = N−1
b

∑Nb

n=1 Λ(t+nT ) (where T is the period

between the bunches) giving |S(ω)|2 = ξ|Λ(ω)|2 where

Λ(ω) is the Fourier transform of Λ(t) and the intra-bunch

coherence factor ξ ≡ N−2
b sin2(ωNbT/2)/[sin

2(ωT/2)]
describes the enhancement of radiation emission at the res-

onant frequencies ωn = 2πn/T .

Therefore, coherent optical radiation can be produced by

a train of electron bunches with sub-micron separation. The

∗Work supported by DOE under contract No. DE-AC02-07CH11359

with the Fermi Research Alliance, LLC and by DARPA under grant No.

N66001-11-1-4192 with MIT.

recent experimental demonstration of sub-picosecond elec-

tron bunch train generation using an emittance exchange

(EEX) technique [2] and its use to produce narrow-band

Terahertz transition radiation [3] has open new possibili-

ties.

Recently, it was proposed to adapt this method to gen-

erate vacuum-ultraviolet and possibly x-ray coherent radi-

ation using inverse Compton scattering of a pre-bunched

beam [4]. Downscaling the pre-bunching wavelength by

emittance-exchanging a transversely-segmented beam ob-

tained via interception of the beam with a multi-slit mask

is challenging. Instead, Ref. [4] proposes to produce

the needed transversely-segmented beam using a patterned

cathode such as a field emitter array (FEA). Experimen-

tally validating such a concept is of importance: as the

bunch spacing becomes shorter, deleterious effects (such

as, e.g., thick-lens effects associated to the deflecting cav-

ity) are more prominent and can significantly impact the

EEX process. Therefore, we are exploring such an experi-

ment using the EEX beamline readily available at Fermilab

in combination with a FEA cathode to be installed in the

available L-band rf gun. This paper describes our plans

and provides some numerical simulations supporting the

possible generation of optically-modulated beams.

Figure 1: Schematic drawing of the HBESL beamline. A

set of four quadrupoles (Q1-Q4) are used to tune the beam

transverse phase space parameters at the entrance of the

EEX beamline, which includes the four dipole magnets

(D1-D4) and the deflecting cavity.
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HBESL BEAMLINE
The High Brightness Electron Source Lab. (HBESL) at

Fermilab is a newly-reconfigured beamline from the pre-

vious A0 photoinjector [5] which operated from 1998 to

2011. In brief, electron bunches are nominally photoemit-

ted from a cesium telluride (Cs2Te) photocathode located

on the back plate of a 1+1/2 cell radio-frequency (rf) cavity

operating at 1.3 GHz (the “rf gun”). The rf gun is sur-

rounded by three solenoidal lenses that control the beam’s

transverse size and emittance. The beam then propagates

through a beamline that includes quadrupole and steering

dipole magnets, and diagnostics stations. Under nominal

operation the beam is bent vertically and dumped. The

beam can also be sent to the original EEX beamline which

was utilized at A0 for the demonstration of emittance ex-

change [6]. The EEX assembly is composed of a 3.9-GHz

deflecting rf cavity, operating on the TM110 like π-mode,

located between two magnetic doglegs, each comprising

two dipole magnets; see Fig. 1.

The facility incorporates two photocathode drive laser

systems. The nominal A0 photoinjector laser which con-

sists of a frequency-quadrupled Neodymium-doped yt-

trium lithium fluoride (Nd:YLF) laser [7] producing laser

pulses with duration ∼ 3 ps and a Titanium-Sapphire

(Ti:Sp) oscillator and regenerative amplifier were in-

stalled [8]. The Ti:Sp system incorporates an acousto-optic

programmable dispersive filter system to control the laser

shape [9, 10] and generates 3.5-mJ infrared (IR) pulses

(λ = 800 nm) with duration of ∼ 100 fs (rms) that are

nominally frequency-trippled to photoemit electrons from

the Cs2Te photocathode.

NUMERICAL SIMULATIONS

Field-emission Source
The particle distribution file is generated such that it ac-

counts for the field-emission process and for the geometry

of the emitting surface. To determine the radial distribu-

tion of the charge, the emitting surface is divided into a

certain number of concentric zones (centered on the tip)

and the external field is averaged for each zone. The ra-

dial particle density in a certain zone is taken proportional

with the current density of the zone determined from the

average external field through the Fowler-Nordheim equa-

tion [11]. The number of zones is limited by the density

of points in the external field map. We require that within

each zone there is at least one point in the external field

map. To determine the longitudinal charge distribution the

time dependent electric field at the emitting surface should

be known. At this time the external field is assumed static

so the longitudinal charge distribution is constant. Still,

the front and the end shapes of the bunch are consistent

with the emitting surface. The particle distribution is gen-

erated underneath the emitting surface and is advanced due

to a small initial longitudinal momentum. These simula-

tions of field emission are carried with a modified version

of IMPACT-T [12].

Figure 2: Geometry for the field-emitter (a) and simulated

transverse-trace-space (x, x′ ≡ px/px) macroparticle dis-

tribution 500-nm downstream of the tip (b).

Given the beam phase-space macroparticle distribution

F (x,p) obtained few 100’s nm away from the tip, a FEA

is simulated numerically and its distribution was obtained

by copmabing the single-emitted distribution following

Φ(x, y, z,p) =

m∑

i=−m

n∑

j=−n

F (x+ iδx, y + jδy, z,p),

where δx (resp. δy) is the horizontal (resp. vertical)

pitch, x ≡ (x, y, z) are the usual cartesian coordinates

and p ≡ (px, py, pz) is the momentum. In the following

we only considered arrays composed of an odd number of

field-emitter cathodes with its central beamlet centered on

the origin.

The single-tip geometry considered throughout this pa-

per is schematized in Fig. 2 with the associated phase-space

macroparticle distribution obtained 500 nm downstream of

the tip. Other geometries are also under considerations.

The electrostatic field map was simulated using the POIS-

SON/SUPERFISH software suite [13]. For the beam dynam-

ics simulations, the tip was taken to produce a 100-μA aver-

age current during a 100-fs duration (corresponding to the

Ti:Sp laser system parameters) resulting in the emission of

∼ 200 electrons per tip. The beam dynamics throughout

the rf gun is performed with IMPACT-T and space charge

effects are generally found to be negligible.

Single-particle Dynamics
The beam dynamics simulation of the entire setup were

first conducted with a combination of IMPACT-T and ELE-

GANT [14]. The initial beam distribution is generated from

a nano-tip (spherical radius 22 nm) using the PIC code

Impact-T and ELEGANT. IMPACT-T is used to track the

distribution generated by the FEA throughout the beam-

line up to the entrance of the first quadrupole magnet (Q1

at z � 2 m from the cathode; see Fig. 1) while ELE-

GANT enable the optimization of the beam dynamics from

quadrupole magnet Q1 to the EEX exit.

Iterative IMPACT-T and ELEGANT simulations were car-

ried to select optimum operating parameters (gun phase,

solenoid peak field, and quadrupole-magnet strengths) that
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produce the best final modulation. Given the fact that the

initial beam distribution is no cylindrical symmetric (we

use a square 7 × 7 FEA array) and to avoid complication

resulting from x − y coupling, we rotated the initial FEA

distribution to compensate for the Larmor rotation that oc-

curs during transport through the solenoid. The cavity was

first model by its thin-lens transfer matrix and then using a

thick-lens matrix

Figure 3: Longitudinal phase space (top left) downstream

of the EEX beamline with corresponding energy (top right)

and temporal (bottom left) profiles and associated bunch

form factor (bottom right). These simulations are carried

for an idealized thin-lens model of the deflecting cavity.

Figure 4: Longitudinal phase space (top left) downstream

of the EEX beamline with corresponding energy (top right)

and temporal (bottom left) profiles and associated bunch

form factor (bottom right). These simulations are carried

for a realistic thick-lens model of the deflecting cavity.

The optimization capabilities of ELEGANT were used to

find the Q1-Q4 quadrupole strengths that results in the final

longitudinal phase space associated to one beamlet to be

up-right. We follow the prescription detailed in Ref [15].

The resulting final longitudinal phase spaces obtained for

an ideal (thin-lens) and realistic model of the deflecting

cavity are respectively shown in Fig. 3 and Fig. 4. The

idealized case is worth investigating as it could in princi-

ple be practically implemented by adding a single-cell ac-

celerating cavity downstream of the deflecting cavity [16].

The two cases show bunching at the same wavelength

(∼ 700 μm) with respective bunching factor of 0.4 (ide-

alized) and 0.2 (realistic) consistent with the production of

coherent optical radiation. The observed modulation wave-

length corresponds to a compression factor of 2 compared

to the initial FEA pitch (1.5 μm).

Preliminary Multi-particle Dynamics

Start-to-end multiparticle simulations were also carried

using GENERAL PARTICLE TRACER (GPT) [17]. The start-

ing macroparticle distribution at the cathode location was

the one generated with IMPACT-T. The deflecting mode

cavity was simulated using a 3-D electromagnetic field map

obtained from HFSS [18]. The solenoids and quadrupole

magnets were empirically optimized using some of the re-

sults obtained from ELEGANT simulations to achieve up-

right beamlets in the final longitudinal phase space.
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Figure 5: Longitudinal phase space downstream of the

EEX beamline (top) and corresponding temporal profile

(bottom) simulated with the GPT program.

As depicted in Fig. 5, a modulation in the infrared regime

(� 700 nm) could be obtained. The longitudinal phase

space displays some notable difference compared to the

phase spaces presented in the previous sections. These dis-

crepancies are not understood and still being investigated.
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EXPERIMENT PLANS AND STATUS

In order to quantify the generation of modulated bunches

in the infrared and optical regimes, we plan on detecting

backward transition radiation emitted as the beam hits an

aluminum target located downstream of the EEX beamline

(at X24 in Fig. 1). At our energies (γ � 9), the angular

distribution of transition radiation is very broad [see Fig. 6

(a)] and only 30% of the total radiated energy shines out

of a 2”-diameter optical vacuum window. Informations on

the modulation wavelength and amplitude can then be ob-

tained from a spectral analysis of the radiation [19]. In a

Figure 6: Optical transition radiation spatial distribution

produced by a 4.5 MeV electron at the vacuum window exit

(a) and initial experimental setup to detect infrared back-

ward coherent transition radiation (b). The white circle in

(a) delineates the aperture imposed by a 2”-diameter opti-

cal vacuum window.

first phase, we plan on modifying the setup used in Ref. [2]

and schematized in Fig. 6 (b). In this configuration, the

radiation shinning out of an optical vacuum window is col-

lected and collimated by a large-aperture off-axis parabolic

mirror (P1) before being sent to a Michelson autocorrela-

tor (composed of planar mirrors M1, M2, beam splitter BS,

and parabolic off-axis mirror P2) [20]. The autocorrelated

radiation is detected by a highly-sensitive Helium-cooled

bolometer. Such a setup should enable the detection of in-

frared modulations. In a second phase, the setup will be

modify to include a intensified CCD camera capable of de-

tecting low-intensity optical radiation. The electron beam’s

transverse density will be imaged on the camera CCD chip

and enhancement of the radiation intensity will be a signa-

ture of optical modulation. In addition, we will also attempt

to locate this camera downstream of a diffraction grating to

directly measure the spectrum an see the enhanced wave-

lengths.

Presently, the HBESL facility is being commissioned

and measurement of optical transition radiation at low en-

ergy will be attempted in the upcoming weeks to assess

whether the available intensified camera can be used to de-

tect and possibly measure the spectrum of the optical tran-

sition radiation emitted from a low-energy beam. In par-

allel the EEX beamline is being reassembled and modified

to accommodate the experimental plans described in this

paper.

SUMMARY
Preliminary simulations indicate that an extension of the

beamlet-generation experiment presented in Ref. [2] from

the THz to optical regime appears to be feasible. This two-

orders of magnitude improvement in modulation wave-

length will be carried with a ∼ 4MeV beam (compared

to 14 MeV in the THz-generation experiment). Experi-

mentally realizing such a downscaling in modulation wave-

length, obtained by combining the EEX method with a

FEA cathode, is an important step toward the design of a

compact ultraviolet coherent light source based on inverse

Compton scattering.
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Abstract
FERMI@Elettra is a single pass seeded FEL based on

the high gain harmonic generation scheme, producing in-

tense photon pulses at short wavelengths. For that, a high-

brightness electron beam is required, with a small uncor-

related energy spread. In this paper, we present a de-

tailed campaign of measurements aimed at characterizing

the electron-beam time-sliced emittance and energy spread,

both after the first magnetic compressor and at the end of

the linac.

INTRODUCTION
The FERMI@Elettra free electron laser (FEL) at the

Elettra Laboratory of Sincrotrone Trieste [1] is a major

European FEL project. FERMI is a single-pass, S-band

linac-based externally seeded FEL implementing high gain

harmonic generation in the 80-4 nm fundamental output

wavelength range [2]. The commissioning of the first stage,

named FEL-1, has been completed, providing intense pho-

ton beams (few hundreds of micro Joules) ranging from

80nm to 20nm [3] to the beam-lines for first preliminary

experiments. A high brightness electron beam with small

energy spread was required to guarantee the high quality

performance of the FEL and a strong effort was spent to

preserve the beam transverse emittance after the longitu-

dinal compression. Nevertheless, the transverse emittance

and the uncorrelated energy spread may strongly vary along

the bunch due to collective effects, as space-charge forces

and coherent synchrotron radiation, which have an impor-

tant role especially when the charge density increased dur-

ing the longitudinal compression. Since only a fraction

of the electron bunch is interested in the interaction with

the seed laser to carry on the FEL process, it is crucial to

measure and to control the time-sliced emittance and en-

ergy spread. The layout of the FERMI linac includes two

magnetic chicanes to longitudinally compress the electron

bunch, located respectively at about 320MeV and at about

670MeV. Two RF deflecting cavities were installed respec-

tively after the first magnetic chicane (low energy RF de-

flector, LERFD) and at the end of the linac (high energy RF

deflector, HERFD), to measure the horizontal time-sliced

emittance and, by sending the electrons in the close spec-

trometer, to measure the time-sliced energy spread. A third

RF deflecting cavity is going to be installed at the end of

the linac to horizontally ”stretch” the beam and investigate

the vertical time-sliced emittance.

TIME SLICED EMITTANCE
The design goal illustrated in the CDR [4] is sending

into the undulators beam-lines a 750A-600fs (full width in

the core) electron bunch with a slice emittance below 1.5

μm. At the present, the FERMI photoinjector has been

providing a 500pC bunch, 2.8 ps long (rms) which is longi-

tudinal compressed by about a factor 10 in the first bunch

compressor. As already mentioned, the low energy RF de-

flecting cavity (LERFD) is located just after the first mag-

netic chicane (BC1), allowing measuring the slice param-

eters of the beam after the longitudinal compression [5].

The LERFD cavity is a five cell standing wave structure,

sharing the same klystron of the electron gun. An attenua-

tor and a phase shifter allow to independently modulate the

input power. The required deflecting voltage Vt = 3MV
can be reached with an input power Pin = 1.9MW and

a maximum electric peak of Ep = 48MV/m. After the

LERFD cavity, four quadrupoles and three multi-screens

stations are placed for measuring the beam optics parame-

ters and matching them after the longitudinal compression

(see the layout in figure 1).

The Twiss function and the emittance measurements

have been performed by implementing the well known

quadrupole scan technique [6], by using the fourth

quadrupole and the second screen, placed in correspon-

dence of the beam waist, at about 9 meters from the LERFD

cavity. The multi-screen stations are equipped with Optical

Transition Radiation (OTR) and Yttrium Aluminum Gar-

net (YAG) targets. For improving the emittance measure-

ment accuracy we have used the OTR targets, that could

provide a beam spot size estimation with 20μm resolution.

Nevertheless for high compression factor, the OTR targets

suffer from coherent optical transition radiation that cor-

rupts the beam spot image. This effect has been mitigated

by the implementation of the X-band cavity that linearizes

the longitudinal phase space and flats the beam current pro-

file, and by the activation of the Laser Heater [7]. Figure 2

shows the comparison between the OTR image of the same

beam spot (a compressed beam (σt ≈ 1ps at 300MeV)

with and without the laser heater working. The signal in-

tensity drops sensitively when activating the laser heater

and this indicates that microbunching structures along the

bunch are present already at moderate compression factor.

Thus in order to have a reliable measurement of the beam

spot size with OTR screens, it is necessary to switch on the

∗This work was supported in part by the Italian Ministry of University

and Research under grants FIRB-RBAP045JF2 and FIRB-RBAP-6AWK3
† giuseppe.penco@elettra.trieste.it
‡ now working at Paul Scherrer Institute
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Figure 1: BC1 diagnostics layout

laser heater. In the case of figure 2, the rms bunch length

that we measured activating the laser heater is reduced from

about 160 μm to about 100 μm.

Figure 2: Beam spot on the 300MeV OTR target with Laser

Heater in On (on the left) and in OFF (on the right). The

CCD gain is kept constant. Pixel dimension = 20 μm.

After performing the optics matching, the beam is ver-

tically stretched by powering the RF deflecting cavity and

figure 3 shows the typical beam spot acquired on the second

OTR target. When the deflecting cavity is switched off, the

beam spot dimension at this screen is about 100 μm (rms),

so the perturbation of the finite transverse emittance could

be neglected, allowing to slice the streaked beam trace in

several portions. The measured horizontal emittance of ten

time-slices are plotted on the right of figure 3 for a 500pC-

350fs long (rms) electron bunch. In this configuration all

slices meet the specified target of 1.5 μm emittance.

As anticipated in the Introduction, a second deflector

(HERFD) was installed at the end of the linac to charac-

terize the electron beam just before the FEL process in

terms of slice emittance, slice energy spread and bunch

length. We have preliminarily studied the double compres-

sion scheme, which resulted to be more critical in terms of

reliability and reproducibility of the FEL performance. For

this reason we focused on the single compression scheme

to provide a reliable FEL for Users operations, planning to

deeply investigate the two stages compression in the next

future.

Therefore the HERFD measurements of the beam slice

emittance provided results similar to what is obtained with
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Figure 3: On the left: stretched beam spot acquired on the

OTR target; on the right: current profile and slice emittance

of a 500pC-370fs long bunch.

the LERFD cavity. Nevertheless, activating the HERFD

and sending the beam in the close spectrometer at 1.2GeV

has allowed investigating the longitudinal phase space of

the electron bunch just before the undulators chains. Next

section is dedicated to this subject.

LONGITUDINAL PHASE SPACE
MEASUREMENTS

Figure 4 shows the layout of the diagnostic area at the

end of the FERMI linac, including the HERFD cavity, the

third deflector that is to be installed next and the 1.2 GeV

spectrometer beam-line, called Diagnostic Beam Dump

(DBD). The HERFD cavity is a backward traveling wave

structure, 2 meters long and working at 2.998GHz. We es-

timated a maximum deflecting voltage of 18.5MV, that sat-

isfies the specified 18MV. For more details on the HERFD

RF design optimization we refer to [8, 9].

When the electron bunch is simply propagated up to the

end of the linac setting all the RF sections on crest, the lon-

gitudinal phase space presents the typical sinusoidal shape.

In figure 5 we report the DBD screen image detected when

HERFD is activated, rotating by 90 deg to help the read-

ings. The vertical axis is converted in MeV according to

the dipole dispersion (η = 1.74m) and the horizontal axis

in ps according to the HERFD calibration, executed scan-

ning its RF phase around the zero crossing (corresponding

to no deflection of the bunch centroid). The energy spread

resolution is defined as:

σE,res =

√
εβ

η
E (1)

.
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Figure 4: Beam diagnostic area at the FERMI linac end.

where ε is the geometric emittance, β the betatron func-

tion at the screen and E the beam energy. For the nominal

lattice we have σE,res = 40keV . Moreover we have to

consider the screen system resolution of 30 μm/pixel, cor-

responding approximately to the minimum rms beam size

that can be measured at the screen. The screen resolution

is comparable to the optical beam size in the DBD line, so

adding the two contributions in quadrature we obtain a res-

olution of about σE,res = 60keV . Processing the acquired

image we obtained the time-sliced behavior of the energy

spread and of the current along the bunch. Results are plot-

ted on the right of figure 5.

M
eV

ps
−4 −2 0 2 4 6 8

1306

1307

1308

1309

5 10 15 20
0

50

100

150

200

ps

sl
ic

e 
en

er
gy

 s
pr

ea
d 

(k
eV

)

5 10 15 20
0

20

40

60

80

Sl
ic

e 
C

ur
re

nt
 (

A
m

ps
)

Figure 5: 500pC uncompressed bunch: longitudinal phase

space (on the left) and slice energy spread and current pro-

file (on the right).

The slice energy spread is around 100keV along the

bunch. The longitudinal wakefields induced by a 500pC

bunch when passing through linac sections upstream BC1

are not negligible and modify the energy distribution of the

bunch itself. As a consequence, the current profile after

BC1 is slightly asymmetric. When the bunch is shortened,

the effects of the wakefields of the downstream linac be-

comes important and contribute in defining the final lon-

gitudinal phase space of the bunch. This latter is mainly

affected by:

• RF curvature introduced by the linac upstream BC1,

used for creating the linear chirp;

• RF curvature of the rest of the linac;

• first (R56) and second order (T566) terms of the mag-

netic chicane;

• RF curvature induced by the X-band, that linearizes

the phase space before BC1;

• longitudinal wakefields in all RF sections;

High FEL performance in HGHG scheme requires low

slice energy spread and a flat distribution of current and

energy of electrons participating in the FEL process. In

fact while a linear chirp in the bunch energy distribution

mainly induces a frequency shift of the FEL radiation, a

quadratic curvature enlarges the FEL radiation bandwidth

[4]. In presence of a time jitter between the electron bunch

and the seed laser of about 100fs (rms), the combination of

linear and quadratic terms in the bunch energy distribution

influences the spectrum and the intensity of the FEL radia-

tion. Figure 6 shows the longitudinal phase space and the

slice energy spread that we measured for several machine

configurations. The first one refers to the single compres-

sion scheme (a factor 5) without X-band cavity and with-

out laser heater, and setting on crest all RF sections down-

stream BC1. The bunch current profile presents a peak in

the head of the bunch of about 400A (on the left in fig-

ure 6). The high charge density around this peak induces

strong energy and current modulation (i.e. microbunching

instabilities) that are visible as three “hot spots” in the plot

on the left. In this portion of the bunch, the slice energy

spread is large (about 300keV) and it deteriorates the FEL

performance in terms of spectrum and intensity, especially

at high harmonics [10].

In the second case we switched on the laser heater, sup-

pressing the microbunching structures, but without X-band,

the longitudinal compression is not linear and the current

profile presents again a high peak in the head. We adjusted

the seed laser time delay to make it overlaps the bunch por-

tion just behind the high peak, which has a slice energy

spread of about 200keV and a peak current around 200-

250A. The seed laser bunch length is about 150fs (FWHM).

Pushing further the compression enhances the head peak

current but at the same time it increases also the slope of the

current profile, squeezing the “good portion” of the elec-

tron bunch useful for the FEL process.

In the third case, X-band cavity is set on the decelerating

crest, linearizing the longitudinal phase space before BC1

and flattening the current profile. This allows pushing the

compression further, reaching peak current of 500-600A in

a large portion of bunch. The residual slope in the current

profile is due to a not optimized voltage and phase settings

of the X-band cavity. In this condition, the bunch is very
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short (σt = 300fs) and the longitudinal wakefields have

a strong influence on the final longitudinal phase space,

introducing a linear and a quadratic chirp. The resulting

longitudinal phase space has an opposite curvature relative

to the uncompressed beam (see figure 5). The linear chirp

might be compensate by changing the RF phase of some

linac sections. Concerning the quadratic chirp, a possi-

bililty is changing the X-band phase by few degrees around

the decelerating crest, but this affects the current profile

flatness. The fourth case of figure 6 refers to the situa-

tion in which the X-band phase and voltage are optimized

to obtain a flat current profile in the middle of the bunch.

Furthermore the RF phase of the last two sections are set

to +30deg (relative to the crest) to compensate the linear

chirp. In this final configuration, a central portion of the

bunch ≈ 300fs long has a constant energy within 0.5MeV, a

good slice energy spread (around 150-200keV) and a peak

current greater than 600A. Operating the linac as the fourth

case, the FEL flux is much more intense, but the residual

quadratic chirp in the electron bunch however affects the

FEL spectrum, broadening its bandwidth, but still satisfy-

ing Users requirements.

CONCLUSION
The high FEL performance obtained in the FERMI ma-

chine is mainly due to the high brightness beam obtained

at the end of the linac. By using the RF deflecting cav-

ity just after the first bunch compressor, we measured a

slice emittance of less than 1.5 μm for a 500pC bunch,

compressed about 10 times and having a peak current of

about 600A. The high energy RF deflector installed at the

end of the linac confirmed this result and in combination

with the DBD spectrometer has allowed to characterize the

longitudinal phase space with and without X-band cavity.

Moreover it was very useful in the laser heater commis-

sioning as shown in [7]. The linac optimization has in-

cluded the tuning of the X-band RF parameters to flatten

the current profile, the laser heater settings to suppress the

microbunching instabilities and the RF phase of the last two

accelerating sections to compensate the curvature induced

by the longitudinal wakes. We measured for the resulting

optimized electron bunch a slice energy spread of about

200keV, which allows to obtain FEL that meets specifica-

tions.
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(b) With laser heater but without X-band, all RF sections on crest.
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COLLECTIVE AND INDIVIDUAL ASPECTS OF FLUCTUATIONS IN
RELATIVISTIC ELECTRON BEAMS FOR FREE-ELECTRON LASERS∗

R.R. Lindberg† and K.-J. Kim, ANL, Argonne, IL 60439, USA

Abstract
Fluctuations in relativistic electron beams for free-

electron lasers (FELs) exhibit both collective and individ-

ual particle aspects, similar to that seen in non-relativistic

plasmas. We show that the density fluctuations are de-

scribed by a linear combination of the collective plasma

oscillation and the random individual motion of Debye-

screened dressed particles. The relative importance of the

individual to the collective motion is determined by com-

paring the fluctuation length scale divided by two pi with

the relativistic beam Debye length. Taking into account

the fact that the velocity spread is caused by both the en-

ergy spread and the angular divergence, we derive a simple

formula for the minimum value of the Debye length using a

solvable 1-D model. For electron beams used for x-ray self-

amplified spontaneous emission (SASE) we find that the

Debye length is comparable to the radiation wavelength,

and that therefore the collective motion is not relevant..

INTRODUCTION
Shot noise in relativistic electron beams has its origins in

the discrete nature of the electron: over sufficiently small

time and length scales the current will fluctuate due to vari-

ations in the number of electrons measured. However, the

term “shot noise” has a more precise definition with more

restrictive properties than being merely the fluctuations as-

sociated with discrete particles. Specifically, shot noise is

connected with a Poisson process; in an electron beam this

means that while the average flow is given by the current,

the arrival time of any particular electron is independent of

the arrival times of all other electrons, and the characteristic

fluctuations in number N scales as δN/N ∼ 1/
√
N . To be

more explicit, we define the time of the jth electron in the

bunch as ζj(z) ≡ z − cβ0tj , where z and tj are the longi-

tudinal coordinate and particle time, respectively, while β0

is the reference velocity scaled by the speed of light c. If

we consider the spectral content of the density fluctuations

or bunching given by

bk(z) ≡ 1

N

N∑
j=1

e−ikζj(z), (1)

than the ensemble average
〈
bk(z)

〉
= 0, while the average

value of
〈|bk(z)|2〉 = 1/N for a beam that is characterized

by shot noise.

The equilibrium fluctuations of an ideal gas are those

of shot noise. Additionally, the emission processes of

∗Work supported by U.S. Dept. of Energy Office of Sciences under

Contract No. DE-AC02-06CH11357
† lindberg@aps.anl.gov

excited atoms, diodes, and cathodes is typically assumed

to be Poisson, so that laser light, electric currents, and

particle beams are produced with shot-noise type fluctua-

tions. However, inter-particle forces can induce correla-

tions that can change the fluctuation statistics from that of

shot noise. For example, the ponderomotive force in an

undulator tends to increase any density fluctuations near

the resonant wavelength, which is the origin of the free-

electron laser (FEL) instability and self-amplified sponta-

neous emission (SASE). On the other hand, electrostatic

repulsion tends to smooth out density fluctuations. This

physical effect has been given the name “shot noise sup-

pression” in the FEL literature [1, 2, 3].

Due to the long-range electrostatic force, the equlibrium

density fluctuations in a plasma are quite different than

those of shot noise. We can understand this by considering

a plasma of density n0, whose natural plasma frequency is

ωp ≡ √
e2n0/ε0m, where e is the magnitude of the elec-

tron charge, m is its mass, and ε0 is the vacuum dielectric

constant. If we assume that the rms thermal spread is σv ,

we can define the Debye length λD ≡ σv/ωp which is the

distance a particle moves due to its thermal motion dur-

ing one plasma oscillation. For distances less than 2πλD,

the particle is not aware of the plasma, and individual par-

ticle interactions dominate the dynamics. Conversely, the

plasma can organize itself so as to screen any individual test

particle over length-scales much longer than 2πλD, so that

the long-scale physics is characterized by collective mo-

tion of the particles [the plasma (or Langmuir) oscillation].

To be more quantitative, Rostoker has shown in an elegant

calculation that in a Maxwellian plasma the ensemble av-

eraged bunching squared is given by [4]

〈
|bk|2

〉
=

1

N

(kλD)2

1 + (kλD)2
. (2)

In the limit kλD � 1,
〈|bk|2〉 → (kλD)2/N , and we

see that the correlations have reduced the density fluctua-

tions far below that of shot noise. The electrostatic energy

associated with these density fluctuations can be shown to

be kBσ
2
v/2 per mode as one would expect from equiparti-

tion (kB is Boltzmann’s constant). In the other limit, when

kλD � 1 the fluctuations in the bunching approach that of

shot noise,
〈|bk|2〉 ≈ 1.

In the following we review a simple non-equilibrium

model for the electron beam developed in [5, 6] which

shares certain characteristics with classical plasmas. We

compute the fluctuation characteristics and compare these

to simple simulation results. We then compute the relevant

Debye length, and show that collective oscillations are not

relevant for electron beams suitable for x-ray generation.
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FLUCTUATIONS IN RELATIVISTIC
ELECTRON BEAMS

While an electron beam can be considered a non-neutral

plasma, it is often not in equilibrium. In fact, electron

beams are created having shot noise statistics due to the

fact that emission from a cathode is a Poisson process, and

typically one rapidly accelerates the beam to high energies

so as to “freeze out” the electrostatic repulsion. For this

reason, we will consider a simple initial value problem for

the electron beam in the presence of the electrostatic force

that was first introduced in [5, 6]. Recently, the 3D ini-

tial value problem including emittance effects and betatron

oscillations was presented in [7]. Our goal here is rather

modest, however: we merely want to point out the limi-

tations of the collective response at x-ray wavelengths, so

that we have decided to sacrifice the added generality of [7]

in the interest of greater mathematical simplicity.

To begin, we must first find the canonical conjugate to

the particle time ζj , which we define to be the velocity dif-

ference vj ≡ dζj/dz = 1 − β0/β. We furthermore in-

troduce the particle distribution function f(ζ, v; z) over the

phase space (ζ, v), which satisfies

∂f

∂z
+ v

∂f

∂ζ
− eE

mc2β0γ3
0

∂f

∂v
= 0. (3)

Here γ0 ≡ (1 − β2
0)
−1/2 is the Lorentz factor of the refer-

ence particle, and the longitudinal component of the elec-

tric field E(ζ, z) satisfies Gauss’s equation

∂E

∂z
+

∂E

∂ζ
= − e

ε0

∫
dv f(ζ, v; z). (4)

To approximately solve the system (3)-(4), we divide

the distribution function into the smooth background term

f0(v) and the perturbation f̂(ζ, v; z):

f = f0(v) + f̂(ζ, v; z) ≡ n0g(v) + f̂(ζ, v; z), (5)

where the momentum distribution function g associated

with f0 is normalized such that
∫
dv g(v) = 1. We in-

troduce the Laplace transform in z and Fourier transform

in ζ as

f̂ω,k(v) =
1

2π

∞∫
0

dz eiωz

∞∫
−∞

dζ e−ikζ f̂(ζ, v; z) (6)

Eω,k =
1

2π

∞∫
0

dz eiωz

∞∫
−∞

dζ e−ikζE(ζ; z); (7)

note that the “frequency” ω has the dimensions of inverse

length. We treat f0 and f̂ as, respectively, zeroth order

and first order quantities, which implies that electric field

is also first order |E| ∼ |f̂ | for finite wavelengths such that

k 	= 0. We additionally assume that ω � k, in which case

we obtain the following linear system of equations:

(ω − kv)f̂ω,k +
ien0g

′(v)
mc2β0γ3

0

Eω,k = if̂k(v; 0) (8)

−kEω,k =
ie

ε0

∫
dv f̂ω,k(v), (9)

where g′(v) ≡ dg/dv. Solving (8)-(9) for the electric field

in terms of the initial conditions is trivial. We take the dis-

tribution function to be of the Klimontovich form

f(ζ, v; z) =
1

A

Ne∑
j=1

δ[ζ − ζj(z)]δ[v − vj(z)]. (10)

Using the initial value f(ζ, v; 0), the electric field is

Eω,k =
e

2πkε0ε(k, ω)

1

A

N∑
j=1

e−ikζj(0)

ω − kvj(0)
, (11)

where we have introduced the normalized dielectric re-

sponse function

ε(k, ω) = 1 +
Ω2

p

k

∫
dv

g′(v)
ω − kv(0)

. (12)

Here Ωp =
√
e2n0/ε0mc2β0γ3

0 is the relativistic electron

beam plasma frequency in the laboratory frame. The beam

bunching factor bk,ω = (kAε0/eN)Eω,k. Taking the in-

verse Laplace transform, our method yields the solution

bk(z) =
i

2πN

∫
L

dω
eiωz

ε(k, ω)

N∑
j=1

e−ikζj(0)

ω − kvj(0)
, (13)

where the integral along the Landau contour L can be per-

formed by finding the poles and evaluating the residues.

We will find it instructive to separate the poles into two

groups: the first obtained from the zeros of the dielectric

function defined by ωq : ε(k, ωq) = 0; the second are given

by ω = kvj(0) for j = 1, 2, . . . , N . We use the superscript

C to distinguish the part of the bunching factor arising from

the former set of poles with ω = ωq , while we identify the

latter poles the superscript I:

bk(z) = bCk (z) + bIk(z) (14)

with

bCk (z) =
∑
q

e−iωq
1

ε′(k, ωq)

1

N

N∑
j=1

e−ikζj(0)

ωq − kvj(0)
(15)

bIk(z) =
1

Ne

N∑
j=1

e−ik(ζ0
j+vj(0))z

ε[k, kvj(0)]
. (16)

The modes in Eq. (15) oscillate at the frequencies ωq , and

therefore represent the collective motion associated with

the plasma wave dynamics. On the other hand, the indi-

vidual part of the bunching bIk(z) involves a sum over the
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independent particle motion. This decomposition is a pre-

cise formulation of that first introduced by Pines and Bohm

[8]. The relative importance is determined by comparing

the density perturbation length scale ∼ 1/k with the De-

bye length λD = σv/Ωp.

To make these statements explicit, we assume that the

smooth part of the momentum distribution is a Gaussian,

g(v) = exp(−v2/2σ2
v)
/√

2πσv. (17)

First, we show that bCk (z) yields the familiar plasma wave

dynamics in the limit kλD � 1. In this case, the diectric

function is approximately given by ε(k, ω) ≈ 1 − Ω2
p/ω

2,

and there are two poles whose magnitude equals plasma

frequency ωq = ±Ωp [9]. When kλD � 1 we also have

Ωp 
 kvj(0) for most values of vj(0), and collective part

of the bunching Eq. (15) can be approximately written as

bCk (z) ≈ cos(Ωpz)
1

N

N∑
j=1

e−ikζj(0)

− ik

Ωp
sin(Ωpz)

1

N

N∑
j=1

vj(0)e
−ikζj(0).

(18)

A similar expression can be written for the collective ve-

locity bunching
∑

j vj(z)e
−ikζj(z)/N . The two averages

describe the plasma wave, and we see that the bunching

oscillates between its initial value and that of the collec-

tive velocity. For a beam initially described by shot-noise

statistics, bk(0) ∼ 1/
√
N , while at z = 0 the collective

velocity ∼ σv/
√
N . Thus, when kλD � 1 the fluctua-

tions in
〈|bk|2〉 decrease from 1/N at z = 0 to (kλD)2/N

after a quarter plasma period. At the same time the fluc-

tuations in the collective velocity increase, and eventually

returns to its initial value at Ωz = 2π. This effect is well-

known in microwave devices, and recently it was proposed

that such “shot noise suppression” could be useful for FEL

applications [1, 2]. We will show the Debye length for

present and proposed devices is too long to be applied at x-

ray wavelengths, but it may find use at longer wavelengths;

for example, the microbunching instability can severely de-

grade beam quality during compression, and smoothing out

fluctuations at and below optical wavelengths may prove to

be a useful manipulation. The collective plasma response

was also studied analytically in 3D in [7], with comparable

qualitative results. Next, we turn to the individual compo-

nent, which was not the focus of these other studies.

The individual component can be computed as

〈∣∣bIk(z)∣∣2〉 =
1

N

(kλD)2

1 + (kλD)2
. (19)

This is identical to the equilibrium fluctuations in a classi-

cal plasma (2). Thus, the bunching squared is comprised of

a collective part that is important for kλD � 1 and which

depends on the initial statistical distribution of the particles,

and an individual component that matches the equilibrium

fluctuations and is time stationary. In addition, there are

Figure 1: Evolution of the bunching for an electron dis-

tribution whose positions are initially random (given by

shot noise) and whose velocities are Gaussian distributed.

We average |bk(z)|2 over 100 statistically independent in-

stances to obtain
〈|bk(z)|2〉. The density fluctuations reach

a minimum after one-quarter plasma period, with the value

close to that predicted by
〈|bIk|2〉 (dotted lines).

cross-terms from the bCk and bIk ; simulations indicate that

they comprise a small correction if kλD � 1, while modi-

fying our simple results by ∼ 20% if kλD � 1.

To demonstrate the fluctuation evolution from a beam

that is initially random and uncorrelated (having shot-noise

type statistics), we have modified the galactic simulation

code GADGET-2 [10] to simulate a repulsive rather than at-

tractive force. i.e., we use GADGET-2 with “negative grav-

ity.” GADGET-2 is a massively parallel code that solves the

N -body problem using the fast multipole expansion. By di-

viding the long-range gravitational (or electrostatic) force

into a short range part that is solved exactly and a long-

range part that is evaluated using multipole expressions, it

reduces the scaling of the number of operations required

to solve the N body problem from O(N2) to O(N logN).
While there are a few electrostatic codes that also use such

methods to solve for the full particle interactions, we chose

to modify GADGET-2 because it is open source, freely

available, and well-optimized for parallel processing. Fi-

nally, we note that traditional particle-in-cell (PIC) codes

are only appropriate to simulate mean field dynamics; since

PIC codes do not completely resolve the interactions of par-

ticles within a given cell and are particularly susceptible to

error from discrete particle noise, they are not suitable for

the present investigation.

We show the results in Fig. 1. The fluctuation level in

Ne

〈|bk(z)|2〉 decreases from its initial value near unity to a

value that is fairly well-predicted by the individual average

(19), which we plot as dotted lines.

The results of Fig. 1 were obtained by averaging 100

different independent instances, each of which employ

400000 particles in a box with periodic boundary condi-

tions. Thus, these preliminary studies verifying the ba-

sic physics neglect any transverse spreading/focusing; we
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Table 1: Numerical example for two modern FEL facili-

ties. The first column lists the existing hard x-ray LCLS

parameters, the second has those of the NGLS soft x-ray

device, while the final column includes the LCLS injector

parameters at 135 MeV.

LCLS NGLS LCLS injector
γ0 26693 3914 264

Current [A] 3000 500 40

σγ 3.5 0.098 0.0053

εx,n [mm-mrad] 0.4 0.6 0.4

2πλD|min [nm] 0.3 1.5 10

chose to focus on this simplification because we felt that it

would be simplest to perform and interpret, and consider

the results of Fig. 1 to represent an idealized situation that

will typically be degraded by other effects. In the future we

plan to include more more realistic initial conditions that do

not assume a periodic system.

Finally, we need to determine what is the relevant Debye

length for relativistic electron beams suitable for x-ray free-

electron lasers. To determine the rms spread in vj ≡ 1 −
β0/βj , we consider the longitudinal velocity βj = (1 −
x′j

2 − 1/γ2
j )

1/2, where x′ is the angle the electron makes

with the z-axis. Assuming that 1− β0 � 1, we have

vj ≈ γj − γ0
γ0

− 1

2
x′j

2
. (20)

Thus, deviations in v are due to spreads in both the energy

and the angle. The rms spread appropriate for the Debye

length is therefore

σ2
v =

σ2
γ

γ2
0

+
1

4
σ2
x′ . (21)

Replacing the angular spread with the normalized beam

emittance εx,n and transverse size σx via σx′ = εx,n/γ0σx,

the Debye length can be written in terms of the current I as

λD =

√
IA
2γ0I

(
σ2
xσ

2
γ

γ2
0

+
1

4σ2
x

ε4x,n

)
, (22)

where IA = 4πε0mc3/e ≈ 17 kA is the Alfvén cur-

rent. For a beam with given emittance and energy spread,

the minimum possible Debye length can be determined by

equating the two terms in the parentheses, yielding

λD|min =
1

γ0

√
IA
I

σγε2x,n
2

=
1

γ0

√
IA
2ec

1

Be
, (23)

where Be is the electron beam brightness, i.e., the number

of particles per phase space volume. Thus, (γ0λD|min)
2

scales inversely with the electron beam brightness, which

can only increase during typical beam transport and accel-

eration.

To put some concrete numbers on the range of Debye

lengths one might have for FEL-type electron beams, we

include in Table 1 parameters for hard x-ray generation at

the Linac Coherent Light Source (LCLS) from [11] and the

proposed soft x-ray Next Generation Light Source (NGLS)

facility at Berkeley National Lab [12]. We see that at the

target hard x-ray wavelengths of 6 to 1.5 Å the LCLS has

kλD � 1 and the plasma wave is not important; similar

conditions obtain for the NGLS at wavelengths less than

3 nm. For all the listed parameters the minimum Debye

length is much less than 100 nm, so that reduction in fluc-

tuations can be expected to be observed in the optical part

of the spectrum, as has been recently measured in [13].

Finally, note that at the LCLS γ0λD|min is about a fac-

tor of three larger at high energy (and current) than it is at

the injector. This is because the beam energy spread is in-

creased before compression to mitigate the microbunching

stability. To make the plasma wave relevant at high en-

ergy and current would therefore first require a method of

compressing the beam without increasing energy spread. If

one could do this, than reducing the fluctuations in
〈|bk|2〉

to 0.1/N would also require an increase in LCLS beam

brightness by at least a factor of 4.
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ELECTRON OPTICS AND MAGNETIC CHICANE FOR MATCHING AN
XFEL-OSCILLATOR CAVITY INTO A BEAMLINE AT THE EUROPEAN

XFEL LABORATORY

C. Maag, DESY, Hamburg, Germany
J. Zemella, J. Rossbach, University of Hamburg, Germany

Abstract
At DESY the European XFEL (X-Ray Free-Electron

Laser) laboratory is currently under construction. Due to

the time structure of its electron bunch trains it is in princi-

ple possible to run a FELO (Free-Electron Laser Oscillator)

at the European XFEL. The major elements of a FELO are

the cavity and the undulator. To couple the electron beam

with the required beta functions into the cavity, a magnetic

chicane and an appropriate focusing structure are consid-

ered. In this paper we discuss the lattice design of the mag-

netic chicane and the focusing section. We also present the

results of the beam dynamics simulations performed.

INTRODUCTION
The XFELO concepts as described in [1] and [2] is

predicted to offer performance complementary to a SASE

(self-amplified spontaneous emission) based FEL. The de-

scribed XFELO is based on an ERL (energy-recovery

linac) and uses a crystal cavity to provide narrow band

feedback of the undulator-radiation. The cavity consists

of Bragg crystal mirrors which reflect only a narrow band-

width of the x-rays in the desired direction and grazing in-

cidence mirrors or compound refractive lenses (CRL) to

control the modes inside the cavity. Since the European

XFEL will be able to generate long bunch trains with a

high repetition rate of the bunches it might be possible to

adopt this concept for the European XFEL [3]. Compared

to a SASE FEL the spectral bandwidth of the radiation of

a XFELO is narrower by two to four orders of magnitudes

and the longitudinal coherence of the radiation along the

photon pulse is significantly larger. In order to bypass the

mirrors with the electron beam and match it with the x-ray

beam a magnetic chicane or the like and a focusing section

are required. Since at DESY a XFELO concept is under

consideration there is a need for a corresponding chicane

and focusing section.

LAYOUT
The layout of the chicane and the focusing section is

mainly determined by the required offset of the electron

beam and by the desired twiss parameters inside the un-

dulator. The offset has to be sufficient for the electrons to

pass by the mirrors of the FELO cavity. Due to the rela-

tively small diameters of the x-ray and electron beam, both

in the range of tens of μm and the arrangement of the x-ray

optics, an offset of 10 mm is sufficient. That allowed to

design a chicane of 21 m length with a deflection angle of

0.1◦ without any focusing elements in between. Because

of the symmetry of the chicane the dispersion is compen-

sated automatically. In order to overlap the Gaussian x-ray

and the electron beam inside the undulator properly a round

electron beam with the waist in the middle of the undulator

is required. In addition it is desired to keep the beta func-

tions small to reduce beam distortions due to field errors

of the magnets. It was investigated if these requirements

are met by the scheme shown in Fig. 1. The focusing into

the undulator is performed by quadrupoles before and after

the chicane. With the deflection angle of 0.1◦ compression

effects of the bunches are negligible.

−2 −1 0 1 2
x 10−5

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5
x 10−6

x / y  (m)

x′ 
/ y

′  
(m

)

Horizontal Phase Space
Vertical Phase Space

Figure 2: One-σ phase space ellipses in the transversal

phase space at the entrance of the undulator. The two el-

lipses overlap.

Table 1: Beam Parameters

Parameter Value

Electron energy 17.5 GeV

Bunch charge 1 nC

Bunch length (FWHM) 178 fs

Slice emittance (normalized) 1μm

Slice energy spread 0.45 MeV

SIMULATIONS
The calculation of the electron optics were performed

by using the code elegant [4]. The underlying beam pa-

rameters are shown in table 1. The initial α- and β-values
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Figure 1: The scheme of the beamline. The black line represents the electron beam and the dotted line represents the x-ray

beam. The shown mirrors are a part of the cavity.
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Figure 3: One-σ phase space ellipses in the longitudinal

phase space at the beginning of the beamline and at the

entrance of the undulator.

where taken from the European XFEL lattice design. In

order to get the required beam profile inside the undula-

tor an optimization problem with the quadrupole strengths

as the variables had to be solved. The conditions of the

optimization were set in the middle of the undulator to:

αx = αy = 0, βx = βy = 6m. Figure 4 shows the re-

sult of the optimization. It can be seen that the beam is

transformed into a round shape at the entrance of the undu-

lator and has the beam waist in the middle of the undulator.

This beam profile meets the requirement defined above to

overlap the electron beam with the Gaussian x-ray beam. It

can also be seen that the dispersion returns to zero after the

chicane. It is important to enter the undulator without dis-

persion to keep the beam diameter small and hence overlap

the electron beam with the x-ray beam properly. Further-

more, Fig. 4 shows in the upper part the dimensions of

the undulator and the x-ray optics and in the lower part the

arrangement of the magnets along the beamline. After set-

ting up the electron optics, 500000 particles were tracked

through the beamline. Figure 2 shows the 1σ ellipses in the

transversal phase space for the x- and y-direction at the en-

trance of the undulator respectively. As shown, the ellipses

are identical as it could be anticipated from Fig. 4. Fig-

ure 3 shows the 1σ ellipse of the longitudinal phase space

distribution for the beginning of the beamline and for the

entrance of the undulator. It can be seen that the two el-

lipses are identical. That shows that the bunch compres-

sion effect of the chicane is negligible. In Fig. 2 and 3 the

ellipses where shown for the entrance of the undulator be-

cause at this point further simulations need to be conducted
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Figure 4: The beta functions and the dispersion of the

beamline. In the upper part the undulator and the x-ray

mirrors are shown. In the lower part the arrangement of the

quadrupole (bold) and dipole magnets (normal) are shown.

by specialized software. Simulations showed [3], that the

natural focusing of the undulator is negligible. Hence the

calculation of the beta functions inside the undulator were

performed by assuming the undulator to be a drift space.

CONCLUSION
The considered magnetic chicane and focusing section

are suitable to couple the corresponding electron beam into

the cavity of the XFELO that is under consideration at

DESY. Figure 4 shows that the requirement of a round

beam with a beam waist in the middle of the undulator was

met. Furthermore it shows, that according to field quality

specifications of the European XFEL quadrupole magnets,

the maximum beta function is small enough to neglect dis-

tortion of the beam due to field errors of the magnets. Fig-

ure 4 shows also that due to the symmetry of the chicane the

dispersion is compensated. As can be seen in Fig. 3 bunch

compression effects are negligible because of the relatively

small deflection angle of the bending magnets.
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NUMERICAL SIMULATIONS OF AN XFELO FOR THE EUROPEAN
XFEL DRIVEN BY A SPENT BEAM

J. Zemella , J. Rossbach, University of Hamburg, Germany∗

C. P. Maag, DESY and University of Hamburg, Germany
H. Sinn European XFEL GmbH, Hamburg, Germany, M. Tolkiehn, DESY, Hamburg, Germany

Abstract
The European XFEL will be an X-ray free electron laser

laboratory at DESY in Hamburg Germany. In the baseline
design the light pulses will be generated in long undula-
tors via the SASE process. The wavelengths of the light
pulses will be between 5 nm and 0.05 nm. Since SASE
pulses have a poor longitudinal coherence a lot of research
is ongoing to overcome the statistical fluctuations of the
SASE pulses. Some years ago Kim et al. proposed an FEL
oscillator for light sources based on energy-recovery linacs
(ERL), using Diamond Bragg crystals to build up a high re-
flective cavity in the X-ray regime (XFELO). Since the Eu-
ropean XFEL will be based on superconducting accelera-
tor structures it will deliver a long train of electron bunches
which might be suitable to support an XFELO arrangement
as well. In particular, the spent beam at the exit of a SASE
FEL might be still qualified to drive an XFELO. Theoreti-
cal simulations of an oscillator based on Diamond crystals
for the European XFEL will be presented using electron
bunches of a spent beam.

INTRODUCTION

The beam parameters of the European XFEL allow to
operate high-gain free electron lasers (FEL) [1]. Suffi-
cient gain levels for multi pass approaches with signifi-
cantly shorter undulators can be reached. For an XFELO
for the European XFEL the undulator length is assumed to
be less than 15m instead of the SASE undulators which
need to be at least 60m for wavelengths of 1.5 Å and even
longer for two-stage approaches [2, 3, 4]. The bandwidth
of the radiation of a self-seeded XFEL or XFELO is more
narrow than for SASE-FELs (Δν/ν ∼ 10−3) and will be
in the order of Δν/ν ≈ 10−5

− 10−7. The pulses will
have a significantly larger longitudinal coherence up to full
longitudinal coherence along the photon pulse.
A cavity scheme to feed back X-ray pulses to the en-

trance of the undulator has been proposed for ERLs some
years ago [7]. The cavity is based on Bragg deflecting crys-
tals. Some studies have been done on cavities using Dia-
mond crystals due to their high reflectivity and heat con-
duction and low thermal expansion [8, 9, 10, 11].
A numerical simulation is presented using a spent beam

after a SASE undulator to generate an X-ray pulse using an
XFELO. The spent beam has a significantly larger energy
spread due to the emitted radiation in the SASE undula-

∗ e-mail: Johann.Zemella@desy.de

ω0 ω1 ω0

L1 L2

s s s s

Figure 1: Schematic of one periode of the simulated un-
folded crystal cavity using the Ginger FEL code. ω0 and
ω1 referred to the waist of the photon beam in the middle
of the undulator. L1 and L2 represents the curved Bragg
deflecting crystals and s denotes the distance between the
waist and the curved Bragg deflecting crystals. The green
red bars refer to the undulator.

tor which reduces the FEL gain [12]. The induced energy
spread is approximately 10MeV [1]. Since multi pass ap-
proaches offer a longer effective undulator length than a
single pass approach it is possible to get into saturation dur-
ing one pulse train containing 2600 bunches. For numeri-
cal simulation the FEL-code Ginger is used. This code of-
fers the possibility to include the reflection characteristics
of Bragg deflection crystal by an extra data file [13, 14].
Secondly, the temperature evolution of Diamond crys-

tal absorbing XFELO like pulses considering ballistic heat
transport effects is presented [18]. At cryogenic tempera-
tures Diamond offers a high heat conduction. This is nec-
essary to have a small temperature rise when the following
pulse is absorbed. Also the free mean path increases with
lower temperature [19]. At the highest thermal diffusiv-
ity at about 50K the mean free path is about hundreds of
micrometers and even at 100K it is about tens of mircome-
ters. If the mean free path is comparable to the thickness
of the crystal, ballistic heat transfer has to be taken into
account. A radial simulation code calculating the thermal
evolution is modified by using an effective thermal conduc-
tivity which is valid in both regimes, diffusive resp. ballis-
tic [18].

NUMERICAL SIMULATION

Ginger simulates a cavity with two curved mirrors in a
certain distance (see fig. 1) and filters the radiation using
the wavelengths dependent complex reflectivity of a Bragg
deflection crystal, fig. 2 using the dynamical theory of X-
ray diffraction from [16]. To couple out a fraction of the
pulses, one crystal is thinner to transmit a part of the pho-
ton pulses. For this simulations the fraction to couple out
is about 4%. The added length to the cavity length due
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Table 1: Electron Beam Parameters and Cavity Parameters

beam energy EB GeV 14.5
bunch charge q nC 1.0
bunch length (rms) tB fs 75.6
peak current IA kA 4.9
normalized emittance εn mmmrad 1.0
slice energy spread σE MeV 0.45 resp. 10
energy chirp EChirp MeV 10.0
betafunction βx,y at ω0 m 6.0
radiation wavelength λR nm 0.1029
undulator length LU m 15.0
undulator periode λU m 0.03
cavity length LCav m 66.62
focal length f m 18.82
round-trip reflectivity RCav % 87.5
output coupling TCav % 4
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Figure 2: (a) Reflectivity of a 150 μm thick and phase of
a thick Diamond crystal using the (4 4 4) reflex at 12 keV;
(b) Reflectivity and transmission of a 42 μm thick Diamond
crystal for the same reflection geometry using in (a).

to penetration depth of the X-rays into the crystal is ar-
tificially compensated [14]. The used electron beam and
cavity parameters are listed in Tab. 1. The electron beam
is symmetrically focused into the undulator in both planes
(x,y) to match the photon field in the cavity. The energy
chirp which is added refers from head to tail of the bunch
[15].

RESULTS
Figure 3a-d shows the results of numerical simulations

for an electron bunch with a charge of 1 nC whose param-
eters are given in Tab. 1. Both cases with a small slice
energy spread σE = 0.45MeV and a large slice energy
spread σE = 10MeV are depicted. To generate pulses
with a relative small saturation energy, a small energy de-
tuning is used since this relaxes the heat load issues. It

Table 2: Results of the Numerical Simulation for the
Photon

rms slice energy spread σE MeV 0.45 10.0
detuning parameter η ·10−4 0 6.36
gain per passage 1.1 0.105
round-trips to saturation 26 190
photon pulse energy EP μJ 286 211
rms photon pulse length tP fs 42.8 52.2
relative spectral width frel ·10−7 8.17 7.6
time bandwidth product 0.64 0.73
photon beam size at ω0 σω0

μm 14.0
photon beam size at L1 σL1 μm 39.2
opening angle θR μrad 2.33
couple out photon per pulse ·109 5.93 4.37
peak brilliance PB B ·1034 1.1 0.69

is possible to get much larger stored energy but this will
heat up the crystals too high. For the case of a small en-
ergy spread σE = 0.45MeV the relatively energy devia-
tion is η = 0; the XFELO runs at resonance energy. The
photon pulse energy saturates after 26 cavity round-trips
at about EPhot ≈ 286 μJ (fig. 3a). At saturation the pho-
ton pulses are almost fully coherent in the transversal di-
rection due to its almost perfect Gaussian shape in radial
direction (fig. 3b). In the longitudinal direction the photon
pulses have a smooth nearly Gaussian shape in comparison
to SASE pulses with their spiky structure [1]. The photon
pulses have little noise at the maximum. The rms pulse
length of the photon pulse is tP = 42.8 fs (fig. 3c). In com-
parison with the length of the electron bunch the photon
pulse length is about 60%. One trailing pulse with lower
amplitude can be observed. This pulse is generated through
multiple reflections at the crystal surfaces [14]. The rms
relative spectral width of the pulses is frel = 8.17 · 10−7

rms (fig. 3d). At the edges of the pulses the Gaussian shape
is distorted. The distortion at the right edge is larger due
to slightly asymmetric reflection of the crystal. The sim-
ulation shows a time bandwidth product of about 0.64 as-
suming a lower limit of 0.5. The peak brilliance is about
PB ≈ 1.1 · 1034 B (B = photons/s

mmmrad 0.1%BW).
Increasing the slice energy spread to σE = 10.0MeV

the gain is reduced by a factor of 10 for a detuning of
η = 6.36 · 10−4. This leads to a saturation energy of
EPhot ≈ 211 μJ after 190 cavity round-trips. The transver-
sal pulse profile is also nearly Gaussian with a slight flat
top at the maximumwhich indicates high transversal coher-
ence. The temporal profile has almost the same shape with
lower amplitude comparing with the low energy spread
case. The pulse duration is slightly larger with tP = 52.2 fs
(fig. 3c). The spectrum of the pulses has the same dis-
tortions at the edges of the pulses. The relative spectral
width of the pulses is slightly smaller frel = 7.6 · 10−7 due
to its longer temporal profile. The time bandwidth prod-
uct is about 0.73. The pulses have a peak brilliance of
PB ≈ 0.69 · 1034 B.

Used for Numerical Simulation [15] Pulses of an XFELO
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Figure 3: The results of numerical simulation with an electron bunch with a charge of 1 nC (see Tab. 1); (a) Stored photon
pulse energy versus number of cavity round-trips; (b) Intensity of photon pulse at saturation versus radial position of
simulated grid at the center of the undulator; (c) Power of photon pulse at saturation in time domain at the end of the
undulator; (d) Power of photon pulse at saturation in frequency domain at the end of the undulator. The large energy
spread case describes the case of a spent beam from a SASE FEL (red).

THERMAL BEHAVIOUR OF THE
DIAMOND CRYSTAL

The temperature evolution of the crystal is calculated by
the Fourier law for diffusive heat transport q = −λ∇T
with heat flux q, thermal conductivity λ and temperature
gradient ∇T [17]. Considering ballistic heat transport an
effective thermal conductivity is introduced [18]

λeff (T ) =
λ (T )

4
3
l(T )
L + 1

with crystal thickness L, mean free path l(T ) =
3λ(T )/cv(T )vs, thermal conductivity λ(T ) [19], specific
heat per unit volume cv(T ) and speed of sound vs [17]. In
the ballistic regime the phonons scatter only at the bound-
aries of the bulk which is assumed to be black in sense of
photon radiation [18].
The radial grid size of the simulation is 1 cm using a grid

spacing of 4 μm. The thickness of the bulk in the center
region is LC = 42 μm which corresponds to the thick-
ness of the thin Diamond crystal to couple out radiation
and a thickness of LC = 150 μm accordingly to the thicker
crystal. At a radius of 2.5mm the thickness increases to
LEdge = 5mm. The absorbed energy is assumed to be
uniform in depth. This assumption reduces the maximal
temperature rise after absorbing the pulse energy. The ab-
sorbed pulse energy is set to EAbs = 2.0 μJ which corre-
sponds to ∼ 1% of absorption of the crystal assuming the
saturation energy from slice energy spread Tab. 2. Effects
due to high temperature gradients are neglected which re-
duces the likely thermal conductivity.
Figure 4a shows the results for a thickness of LC =

42 μm, pulse separation of tsep = 222 ns and spot size
of σr = 39 μm for the temperature at the center just be-
fore the next pulse encounters the surface for two different

crystal temperatures. After 100 microseconds the temper-
ature of a Diamond including ballistic heat transport for
an initial temperature of T0 = 50K is about T = 72.6K
and for an initial temperature of T0 = 100K is about
T = 115.5K. The diffusive heat transport equation leads to
temperatures T = 53.6K for T0 = 50K and T = 110.8K
for T0 = 100K.
Figure 4b shows the same for a 150 μm thick crystal.

Due to the thicker crystal the temperature rise becomes
smaller since the absorbed energy density is lower. Even
for a thicker crystal and lower thermal gradients the ballis-
tic heat transport has an impact on the temperature evolu-
tion. The ballistic diffusive heat transport resp. diffusive
lead to a temperature of T = 103.7K resp. T = 103.3K
for an initial temperature of T0 = 100K and T = 53.6K
resp. T = 51.4K for an initial temperature of T0 = 50K.
Figure 5a-b shows the temperature of the crystal just be-

fore the following pulse is absorbed for an increased pulse
separation time of 444 ns and 666 ns for the thin and thick
crystal. Even for such long separation times and a thicker
crystal, ballistic heat transport has a visible contribution
and leads to slightly larger crystal temperatures.

CONCLUSION

The numerical simulation of an XFELO at 1 Å, using
the 2D FEL code Ginger, shows that it would be possible
to drive an XFELO using a spent beam, which already gen-
erated a SASE pulse in a SASE undulator in front of an
XFELO. The saturation energy could be adjusted using the
relative energy deviation η to achieve a relatively small sat-
uration energy. The gain decreases by a factor of 10 for
an electron bunch with a large energy spread compared to
the gain of the small energy spread electron bunch. The
bandwidth of the pulses generated with an 75 fs long elec-

μ
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(a) LC = 42.μm

0 20 40 60 80 100
0

10

20

t ( s)

T
(t

)
−

T
0
(K
)

T0 = 50.0K: λ λeff
T0 = 100.K: λ λeff

(b) LC = 150 μm
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Figure 4: Temperature of a Diamond crystal before absorb-
ing the following 2 μJ pulse with an rms width of 39 μm
and pulse seperation of 222 ns for a crystal thicknes of (a)
42 μm and (b) 150 μm.

tron bunch is 8meV rms. The pulse is nearly Fourier band-
width limited. The peak power at saturation is in the order
of 1 − 3GW. There is noticeable noise at the maximum of
the temporal profile. Also there are some spiky distortions
at the edges in the spectrum which have a larger spectral
density than the broad spectrum.
The heat load simulations considering ballistic heat

transport show differences to diffusive heat transport. For
this calculation the spontaneous undulator radiation is not
included which increases the temperature. In case of a thin
Diamond crystal and a pulse separation time of 222 ns a
temperature rise of more than 20K have to be expected.
In this temperature range the thermal expansion is in the
order of 10−8K−1. This temperature rise would lead to a
shift of the Bragg energy of aboutΔE/E ≈ 3 · 10−7. This
relative energy change might be acceptable. For 100K the
energy change is more than ten time higher which is larger
than the Darwin width of the used Diamond crystal. For
longer pulse separation times and thicker crystals the tem-
perature change is smaller and therefore the Bragg energy
change will be smaller. One has to mention that the diffu-
sive ballistic heat transport may still overestimates the heat
flux observed experimentally as shown in the case of thin
silicon layers in [20].

(a) LC = 42.μm
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(b) LC = 150 μm
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Figure 5: Temperature of a Diamond crystal before absorb-
ing the following pulse for different pulse separation times
of (a) 42 μm and (b) 150 μm thickness.
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SIMULATIONS OF XFELO FOR THE KEK ERL 

R. Hajima#, N. Nishimori, JAEA, Tokai, Ibaraki, 319-1195, Japan 
N. Sei, AIST, Tsukuba, Ibaraki, 305-8568, Japan 

M. Shimada, N. Nakamura, KEK, Tsukuba, Ibaraki, 305-0801, Japan 

Abstract 
Following the recent development of high-brightness 

electron guns and high-reflectivity X-ray crystal optics, 
an FEL oscillator operated in a hard X-ray wavelength 
region (XFELO) has been considered as a possible 
extension of the 3-GeV ERL light source proposed at 
KEK. In order to deliver a 6-GeV electron beam to the 
XFELO, the ERL is operated at the energy-doubling 
mode with a low average current. In this paper, we 
present results of electron beam simulations and FEL 
simulations for the XFELO proposed at KEK. 

INTRODUCTION 
Energy-recovery linac (ERL) to produce an electron 

beam of small emittance and high-average current is a 
promising technology for future light sources such as 
synchrotron radiation facility for coherent X-rays and 
laser Compton scattered -ray sources [1]. A collaborative 
project for the next-generation light sources based on 
energy-recovery linac has been established in Japan [2]. 
Critical components such as photocathode DC gun [3] 
and superconducting cavities [4] have been developed in 
JAEA and KEK. A test facility, the Compact ERL, is 
under construction to demonstrate the generation and 
acceleration of “ERL quality” electron beams. The first 
beam at the Compact ERL is scheduled in March 2013 [2]. 

One of the future ERL light sources under proposal in 
Japan is a synchrotron X-ray light source based on a 3-
GeV ERL to be a successor of Photon Factory at KEK [5]. 
The 3-GeV ERL will offer far higher performance than 
the existing storage ring. The high repetition rate, short 
pulse, high spatial coherence and high brightness of ERL 
will drive forward a distinct paradigm shift in X-ray 
science from “static and homogenous” systems to 
“dynamic and heterogeneous” systems, in other words, 

from “time- and space-averaged” analysis to “time- and 
space-resolved” analysis. 

In addition, an X-ray FEL oscillator (XFELO) is 
proposed as a part of the ERL facility. The XFELO is 
driven by 6-GeV beam obtained from double-pass 
acceleration by main linac of the ERL as shown in Fig.1. 
The XFELO is operated at low repetition with small 
average current, thus, the energy recovery is not necessary. 
The XFELO to produce X-rays with full transverse and 
temporal coherence will be complementary to the 
undulator X-rays at the ERL [6]. 

In this paper, we describe design parameters of XFELO 
at the KEK ERL, results of electron beam degradation 
evaluation and XFELO simulations. 

XFELO PARAMETERS AND GAIN 
Bragg mirrors such as perfect crystals of diamond are 

used for the XFELO. Recently, Bragg mirrors having 
reflectivity more than 99% are becoming available at hard 
X-ray wavelengths [7]. We have, therefore, chosen FEL 
parameters to obtain small signal FEL gain larger than 
30% to compensate the mirror loss and the extraction 
from the oscillator. Table 1 shows the parameters of 
electron beam, undulator and FEL gain for the XFELO, 
where the FEL wavelength is fixed at 1 Å as a 
representative example. Two sets of parameters are case 
(A) for typical electron beam parameters to obtain high-
brilliant undulator radiation at the ERL, case (B) for 
shorter electron bunches with velocity bunching at the 
ERL main linac [8]. The case (B) with a smaller bunch 
charge is preferable for reducing thermal heat load on the 
Bragg mirrors. We plan to carry out beam dynamics 
studies specific to the XFELO such as small charge 
operation, velocity bunching in the Compact ERL. 

 

Figure 1: Conceptual layout of the 3-GeV ERL integrated with XFELO at KEK. 

 

 ____________________________________________  

# hajima.ryoichi@jaea.go.jp 
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Table 1: Example Sets of XFELO Parameters 

 Case (A) Case (B) 

E-beam   

Energy 6 GeV → 

Charge 20 pC 7.7 pC 

t  1 ps 0.38 ps 

E/E  5E-5 1.5E-5 

n 0.2 mm-mrad → 

* 17 m → 

Repetition 1 MHz → 

Undulator   

Pitch 1.94 cm → 

aw 0.65 → 

Nu 3000 → 

FEL   

wavelength 1 Å → 

Gain 35% 63% 

 
In an FEL oscillator, profile of the optical beam is 

determined by mirror geometry and the FEL gain 
depends on the filling factor, spatial overlap of the 
optical beam and the electron beam. The criterion of 
electron beam emittance to keep a good overlap with the 
optical beam is given by  4// n , which is the 
diffraction limited electron beam. In the 6-GeV XFELO 
for 1 Å X-ray generation, the diffraction limited 
condition becomes mradmm09.0 n . We plot the 
small signal FEL gain as a function of normalized 
emittance in Fig. 2. The small signal gain for the 
diffraction limited condition is reduced to be 1/4 of the 
gain at zero emittance. Our design value of emittance is 
beyond the diffraction limit but we still have FEL gain 
large enough to compensate the total loss of X-ray 
resonator. 

normalized emittance (mm-mrad)
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Figure 2: FEL small signal gain as a function of 
normalized emittance. The design value is 0.2 mm-mrad. 
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Figure 3: FEL small signal gain as a function of energy 
spread. The design value is 5E-5 for the case (A) and 
1.5E-5 for the case (B). 

Figure 3 shows the FEL small signal gain as a function 
of electron beam energy spread, E/E. The indicator for 
the FEL gain bandwidth, uE NE 2/1/2  , is shown in 

the plot. 
Figures 2 and 3 show that the FEL small signal gain is 

large enough for the XFELO lasing at 1 Å, if we achieve 
electron beam parameters listed in Table 1. 

BEAM DEGRADATION IN THE ERL 
In order to confirm the electron beam parameters after 

the double-pass acceleration at 3-GeV linac, we 
evaluated growth of emittance and energy spread by 
analytical and numerical manners. 

In the analytical evaluation, we included incoherent 
radiation from bending magnets (ISR-bending) and 
undulators (ISR-undulator) as sources of beam 
degradation. Incoherent radiation from bending magnets 
introduces energy spread and emittance growth [9]: 
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Assuming electron energy of 3 GeV, bending radius of 

19.1 m and <Hx>=3 mm, we obtain 
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m106.2 13x. 

Incoherent radiation from undulators introduces 
energy spread and emittance growth [10]: 
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Assuming a 3-GeV ERL loop to accommodate 
undulators, 30 m x 6, 5 m x 22, and all the undulators are 
identical: u=1.8 cm, K=2 and <Hx>=0.082 mm, we find 
the contribution of undulator incoherent radiation as 
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5107.4 
E
E

 
m102.9 14x. 

From the analytical evaluation, the effects of ISR-
bending are found to be negligible and the emittance 
growth of ISR-undulator is also negligible. Energy 
spread induced by undulator radiation may affect the 
XFELO performance, if all the undulators in the ERL 
loop are closed to the minimum gap, K=2. 

Next, we see the results of particle tracking 
simulations by elegant [11], where we conducted 
simulations from the merger (10 MeV) to the end of the 
second-pass acceleration (6 GeV) for the case (A) 
parameters in Table 1. The initial beam parameters at the 
merger are bunch charge 20 pC, rms bunch length 1 ps, 
normalized rms emittance 0.1 mm-mrad, rms energy 

spread 0.2%. Incoherent and coherent radiation in 
bending magnets and short-range wakefield in 
superconducting cavities are taken into account, and no 
undulators are included in the simulations. The wakefield 
is based on a model of TESLA cavity [12], but the model 
seems similar to the ERL cavity. Detail description of the 
ERL loop is presented elsewhere [13]. 

Figure 4 shows evolution of transverse phase space 
from the merger to the end of the second-pass 
acceleration. We can see that the transverse emittance is 
almost preserved in spite of the small initial emittance. 

Figure 5 is a plot of longitudinal phase space 
evolution. Growth of energy spread is not an issue either. 
The slight reduction of energy spread is attributed to the 
effects of CSR and cavity wakes. 

 

Figure 4: Evolution of transverse phase space of electrons obtained by particle tracking with Case (A) parameters. 

Figure 5: Evolution of longitudinal phase space of electrons obtained by particle tracking with Case (A) parameters. 
 
 

XFELO SIMULATIONS 
Performance of the proposed XFELO was studied by 

one-dimensional time-dependent FEL simulation code. A 
3-D FEL simulation is inevitable to study high-gain SASE 
FELs, because transverse profile of the optical field is 
affected by electron beam, which is optical guiding or 
gain focusing. In FEL oscillators operated in the low-gain 
regime, the transverse profile of the optical field is 
determined by cavity geometry, and 1-D simulations give 
a good approximation. The simulation code used here was 
originally developed for an infrared FEL oscillator, which 
has been benchmarked by a series of experiments at the 

JAERI-FEL: single super-mode, limit cycle, chaotic 
spiking and few-cycle pulse generation [14]. 

In the FEL simulations, Bragg mirrors in an XFELO 
are implemented as frequency filtering of an X-ray pulse 
every round trip. The temporal profile of an X-ray pulse 
at the undulator exit is converted into the frequency 
domain by fast Fourier transformation (FFT), and a 
frequency filter corresponding to the Bragg mirrors is 
applied. The filtered pulse is then converted back to the 
time domain by FFT. We use a model of Bragg mirrors, 
where reflectivity and phase shift are determined from the 
Darwin curve including absorption depending on X-ray 
energy [15]. 
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Evolution of FEL power with parameters listed in Table 
1, case (A), is plotted in Fig. 6. We assumed a triangular 
shaped electron bunch (rms 1 ps), Bragg mirrors having 
bandwidth of 10 meV and loss of 10% within the 
bandwidth. The simulation result shows that the FEL 
saturation occurs after 200 round trips. 

Figure 7 shows evolution of FEL pulses for the same 
parameters. An FEL pulse starting with shot noise having 
no temporal coherence evolves gradually and has a 
smooth Gaussian-like profile after the saturation. The 
simulation result clearly shows the establishment of 
temporal coherence in the XFELO. The FEL pulse after 
the saturation has a temporal duration, 2.0 ps (FWHM), 
and the number of photons extracted from the oscillator is 
2x109/pulse for extraction efficiency of 5%. 
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Figure 6: A result of FEL start-up simulation with the 
Case (A) parameters. 

 

 

Figure 7: Evolution of a FEL pulse from shot noise to saturation. 

 

SUMMARY 
We have studied the performance of XFELO driven by 

a 6-GeV electron beam obtained from double-pass 
acceleration in the 3-GeV ERL planned at KEK. 
Assuming electron beam parameters similar to the normal 
3GeV-ERL operation, we can obtain FEL gain large 
enough to operate the XFELO in the hard X-ray 
wavelength region. 

Possible degradation of the electron beam during the 
ERL loop and linac has been studied both in analytical 
and numerical manners, where short-range wakefield in 
superconducting cavities, coherent and incoherent 
radiation from bending magnets and undulators are taken 
into account. As a result, we found that the emittance and 
energy spread are well preserved even after the double-
pass acceleration. 

We also conducted FEL simulations using a one-
dimensional time-dependent code including a model of 
narrow-band Bragg mirrors. Evolution of FEL pulses 
from the shot noise to the saturation was calculated to 
show an FEL pulse with significant temporal coherence 
after the saturation. 

Generation of an electron beam of “ERL quality” will 
be soon demonstrated in the Compact ERL, a test facility 
for future ERL light sources. 
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SUB-ÅNGSTRÖM STABILIZATION OF AN X-RAY FREE ELECTRON
LASER OSCILLATOR AND NUCLEAR RESONANCE METROLOGY∗

B.W. Adams† , K.J. Kim‡ , ANL, Argonne, IL 60439, USA

Abstract
A scheme is described to length-stabilize the cavity of

an x-ray free-electron-laser oscillator (XFELO) by locking

one of its longitudinal modes to the narrow nuclear reso-

nance line of 57Fe at 14.4 keV. With a cavity thus stabilized,

a standing-wave pattern can be maintained over hours, to be

probed by another sample of 57Fe in a meter-long scan to

compare the nuclear-resonant wavelength with a known op-

tical standard. This will improve by at least four orders of

magnitude the accuracy at which the 57Fe resonance wave-

length can be measured. The technique can be refined for

other, narrower resonances such as 181Ta (6.2 keV, 75 peV),

opening up precision x-ray metrology for technological ap-

plications and fundamental physics, such as, e.g., experi-

mental quantum gravity.

INTRODUCTION
Metrology is at the core of modern physics and tech-

nology, both for fundamental studies, and practical appli-

cations. A striking example for the latter is the global

positioning system (GPS), which relies on the accuracy

of atomic clocks and shows the relevance of general-

relativistic corrections for the Earth’s gravitational field.

Atomic clocks can measure time - and thus also length - to

an accuracy of a few times 10−16. Following current trends

[1], this figure will probably improve incrementally over

the next few years. Progress is made through careful con-

trol of environmental perturbations and ensemble averag-

ing for good signal statistics of the clock phase. Efforts are

underway to replace the current, microwave-based clocks

with optical ones. These are less susceptible to stray fields,

and tick at a higher rate for faster phase accumulation. The

next natural step in this progression is to use x-ray nuclear

resonances for their even higher frequencies and the high

degree of isolation of nuclei within their host electronic

shells. For nuclear-resonant length and time standards to

be useful, one has to be able to relate them to the existing

optical ones. This would require means of optical coupling

the two. Unlike in the optical regime, where lasers pro-

vide intense coherent light, and nonlinear optics can cou-

ple modes, x-ray optics has to date been mainly restricted

to low-coherence and linear-optical cases. The reasons for

this are mainly the lack of intense, coherent, and stable x-

ray sources, and the weakness of nonlinear-optical effects

at x-ray frequencies. The former of these can now be ad-

dressed with the recently studied x-ray free-electron oscil-

lator (XFELO) [2, 3, 4], which can provide x-ray beams
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of high coherence and high intensity (measured in terms of

the number of photons per mode). The present proposal has

two part to it - the first showing a way to further improve

the coherence characteristics of an XFELO through cav-

ity stabilization, and the other proposing a way of relating

x-ray to optical wavelengths without the use of nonlinear

optics. Although the high intensity of an XFELO beam

could presumably lead to nonlinear-optical effects, this is

currently too much an uncharted territory to be the basis of

a proposal. Instead, the identities of well-defined pieces of

matter in an interferometer are exploited for their interac-

tions with visible light and with x-rays.

XFELO

An XFELO combines an x-ray optical cavity made

of near-backscattering Bragg crystals with an x-ray free-

electron laser to produce a constant stream of intense, co-

herent, and wavelength-tunable pulses. The XFELO pulses

are copies of the same pulse circulating in the cavity. Thus,

if the pulse spacings can be stabilized to much better than

the wavelength, then the XFELO output will be a frequency

comb similar to that in mode-locked optical lasers. Un-

like in the optical case, the x-ray comb does not cover a

full octave in frequency, and thus cannot be used in self-

referencing schemes. As a specific example optimized for

the present proposal, an XFELO with the following param-

eters will be considered: The cavity is tuned to the 14.4-

keV nuclear resonance of 57Fe, and is formed by four dia-

mond crystals oriented to the (337) reflection (2Θ = 162◦).

It has a round-trip length of L=90 m, corresponding to a

pulse spacing of T = L/c = 0.3μs, and a longitudinal-

mode spacing of 3 MHz in the frequency comb, i.e., 14

neV on the energy scale. Electrons of 7 GeV in bunches

of 25 pC in an rms length of 0.5 ps will be used for for

the FEL. The intracavity peak power of this XFELO is 35

MW, and the output has 3 · 108 photons in a 3-meV band-

width. This amounts to about 1000 photons per mode and

pulse. The small-signal gain is 0.5, and the round-trip loss

(including outcoupling) is 26%. 1.

The linewidth of the modes in the frequency comb is

given by fluctuations in the cavity length, spontaneous un-

dulator emission, and by noise in the FEL gain process.

The former are caused by seismic ground motion and vibra-

tions due to local machinery. These, and ways to mitigate

them, have been studied extensively by the gravitational-

wave-detector community, and their experience is used

here. Spontaneous undulator emission into the FEL lasing

mode has a power of about 10−8 of the intracavity radi-

ation. This leads to a random phase jump of about 10−4

1We thank R.R. Lindberg for these parameters
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radians in each pulse, while fluctuations in the modulus are

attenuated in the equilibrium of gain and loss in the FEL.

Gain-related noise depends on fluctuations in the electron-

beam parameters (energy, emittance, etc.). In a rough esti-

mate, one may expect a phase shift of π/2 for a 100-percent

gain variation. To make the gain-related noise not exceed

the spontaneous-emission noise, bunch-to-bunch gain fluc-

tuations must therefore be kept at the 10−4 level.

To model the spectral broadening in the frequency comb,

we apply a generic model for the electric field E(t) in the

XFELO output, writing

E(t) =

N∑
n=1

eiψnE0(t− nT ) (1)

whereE0(t) is the electric-field amplitude of a single pulse.

Its exact shape determines the spectral width of the emis-

sion, which needs not be specified here because only a sub-

μeV part of the spectrum will be used. ψn is the phase

error of the n-th pulse, for which we assume uncorrelated

shot-to-shot phase fluctuations φn around a zero mean, and

cumulative phase errors ϕk.

ψn = φn +

n∑
k=0

ϕk (2)

Both are modeled here as independent Gaussian random

variables with the rms values

〈φkφ�〉 = σ2
φδk�, 〈ϕkϕ�〉 = σ2δk�, 〈ϕkφ�〉 = 0 (3)

This model leads to an output spectral power density of the

form〈∣∣∣Ẽ(ω, ωT )
∣∣∣2〉 = NF (σ2

φ, σ
2, ω/ωT )

∣∣∣Ẽ0(ω)
∣∣∣2 , (4)

where N is the number of pulses included in the average,

and

F (σ2
φ, σ

2, x) =

(
1− e−σ2

φ + e−σ2
φ
sinh(σ2/4) cosh(σ2/4)

sinh2(σ2/4) + sin2(πx)

) (5)

with x = ω/ωT .

For small σ and σφ, and x close to an integer n, eq.

(5) reduces to (σ/2)2/((σ/2)2 + (ω − nωT )
2), i.e., a

Lorentzian line. This is in qualitative agreement with

the Lax model of a noise-driven harmonic oscillator [5].

In the ultimate limit, with cavity-length and gain fluctua-

tions suppressed below the spontaneous-emission value of

σ = 10−4, the linewidth is 10−8 of the 14-neV line spacing

in the comb, i.e., less than 100 atto-eV.

CAVITY STABILIZATION

Elementary, Single-Mode Stabilization
The stabilization scheme [6] is shown schematically in

Fig. 1. A sample of nuclear-resonant material, 57Fe with

a resonant energy of h̄ωR = 14.4 keV, and a linewidth of

h̄Γ =5 neV in our example, is placed into the output of

the XFELO. This linewidth is always subject to some in-

homogeneous broadening. About 8 neV can be obtained

in nonmagnetic samples of high chemical symmetry such

as iron hexacyanide. This is sufficiently narrow to re-

solve the 14-neV mode spacing of the XFELO, so that one

mode can be locked to the nuclear resonance in a feedback

scheme where a piezoelectric actuator changes the cavity

length. Following resonant absorption of a photon from the

ω

int.

h
14.4 keV12 neV

~10  modes
6

piezo

Fe
57

~40m

detectors
14.4 keV emission

6.4..7.1 keV Fe K fluorescence

~c
m

 ..
 m

Figure 1: XFELO with crystals A..D forming an x-ray op-

tical cavity. Radiation leaving by the output coupler (A)

excites 57Fe to resonant absorption, the strength of which

is measured to keep one longitudinal mode on resonance.

XFELO, a 57Fe nucleus will re-emit this photon, or eject a

1s electron of its host atom. The latter process is followed

by emission of one x-ray fluorescent photon at an energy of

6.4 or 7.05 keV. Both the the resonantly emitted photons,

and the x-ray fluorescence can be detected in a 4π solid an-

gle as a measure of the absorption strength, i.e., the over-

lap of a longitudinal mode in the XFELO output with the
57Fe resonance. The only exception is the exact forward

direction where the radiation detector would be overloaded

with the almost a million times stronger non-resonant radi-

ation. The optical thickness of the sample must be chosen

smaller than 1 to avoid the necessity of self-absorption cor-

rections, radiation trapping, or superradiant emission into

this forward direction [7], which would be useless anyway

due to superradiant line broadening. Assuming an optical

thickness of 0.1, about 100 photons will be absorbed from

each pulse at resonance. Then, with Poisson statistics of

the absorption process, 100 pulses in a 30-μs time inter-

val are needed for a 1-percent accurate determination of

the resonant signal. With these estimates, the cutoff fre-

quency of the feedback loop is 30 kHz. The feedback loop

does not stabilize the cavity length in an absolute sense like

an independent optical interferometer would do. Rather, it

both compensates for the effects of ground motion, etc.,

and changes the cavity length to compensate for the effects

of phase diffusion from the gain-related noise. This way

the XFELO output is kept at resonance with the absolute

frequency standard of the nuclear resonance.

We now need to compare the cutoff frequency with the

noise contributions. Phase diffusion follows a root-of-time

law, so with 10−4 radians phase jumps per pulse, a 1-

percent phase change will take about 10000 pulses, or 3 ms.
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This is slow enough for the feedback loop to handle. Seis-

mic noise varies considerably by location. An empirical

formula to describe ground motion x(f) over the frequency

f that is typical for quiet sites selected for gravitational-

wave detectors is [8]

x(f) ≈ 10−9m√
Hz

(
10Hz

f

)−2

(6)

To find the amplitude of ground motion within a time inter-

val τ , we take the square root of the integral of the spectral

power density, i.e., the square of eq. (6),√(
10−9m√
Hz

)2

(10Hz)4
∫ ∞

1/τ

df

f4
< 8.5 · 10−13m (7)

to find that τ = 6 · 10−4 s yields a motion of 1% of the x-

ray wavelength. We conclude that a 30-kHz feedback loop

can easily compensate for the ground motion to better than

1% of the x-ray wavelength.

Using Multiple Modes
The stabilization scheme as described above would take

photons out of the longitudinal mode that is to be used in

nuclear-resonant applications. Given the low optical thick-

ness of 0.1 that is discussed above, the loss may seem toler-

able, but more serious for applications may be interference

of the XFELO output with delayed emission from the stabi-

lizer sample. A simple remedy for this problem is to move

the stabilizer sample a constant velocity to make it reso-

nant with another mode through the Doppler shift. This

technique is well known, and is used in Mössbauer spec-

troscopy to scan energy spectra. With 57Fe, the resonance

shifts by 48 neV (10 linewidths) at a velocity of 1 mm/s.

Therefore, the stabilizer sample has to move at 0.3 mm/s to

skip one mode. This velocity need not even be particularly

accurate because errors enter the absolute resonance with a

factor Γ/ωR.

Fe samples57

at rest
application sample

3 meV

staggered velocities

XFELO

intensity

ω

14 neV

Figure 2: Multiple samples tuned to to different longitudi-

nal modes of the XFELO to avoid interference at the appli-

cation sample, and to boost signal strength.

The feedback-signal strength may be boosted by use of

several stabilizer samples, each velocity-tuned to a differ-

ent longitudinal mode, see Fig. 2. One may also use veloc-

ity tuning to obtain a feedback signal with information on

the sign of the error. In this scheme, shown schematically

in Fig. 3 for three samples, one of them is tuned to where its

mode should lie, while the two others are at slightly lower

and slightly higher velocities than that for full tuning to

their modes. The difference of the latter two then provides

the sign of the error.

ω − ω
0

c

a
b

intensity

Figure 3: Using velocity tuning to obtain an error signal

with sign. One of three samples (magenta resonance curve)

is velocity-tuned to the peak of a longitudinal mode, an-

other (green resonance curve is tuned at a slightly lower

frequency than “its” mode, and the third (cyan curve) is

tuned at a slightly higher frequency. The signal “b” should

be at it peak value (here slightly off), and the difference a-c

shows that the cavity length needs to be reduced to tune to

slightly higher frequencies.

RELATING AN X-RAY WAVELENGTH TO
OPTICAL STANDARDS

In order to enable precision metrology based on nuclear

resonances, we need to relate the x-ray resonant wave-

length to optical length standards. To that end, the out-

put of the XFELO is back-reflected into itself to gener-

ate a standing-wave pattern. Unlike the XFELO cavity,

where the requirement of minimal loss restricts the choice

of Bragg reflector material, the standing-wave generation

can incur some loss. A crystal material suitable for ex-

act back-reflection can thus easily be found. Correspond-

ing to the 57Fe resonance is a coherence length of about

50 meters, so the standing-wave pattern extends over more

than 20 m. This standing-wave pattern is then probed by

nuclear-resonant absorption in a scan over a distance of

several meters. To get a sufficient signal strength, one may

use many 57Fe atoms arrayed periodically with a lattice pa-

rameter matching the standing-wave period, or one may

focus, as shown in Fig. 4, and use a single nucleus. The

former method poses some challenges because the lattice-

parameter match has to be sufficiently good to amount to

much less than an Ångström over the thickness of the lat-

tice, and because the lattice planes have to be aligned to

be highly parallel to the standing waves. We will there-
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fore discuss the option of a single nucleus in a focus. As

shown in Fig. 4, a pair of Fresnel zone plates focuses the

beam from the XFELO to a 50-nm waist, and re-collimates

it. The back-reflected beam undergoes the same focus-

ing. A single nucleus of 57Fe is placed into this focus,

embedded in a stiff matrix of a material of light elements,

such as diamond. The entire assembly of zone plates and

probe nucleus travels along the standing-wave pattern un-

der optical-interferometric control. For every displacement

of λR/4 = 0.21Å the resonant fluorescent signal from this

nucleus changes from strong to weak, or vice versa. With
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Figure 4: Scanning an x-ray standing-wave pattern with an

assembly of two confocal x-ray zone plates focusing to 50

nm, and re-collimating, and a nucleus of 57Fe placed into

this focus.

a resonant absorption cross section of 2 · 10−18 cm2 [9],

about 1000 photons per pulse and mode, and 3 · 106 pulses

per second, a single nucleus in the 50-nm focus will absorb

about 100 photons per second. This is sufficient for prob-

ing the standing waves provided the wavelength is main-

tained stable for the duration of the scan. It is not necessary

to probe every single one of the roughly 1011 interference

fringes per meter because pre-existing knowledge of the

wavelength can be applied for sparse sampling.

Alternatively to the frequency-domain picture of stand-

ing waves at the resonant frequency (superposed by nonres-

onant waves), one may also apply a time-domain approach

where subsequent pulses in both incident, and returning di-

rections hit the probe nucleus, and interfere with nuclear-

dipole oscillations due to previous pulse excitations, re-

inforcing, or diminishing them depending on the phasing

of the pulse wavepackets relative to the previous pulses.

In a model similar to the one presented for the XFELO

output, the response of resonant nuclei to this phased-pulse

excitation can be calculated to find the contrast of the nu-

clear response to the intensity modulation of the standing

waves. The result is shown in Fig. 5 for different values

of ΓT , i.e., the pulse repetition rate in units of the inverse

nuclear-resonant linewidth Γ.

OUTLOOK
The scheme described here can be applied to other

nuclear-resonant species. Some of these, such as 181Ta, or
45Sc, have much sharper resonances than 57Fe. Especially

the latter could far surpass the accuracy of atomic clocks

as time and length standards. Applications of a nuclear-

resonant XFELO could be found in diverse fields, such as

σ+ΓΤ=3

σ+ΓΤ=1

σ+ΓΤ=2 t

pulse from XFELO

resonant response

Figure 5: Contrast of nuclear-resonant absorption for dif-

ferent values of ΓT . The insert shows repeated in-phase

excitation of nuclear-resonant oscillations.

local measurements of the gravitational potential through

the gravitational red-shift. This would help generate a

density map of bedrock in applications such as natural-

resource exploration. Other applications may lie in using

the large momentum and high spatial resolution of x-rays

in fundamental quantum physics for studies of the collapse

of the quantum wavefunction of mesoscopic objects.
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Abstract 
A possibility to develop a compact linac-based Infrared 

free-electron laser (IR FEL) facility has been studied at 
Chiang Mai University (CMU) in Thailand. 
Characteristics of the emitted FEL light and reliability in 
operation of the FEL system are determined by the 
properties of the electron injector, the undulator, and the 
optical cavity. The proposed injector system for the future 
IR FEL is based on the electron linear accelerator system 
at the Plasma and Beam Physics Research Facility at 
CMU (PBP-CMU). Numerical and experimental studies 
to adjust the existing system to be able to drive the IR 
FEL have been performed. The results of preliminary 
studies and the proposed parameters for the injector and 
the FEL system are concluded in this contribution. 

INTRODUCTION 
Linac-based free-electron lasers (FELs) have recently 

gain interest worldwide in the accelerator and particle 
beam community as the new generation light source, 
which can be utilized in numerous applications. 
Characteristics of the output FEL radiation are determined 
by the properties of the electron beam and the undulator, 
where the light is emitted. Since the FEL light sources 
require electron beams of high quality, the development 
and optimization of the injector system are important. 

Electromagnetic radiation in the infrared wavelength 
regime, especially the far-infrared (FIR) or THz radiation, 
is of a great interest source for applications in various 
fields [1-4].  A possibility to develop an infrared free-
electron laser (IR FEL) is studied at the Plasma and Beam 
Physics Research Facility, Chiang Mai University (PBP-
CMU). At this initial stage, we concentrate on the 
development of an FEL covering the THz radiation 
wavelength around 50-200 m. Study of the FEL 
radiation in the mid-infrared (MIR) and near-infrared 
(NIR) regime will be considered in the future. 

In order to develop the FEL system, optimization of 
both injector and FEL system is ongoing. In this paper, we 
concentrate on an overview of the project and preliminary 
optimization of a thermionic based electron 
radiofrequency (RF) injector to produce electron beams 
with properties yielding the requirements for an IR FEL.  

 

PROPOSED IR FEL FACILITY 
Generally, an IR FEL facility consists of an injector 

system for generating and accelerating electron beam, an 
undulator magnet for FEL lasing and an optical cavity for 
amplifying the FEL radiation output power. For the 
considered injector system of the proposed IR FEL at 
CMU, we plan to make use of the existing linac system as 
much as possible while maintaining its functionality as 
the femtosecond electron and photon pulse facility.  

The proposed IR FEL system shown in Fig. 1 consists 
of an injector system, an accelerating structure, a 180o 
achromat section, an undulator magnet and an optical 
cavity. The injector system combines a thermionic 
cathode RF-gun and an alpha magnet as a magnetic bunch 
compressor. The accelerating structure is an S-band 
travelling wave SLAC-type linac, which can be used to 
accelerate an electron beam to reach a maximum energy 
of about 30 MeV. The injector system, the linac structure, 
beam steering and focusing elements as well as beam 
diagnostic instruments upstream the achromat section will 
be modified from the existing PBP-CMU linac system 
[5]. The undulator magnet is a planar type with a length of 
1.67 m. The optical cavity composes of two symmetric 
spherical mirrors with a coupling hole on one of the 
mirrors. Some parameters of the undulator and the optical 
cavity used in preliminary FEL optimization are listed in 
Table 1.  

 

  
 
Figure 1: Schematic layout of the possible IR/THz FEL 
system at Chiang Mai University, Thailand.  
 

In electron beam and FEL optimizations, we consider 
two scenarios. The first one is studying the FEL radiation 
in the case of the electron beam whose bunch length is 
longer than the radiation wavelength. The other one is for 
the case of the electron beam whose bunch length is 
shorter than the radiation wavelength.    

____________________________________________  
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Table 1: Parameters of Undulator and Optical Cavity 
Used in FEL Calculations 

Parameter Value 

Undulator type  Planar 

Undulator length 1.67 m 

Number of period 22 

Period length 7.7 cm 

K-parameter 0.4 -1.52 

Optical cavity length  5 m 

Infrared reflectivity of optical cavity 95% 

 
The FEL radiation due to the interaction between 

optical fields and an electron beam with a bunch length 
longer than the radiation wavelength has been studied 
using the numerical code GENESIS 1.3 [6]. As an 
example, the electron beam with an rms bunch length of a 
few ps has been considered. Preliminary required beam 
parameters used in the simulations for the radiated 
wavelength of 100 m are shown in Table 2. With the 
aforementioned parameters, the expected FEL power is on 
the order of tens of megawatt as shown in Fig. 2. The 
numbers of round trips needed to accumulate the radiation 
amplification until reaching the saturation condition are 
about 60 and 80 turns for the cases of no loss and with 5% 
loss in the optical cavity, respectively.  The undulator 
parameter (K) of 1.52 has been used in the simulation. 
With the optical cavity length of 5 m, the electron 
macropulse length of about 3 s is required. Due to the 
back-bombardment effect, the available macropulse 
length of electron beam exiting the thermionic RF-gun at 
the PBP linac system is about 1-2 s. Therefore, the 
modification of the RF power system may be required.  

 

Table 2: Beam Parameters Use in GENESIS Simulations 

Parameter Value 

Beam energy 15 MeV 

Relative energy spread (rms)  0.5% 

Longitudinal rms bunch length (z) 2 ps  

Bunch charge (Qb) 30 pC 

Peak current (Ip) 30 A 

Normalized beam emittance (x,y) 3 mm-mrad 

Beam size (x,y) 0.3 mm 

Twiss parameters (o,o) 0.7, 0.3 

 

For this conventional FEL scenario, the alpha magnet 
will serve only as the energy filter element. From the 
optimization of the electron distribution at the RF-gun 
exit, the electrons at the head of the bunch with high 
energy level form a quasi-monogenetic beam. Therefore, 

compression in the alpha magnet for this useful part the 
bunch can be neglected. Some small energy spread will be 
induced during the post acceleration of the electron beam 
in the linac leading to the electron distribution suitable for 
the bunch compressor downstream the linac. The 180o 
achromat is used as both turn around section and as the 
magnetic bunch compressor.  Electron beam 
optimizations for this case are presented in another 
contribution [7]. 
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Figure 2: Simulated radiation power evaluation at the 
radiation wavelength of 100 m for the electron rms 
bunch length of 2 ps without and with 5% power loss in 
the optical cavity. 

 

The FEL mechanism in case of electron beams with 
bunch length shorter than the radiation wavelength has 
been studied and reported in [8].  This scenario is known 
as the pre-bunched FEL. The study results show that the 
saturation mechanism in the pre-bunched FEL seems to 
be different from the conventional FEL. The saturated 
peak power in this case is much higher than that for the 
long electron bunches. It has been proposed that to 
generate the THz light with the pre-bunch FEL, the 
electron beam with the bunch length less than 100 fs is 
required [8, 9].  

We have previously shown that it is possible to generate 
electron bunches with an rms bunch length of less than 
100 fs [10]. With this short bunches, the intense THz 
radiation from coherent Transition Radiation (TR) is 
expected to cover the wave number ranging from 5 cm-1 
to 400 cm-1. For this scenario, the alpha magnet will be 
used as a magnetic bunch compressor prior to the post 
acceleration by the linac. It will also be used as an energy 
filter utilizing its energy scrapers. The 180o achromat 
system for this case will be a turn-around section to save 
the space of the accelerator tunnel. Therefore, we can 
choose the position of the current experimental station to 
be the entrance of the 180o achromat. Then, the achromat 
section can be an isochronous magnetic system, which the 
beam characteristics before entering and after exiting the 
achromat system remain unchanged.  

Since the FEL mechanism of the pre-bunched FEL 
cannot be simulated by using the well-known numerical 
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codes e.g. GENESIS, a further methodical study is 
required. The interaction between the electron beam and 
the optical fields in this case will be investigated and 
reported in the future.  

ELECTRON BEAM OPTIMIZATIONS 
FOR PRE-BUNCHED FEL 

Longitudinal Beam Dynamic Simulations 
The FEL performance depends on both the longitudinal 

and transverse properties of the electron beam. Beam 
dynamics simulations using the code PARMELA [11] and 
BCompress [12] were performed to study the optimal 
longitudinal electron beam parameters suitable for driving 
the FEL. The transverse properties have been studied 
using the beam envelope optics code Particle Beam 2003 
[13].   

PARMELA simulations were performed to investigate 
electron beam dynamics inside the RF-gun including 
effects of the space-charge force. Results of optimization 
of the thermionic RF-gun for producing the femtosecond 
electron bunches for the linac-based FIR (THz) radiation 
source have been reported in [10]. The revised study for 
the injector system of the IR FEL has been performed 
based on some available information from the previous 
study. In PARMELA simulations, we assume that the 
cathode emits the uniform electron beam with 100,000 
macro-particles at an emitted current of 2.9 A per 2856 
MHz RF cycle. Therefore, each macro-particle represents 
a charge of 10.15 fC. Starting from these specifications, 
we assume that the entrance of the isochronous achromat 
system begins at the current TR station. Electron bunches 
will travel through the achromat section and reach the 
entrance of the undulator with unchanged longitudinal 
properties. The particle distribution in the energy-time 
phase spread of a single bunch with the kinetic energy of 
about 15 MeV is shown in Fig. 3.  
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Figure 3: Simulated particle distribution in energy-time 
phase space of a single bunch at the entrance of the 180o 
acromat with histogram fitted by a Gaussian distribution 
with z of 50 fs.   
 

The relation between the relative rms energy spread of 
electrons and the bunch charge has been studied by 
selecting a fraction of the electron bunch using energy 
slits inside the alpha magnet vacuum chamber. A portion 
of electrons with different relative energy spreads are 
compressed differently inside the alpha magnet. By 
adjusting the alpha magnet gradient in the simulation, we 
can obtain the relationship between the energy spread and 
the bunch charge, which the results are shown in Fig. 4 
for the case of an electron bunch length of 50 fs and 100 
fs.  
 

 

Figure 4: Simulated bunch charge as a function of relative 
rms energy spread for the electron bunch length of 50 fs 
(dash line) and 100 fs (solid line).   
 

Results of the bunch compression study using the 
alpha magnet show that with a relative energy spread of 
below 0.7%, the bunch charge increase proportionally to 
the energy spread. Then, it stays constant with the bunch 
change of about 93 pC and 107 pC for the rms bunch 
length of 100 fs and 50 fs, respectively. This can be 
explained that with the rms energy spread larger than 
0.7% the selected bunch contains some electrons with 
lower energies, which are not properly compressed inside 
the alpha magnet. Only the high energy electrons are 
compressed and form the condense distribution at the 
head of the bunch. Preliminary study results show that it 
is possible to produce the electron beam with the bunch 
length about or shorter than the suggested requirement for 
the pre-bunched FEL [8].  

Optimization of Beam Transport Line 
The beam envelope along the beam transport line from 

the RF-gun exit to the entrance of the achromat has been 
studied and optimized. Initial transverse beam parameters 
are estimated from the PARMELA distribution at the RF-
gun exit with the rms beam size of 2.5 mm and the 
normalized beam emittance of 3.8  mm-mrad. By 
carefully optimizing the parameters of each component 
along the beamline, we achieved the final beam at the 
entrance of the 180o achromat with the properties suitable 
for the FEL system. The proposed beam optics of the 
injector system is illustrated in Fig. 5. Some optimized 
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beam transverse parameters are shown together with 
longitudinal properties in Table 3. 
 

 
Figure 5: Simulated beam envelops from the exit of the 
RF-gun to the entrance of 180o achromat. 
 

Table 3: Typical Parameters at the PBP Linac System and 
Optimized Electron Beam Parameters Using Beam Optics 
and Beam Dynamics Simulations  

Parameter Value 

Microbunch repetition rate 2856 MHz 

Macropulse repetition rate   1 -10 Hz 

Current macropulse width 1-2 s 

Beam energy 15 MeV 

Energy spread (rms)  0.7% 

Minimum longitudinal rms bunch 
length (z)  

50 fs 

Bunch charge (Qb)  107 pC 

Peak current (Ip) 844 A 

Normalized rms emittance (x, y) 3.8  mm-mrad 

Horizontal beam size (x) 0.394 mm   

Vertical beam size (y) 0.321 mm  

 

CONCLUSION 
The specifications of the injector system for the 

proposed IR FEL facility at Chiang Mai University in 
Thailand have been studied. Simulation and numerically 
studies showed that it is possible to use the existing linac 
system to produce electron beams with the specifications 
suitable for the IR FEL lasing requirements. The electron 
beam with a few ps bunch length can be used for the 
conventional IR FEL oscillator, while the electron beam 
with the bunch length less than 100 fs is considered for 
the pre-bunched FEL. By properly adjusting machine 
parameters, the 15 MeV electron beam with the minimum 
rms bunch length of 50 fs, a bunch charge of 107 pC and 
a peak current of 844 A can be produced. Further study 

will be performed to accumulate the useful information 
for technically modifying the current linac setup at 
Chiang Mai University to serve as the injector system for 
the future IR FEL.  
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BEAM DYNAMICS SIMULATION AND OPTIMIZATION OF ELECTRON 
BEAM PROPERTIES FOR IR FEL AT CHIANG MAI UNIVERSITY 

S. Suphakul*, S. Rimjaem, C. Thongbai, Department of Physics and  
Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand 

Thailand Center of Excellence in Physics, CHE, Bangkok 10400, Thailand 

Abstract 
     The linear accelerator system at the Plasma and Beam 
Physics Research Facility (PBP), Chiang Mai University 
(CMU), Thailand, is planned to be upgraded to be an 
injector system for the Infrared Free-electron Lasers (IR 
FEL). The PBP linac system consists of an S-band 
thermionic cathode RF-gun, a bunch compressor in a 
form of alpha-magnet and a 3-m SLAC-type linear 
accelerator. The current system will be modified to 
generate the electron beam with properties suitable for the 
IR FEL. Numerical simulations have been performed to 
investigate and optimize the electron beam parameters. 
The planned modification of the system and optimization 
of the electron beam parameters are presented in this 
contribution. 

INTRODUCTION 

     The Infrared Free-electron Lasers (IR FEL) facility at 
Chiang Mai University has been developed under the plan 
of a new research facility establishment of the Thailand 
Center of Excellence in Physics. The facility focuses on 
the production and utilization of the mid- and far-infrared 
radiation (MIR and FIR) based on femto-second electron 
pulses and free-electron lasers technology [1]. As shown 
in Fig. 1, the facility considered in this paper consists of a 
thermionic cathode RF-gun as an electron source [2], a 
magnetic bunch compressor in a form of an alpha-magnet 
[3], a 3-m SLAC-type S-band linear accelerator (linac), 

 

Figure 1: Schematic view of planned IR-FEL at CMU. 

*sikharin.sup@gmail.com  

 

 a 180o achromat section, a planar type undulator and an 
optical resonator. 
     The first three components of the existing PBP-CMU 
linac system are planned for both coherent THz transition 
radiation from femto-second electron pulses and free-
electron lasers. Details of the current PBP-CMU linac 
system were reported in  [4]. The 180o achromat section is 
a new component which is under detailed consideration. 
Therefore, we adopt the magnet lattice of the Kyoto 
University Free-Electron Lasers (KU-FEL) for initial 
optimization in this study. The achromat section consists 
of three 60o deflecting angle dipole magnets and two sets 
of doublet quadrupole magnets. Details of KU-FEL 
achromat system have been described in [5]. Through the 
achromat, the electron bunch length shortens and the peak 
current becomes higher for a given bunch charge.  
      This study investigates and optimizes the electron 
beam parameters suitable for the IR FEL project at CMU 
by modifying the PBP-CMU linac driving condition and 

considering the bunch compression in the 180ͦ achromat. 
To investigate the beam dynamics, the computer code 
PARMELA [6] or the “Phase And Radial Motion in 
Electron Linear Accelerator” code has been used for 
simulations of multi-particle beam dynamics from the RF-
gun to undulator and optimization of the electron beam 
lattice parameters. 
 

ELECTRON BEAM OPTIMIZATION 
     Generally, electron beams for FELs must have high 
peak current, small emittance, and low energy spread in 
order to generate intense coherent FEL light in an 
undulator. For the IR FEL at CMU, some electron beam 
requirements have been proposed and are shown in Table. 
1. In this study, we focus on optimization of longitudinal 
electron beam dynamics by adjusting the parameters of 
three main components; the RF-gun, the linac and the 
180o achromat. For the simulation of multi-particle beam 
dynamics, 30,000 particles per 2856 MHz are assumed to 
be emitted uniformly from the cathode with current of 2.9 
A. One particle represents a charge of 33.85 fC equivalent 
to 2.12x105 electrons . 
 

 
 

Undulator 

Linac RF-gun 

Alpha-magnet 

180ͦ Achromat 

Optical 
resonator 
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Table 1: Required Electron Beam Parameters for IR FEL

 
RF-gun  
     To optimize the RF-gun, the accelerating field 
gradients of both half- and full-cell cavities were adjusted 
to produce an electron bunch with low energy spread, 
especially at the head of the bunch, which will be used for 
FEL lasing. The ratio of the accelerating field amplitudes 
at the cathode plane of the half-cell and at the center of 
the full-cell are defined as the field ratio. With the field 
ratio of 1:2 and the accelerating field of 35/70 MV/m, the 
RF-gun provides a beam with low energy spread at the 
head of the electron bunch. The electron beam 
distributions at the RF-gun exit are shown in Fig. 2 and 4. 
   The electron bunches exiting from the RF-gun are 
filtered by an energy slit inside the alpha-magnet vacuum 
chamber to remove low energy particles. For the RF-gun 
condition noted above, we set the energy filter level at 
3.81 MeV. The maximum energy is 3.91MeV and energy 
spread of the useful electrons is 0.82%. Because of very 
low energy spread, the bunch compression due to the 
alpha-magnet will be neglected in this study. 
 

Linac  
To get an electron bunch with low energy spread, the 

linac initial phase was varied between 0 and -90 degree 
relative to the reference particle phase at the entrance of 
the linac. Then, the number of particles is counted within 
the desired energy bin (1% in this study). Higher number 
of electrons means higher beam current. The number of 
particles within 1% energy spread normalized to the total 
number of the particles entering the linac is shown in Fig. 
3.  
     The energy gain from the linac can be adjusted by 
optimizing the product of the accelerating field (E0) and 
the transit time factor (T). This product is linearly 
proportional to the electron energy at the linac exit. The 
longitudinal and transverse phase space distributions of 
the particles at the RF-gun and the linac exit for the linac 
initial phase of -53.7 degree are shown in Fig. 4 and 5 
respectively. The product of accelerating field and transit 

time factor (E0T) is equal to 4 MV/m, which provides the 
final maximum electron energy of 15.6 MeV.  

 

 
a)  Particle distributions in transverse phase space in x-x′ 
and y-y′ plane. 

  
b) Particle distributions in x-y plane. 

Figure 2: Particle distributions at the RF-gun exit for the 
field ratio of 1:2 and the accelerating field of 35/70 
MV/m. 

 
Figure 3: The number of particles within 1% energy 
spread normalized to the total number of the particles 
entering the linac as a function of the linac initial phase 
respect to the reference particle phase entering the linac. 

Parameters Value 

Energy 
Relative energy spread 
Peak current 
Total charge 
Bunch length  
rms emittance  

~ 15 MeV 
0.5 - 1% 
~ 30 A 
~ 30 pC 
1 - 2 ps 
3 mm-mrad 

at CMU  
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Figure 4: Particle distributions in longitudinal phase space 
for all particles at a) the RF-gun exit for the field ratio of 
1:2 and the accelerating field of 35/70 MV/m and b) the 
linac exit with the linac initial phase of -53.7 degree and 
the product between accelerating field and transit time 
factor (E0T) is 4 MV/m. 

 

 
Figure 5:  Particle distributions in transverse phase space 
in x-x′ and y-y′ of filtered particles at the linac exit for the 
linac initial phase of -53.7 degree, the product between 
accelerating field and transit time factor (E0T) is 4 MV/m 
and the energy filter level is 3.81 MeV. 
 
180° Achromat and Bunch Compressor  
     The 180° achromat and bunch compressor is a triple 
bend type. The electron bunch exiting this section 
becomes shorter with no change of energy spread. The 
doublet quadrupole gradient is adjusted to have the 
minimum bunch compression condition. The electron 

bunch properties at the 180° achromat exit under the 
minimum bunch length condition are shown in Fig. 6, 7 
and 8. Summary of the preliminary injector and electron 
beam parameters are listed in Table 2.  

 

 
Figure 6:  Particle distributions in transverse phase space 
in x-x′ and y-y′ plane at the 180ͦ achomat exit under the 
minimum bunch length condition. 
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Figure 7: Particle distributions in longitudinal phase space 
at the 180ͦ achromat exit under the minimum bunch length 
condition. 

 

 
Figure 8: Energy spectrum of the particles at the 180ͦ 
achromat exit under the minimum bunch length condition. 
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Table 2: Summary of Preliminary Injector Parameters 

Parameters Values 

RF-Gun  
  Type 
  
 
  Field ratio 
  Accelerating field  
 
  Beam output energy 
    - Average  

- Maximum 
- Minimum 

  Energy spread  
  Energy filter level 
 

 
1.6 cell thermionic 
cathode with  side 
coupling cavity 
1 : 2 
Half-cell= 35 MV/m 
Full-cell = 70 MV/m 
 
3.91 MeV 
3.94 MeV 
3.81 MeV 
0.82 % 
3.81 MeV 
 

Linac 
  Type 
 
  Length 
  Initial phase 
 
 
  Beam output energy  
    - Average  

- Maximum 
- Minimum 

  Energy spread 
  Bunch length (FWHM) 
  Bunch charge  
  Peak current 
  Emittance (mm-mrad) 
    - rms 
    - Normalized 
 

 
S-Band SLAC-type 
travelling wave linac 
3 m 
- 53.7 deg. with respect 
to ref. particle entering 
linac 

 
15.43 MeV 
15.61 MeV 
15.23 MeV 
0.87 % 
14.47 ps 
51.68 pC 
3.5 A 
 
εx = 0.04, εy = 0.039 

x = 1.24, y = 1.22 
 

180° Achromat 
  Type 

 
  Bending magnet 
    - Defection angle 
    - Effective length 
    - Curvature 
  Quadrupole 
    - Focusing strength 
    - Defocusing strength 
   Beam output energy  
    - Average  

- Maximum 
- Minimum 

   Energy spread  
   Bunch length (FWHM) 
   Bunch charge  
   Peak current 
   Emittance (mm-mrad) 
    - rms  
    - Normalized 

 
Triple bend with doublet 
quadrupole 
 
60 degree 
 35 cm. 
2.99 m-1 
 
56.4  m-2 

- 44.6  m-2 

 
15.43 MeV 
15.61 MeV 
15.23 MeV 
0.87 % 
4.1 ps 
51.68 pC 
12.61 A 

 
εx = 0.6, εy = 0.299 

x = 18.86, y = 9.31  

 

CONCLUSION AND OUTLOOK 
   The longitudinal beam dynamics of the injector 

system for an IR FEL at CMU has been investigated and 
optimized by numerical simulation. The electron bunches 
exiting the 180° achromat have average energy of 15.43 
MeV, energy spread of 0.87%, bunch length of 4.1 ps, 
bunch charge of 51.68 pC and peak current of 12.61 A. 
Note that, the results are the preliminary study of the 
injector design. Further studies and optimization by using 
computer codes and theoretical analysis will be conducted 
to investigate both transverse and longitudinal electron 
beam dynamics. 
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IMPROVEMENT OF KU-FEL PERFORMANCE  
BY REPLACING UNDULATOR AND OPTICAL CAVITY 

H. Zen#, K. Okumura, K. Shimahashi, M. Shibata, H. Imon, T. Konstantin, H. Negm, M. Omer,  
K. Yoshida, Y.W. Choi, R. Kinjo, M. A. Bakr, T. Kii, K. Masuda, H. Ohgaki  
Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto, Japan

Abstract 
An upgrade project of the MIR-FEL facility developed 

in the Institute of Advanced Energy, Kyoto University has 
been in progress since 2010. The project consists of two 
topics; one is replacement of undulator and the other is 
replacement of the optical cavity mirrors. Those 
replacements were accomplished in January 2012. After 
the upgrade, we have so far succeeded in FEL lasing from 
5 to 14.5 m. Details of upgrade project and design work 
on a new optical cavity is reported in this paper. In 
addition, the results of the commissioning of a newly 
installed undulator and optical cavity is reported. 

INTRODUCTION 
An oscillator type Mid-Infrared Free Electron Laser 

(MIR-FEL) named the KU-FEL has been developed in 
Institute of Advanced Energy, Kyoto University, for 
aiding energy related sciences [1]. A 4.5-cell thermionic 
RF gun is employed as the electron source. After 
introduction of some cures of back-bombardment effects 
in the gun [2, 3, 4, 5], we have achieved first lasing [6], 
and laser saturation in 2008 [7]. However, a trade off 
relationship, caused by back-bombardment effects, 
between the bunch charge and the macro-pulse duration, 
limited the tunable range of the FEL to only 10 to 14 m. 
An upgrade project for extending the tunable range of the 
FEL was started in 2010. The project consists of two 
topics. One is replacement of undulator and the other is 
replacement of optical cavity mirrors, which were newly 
designed in this work. In January 2012, those 
replacements were accomplished. After the upgrade, the 
tunable range of the FEL was extended to 5 – 14.5 m. 

 
 

4.5 cell 
Thermionic 

RF Gun

Undulator

Slit 180 deg.
 ARC

3-m Accelerator Tube

45 deg. Bending Magnet

60 deg. Bending Magnet

Quadrupole Magnet
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Beam Dump

Dog-leg

0 1 2 m

 

Figure 1: Schematic diagram of KU-FEL accelerator. 

 

KU-FEL DEVICE 
Figure 1 shows a schematic diagram of the KU-FEL 

device, consisting of a 4.5-cell thermionic RF gun, a dog-
leg section for energy filtering, a 3-m accelerator tube, a 
180-degree arc section for a bunch compression, an 
undulator and an optical cavity. Parameters of the 
undulator (undulator #1) and the optical cavity before 
upgrade are shown in Table 1.  

Table 1: Parameters of Undulator and Optical Cavity 
Before the Upgrade 

Undulator #1 (until Dec. 2011) 

Structure Halbach 

Period length 40 mm 

Number of periods 40 

Maximum K-value 0.99 

Optical cavity (upstream mirror has out-coupling hole) 

Mirror 

curvature 

Upstream 3.03 m 

Downstream 1.87 m 

Diameter of out-coupling hole 2 mm 

Cavity length 4.513 m 

Reflectivity 99.04% 

UPGRADE PROJECT 
An upgrade project was started in 2010. The objective 

of this upgrade was an extension of the wavelength range 
of the FEL. The project consists of two topics. One is 
replacement of undulator and the other is replacement of 
optical cavity mirrors. 

Replacement of Undulator 
The operation of the ERL-FEL developed in JAEA [8] 

was terminated in 2009. We were able to obtain the 
undulator (undulator #2) used for the ERL-FEL and 
install it into KU-FEL. Parameters of the undulator are 
listed in Table 2. 

The undulator #2 has a shorter period length, larger 
number of periods and almost the same maximum K-
value compared with undulator #1. The larger number of 
periods contributes to enhanced FEL gain for the same 
wavelength. 

Results of magnetic field measurements of undulator #2 
were reported in FEL 2011 [9]. Large amplitude fields 
errors (± 3.5%) were observed in the measurements and 

 ___________________________________________  
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misalignment of measurement system. A field error of ± 
1.0%, as shown in Fig. 2, was measured after correcting 
the misalignment. Such a field error does not seriously 
degrade the FEL gain. 

 
Table 2: Parameters of a Newly Installed Undulator That 
Had Already Been Used for the ERL-FEL in JAEA 

Undulator #2 (from Dec. 2011) 

Structure Hybrid 

Period length 33 mm 

Number of periods 52 

Maximum K-value 1.05* 

Minimum Gap 20 mm* 

*with present vacuum chamber. Mechanical limit of the 
minimum gap is 15 mm. Then K-value will be higher than 
1.5. 
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Figure 2: Measured magnetic field (a) and field error (b) 
of undulator #2 at the undulator gap of 20 mm. 

Replacement of Optical Cavity Mirrors 
Since the optical cavity was designed for first lasing of 

our facility [6, 7], the mirror curvatures were chosen to 
have a moderate FEL gain and a higher tolerance to 
misalignment of cavity mirrors. Since then, we designed 
the cavity mirrors to have a higher FEL gain and a lower 
tolerance to the mirror misalignment. 

Another possible improvement to achieve lasing at 
shorter wavelength is reducing the size of the out-
coupling hole, because the diameter of the out-coupling 
hole was selected to be 2 mm under the expectation of a 

higher gain than achieved. This made the optical losses 
high at short wavelengths.  

We are planning to introduce a photocathode RF gun in 
our drive linac system and the drive laser for the 
photocathode RF gun is under development [10]. The 
repetition rate of the mode-locked oscillator has already 
been selected as 89.25 MHz, which is the 32nd sub-
harmonic frequency of the accelerator RF (2856 MHz). 
Therefore, the cavity length was changed to 5.0385 m. In 
this cavity length, three FEL pulses are stored when the 
photocathode RF gun frequency is used. 

DESIGN OF NEW OPTICAL CAVITY 
As mentioned previously, replacement of optical cavity 

mirrors offered the possibility of extending the tunable 
range of the KU-FEL. For that purpose, the optical cavity 
was redesigned using GENESIS1.3 [11] modified for 
oscillator calculations [12]. The calculation was done in 
time-independent mode. 

At first, we chose the diameter of out-coupling hole as 
1 mm in order to extend tunable range to shorter 
wavelengths.. We decided to put the undulator #2 at the 
same entrance position as the previous undulator (#1) and 
set the waist position of the optical cavity at the centre of 
the undulator. The geometry of cavity mirrors and the 
undulator is shown in Fig. 3. When the waist position is 
fixed, mirror curvatures are uniquely determined from g-
parameter (g = (1 – L/R1)(1 – L/R2)), which indicates the 
stability of optical cavity. Here L, R1 and R2 are cavity 
length, curvature of upstream mirror and curvature of 
downstream mirror, respectively. The relationship 
between g-parameter and mirror curvatures is listed in 
Table 3.  

The effect of misalignment of cavity mirrors under the 
condition of different g-parameters was examined and 
results are shown in Fig. 4. From the experience of FEL 
operation, we know that we can set the mirror position 
and angle with ±0.1-mm and ±0.1-mrad accuracy. Thus 
we decided to use the g-parameter higher than 0.7 and 
lower than 0.9 in this upgrade. 

2.00 m 1.785 m1.2535 m

e-beame-beam Undulator #2(1) (1)

(1)
58 mm

(2) (2)(3)

(2)
30 mm

(3) 55.1 mm
14.1 mm
(gap direction)  

Figure 3: Geometry of the undulator and cavity mirrors. 

Table 3: Relationship Between g-parameter and Mirror 
Curvatures with the Cavity Length of 5.0385 and Fixed 
Waist Position at Undulator Centre 

g-parameter 0.54 0.70 0.90 

Curvature

[m] 

Upstream 3.414 2.984 3.179 

Downstream 2.364 2.503 1.979 

(a) 

(b) 

reported at the conference. However, we found a  
too
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Figure 4: Effect of cavity misalignment under the 
condition of different g-parameters at 5.8 m. 

Next the dependences of gain and saturation intracavity 
power on the g-parameters was examined. The results are 
shown in Fig. 5. The gain was monotonically dependent 
on the g-parameter. However, the saturation power has 
peak at g = 0.75. From this result, the cavity condition g = 
0.75 was selected and then upstream and downstream 
mirror curvatures were determined to be 2.946 and 2.456 
m, respectively. 
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Figure 5: Dependences of gain and saturation intracavity 
power on g-parameter at 23 m. 

ESTIMATION OF NET FEL GAIN  
The FEL gain and the optical loss of the cavity were 

estimated by simulations using the modified GENESIS 
1.3 in time-independent mode. In the calculation, the 
measured magnetic field shown in Fig. 2 and size of 
vacuum duct shown in Fig. 3 were taken into account. 
The electron beam parameters, which were obtained from 
various measurements [13], are shown in Table 4.  

 

Table 4: Electron Beam Parameters Used for Gain 
Estimation 

Energy Spread (FWHM) 511 keV 

Peak Current 40 A 

Normalized Emittance (x and y) 3.5 mm-mrad 

Beta Function (x, y) 2.67 m, 2.18 m 

Twiss parameter(x, y) 5.22, 0.00 

Macro-pulse Duration 5.2 s 

Bunch Length (FWHM) 2.0 ps 

Figure 6 shows the estimated net gain at the minimum 
undulator gap (K = 1.05). In the figure, the estimated net 
gain with the undulator #1 and the old optical cavity is 
also plotted for comparison. One can easily find that the 
net gain at shorter wavelength was greatly increased. The 
main reason for this net gain increment is the smaller size 
of the out-coupling hole.  

4 6 8 10 12 14 16 18 20
0
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40

Undulator #1 with old cavity

Undulator #2 
with new cavity

G
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n 
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]

Wavelength [m]  

Figure 6: Net gain of undulator #2 with new optical cavity 
and undulator #1 with old optical cavity. 

COMMISSIONING RESULTS 
The commissioning of the KU-FEL with newly 

installed undulator and the optical cavity was started at 
the end of January 2012. After a week of searching for the 
cavity length, the lasing condition of the cavity length 
was found. Another week was required for adjusting the 
mirror cavity alignment and the electron beam trajectory 
in the undulator. Finally, we succeeded in achieving the 
power saturation of our FEL around 10 m. 

We have already checked the tunable range of upgraded 
system. Figure 7 shows the spectrum of KU-FEL at 
different electron beam energies. We could achieve laser 
power saturation at wavelengths from 5 to 14.5 m. 

Typical FEL parameters after the upgrade are listed in 
Table 5. The macro-pulse duration of the optical pulse is 
around 2 s and then more than 5700 micro-pulses are 
included in one macro-pulse. We were worried about 
small output power due to the smaller out-coupling hole, 
but the highest macro-pulse energy of 15 mJ has been 
recorded around the wavelength of 10 m. This pulse 
energy is sufficient for many application experiments.  
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Figure 7: Spectrum of KU-FEL with various electron 
beam energy. 
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Table 5: Measured Typical FEL Parameters After 
Upgrade 

Wavelength 5 – 14.5 m 

Spectrum width ~ 3% 

Macro-pulse duration ~ 2 s 

Macro-pulse energy 1 – 15 mJ 

Micro-pulse duration < 0.7 ps [14] 

 
The micro-pulse duration of FEL has been measured by 

means of autocorrelation. The measurement was done at 
the wavelength of 12 m and showed that the micro-pulse 
duration is shorter than 0.7 ps [14].  

CONCLUSION  
We have started an upgrade project of the MIR-FEL 

developed in the Institute of Advanced Energy, Kyoto 
University. The project consists of two topics; one is 
replacement of the undulator, and the other is replacement 
of the optical cavity mirrors. An undulator previously 
used for the ERL-FEL in JAEA was installed in the KU-
FEL. A new optical cavity with higher g-parameter than 
the previous cavity and with a smaller out-coupling hole, 
has already been installed. 

After commissioning of the newly installed undulator 
and the optical cavity, the tunable range of the KU-FEL 
was successfully extended from 10 – 14 m to 5 – 14.5 
m. 

ACKNOWLEDGMENT 
This work is partially supported by an “Energy 

Science in the Age of Global Warming” of Global Center 
of Excellence (G-COE) program (J-051) and The 
Collaboration Program of the Laboratory for Complex 
Energy Processes, Institute of Advanced Energy, Kyoto 
University. 

REFERENCES 
[1] T. Yamazaki, et al., Proc. of 23rd Int. Free Electron 

Laser Conference, pp. II-13-14, 2002. 
[2] C.B. McKee, J.M.J. Madey, Nucl. Instr. and Meth. A 

296 (1990) p.716. 
[3] T. Kii, et al., Nucl. Instr. and Meth. A 528 (2004) 

p.408. 
[4] H. Zen, et al., Proc. of EPAC08 (2009) p.1329. 
[5] H. Zen, et al., IEEE Trans. on Nucl. Sci., Vol. 56, No. 

3, pp.1487-1491. 
[6] H. Ohgaki, et al., Jpn. J. Appl. Phys. 47 (2008) 

pp.8091-8094. 
[7] H. Ohgaki, et al., Proc. of FEL2008 (2008) pp.4-7. 
[8] N. Nishimori, et al., Proc of FEL2006 (2007) pp.265-

272. 
[9] K. Ishida, et al., Proc. of FEL11 (2012) pp.417-419. 
[10]K. Shimahashi, et al., MOPD57, in these proceedings. 
[11] S. Reiche, Nucl. Instr. and Meth. A 429 (1999) 

pp.243-248. 
[12] S. Sasaki, Proc. of FEL2007 (2008) pp.394-397. 
[13] H. Zen, PhD dissertation, Graduate School of Energy 

Science, Kyoto University (2009). 
[14] Y. Qin, et al., WEPD37, in these proceedings. 

 

WEPD38 Proceedings of FEL2012, Nara, Japan

452C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Oscillator FELs and Storage Ring FELs



STATUS OF IR-FEL AT TOKYO UNIVERSITY OF SCIENCE 

T. Imai#, T. Kawasaki, J. Fujioka, M. Matsubara, K. Komiya, K. Tsukiyama, IR-FEL Research 
Center of Tokyo University of Science, Noda, Chiba, Japan 

T. Morotomi, K.Hisazumi, Mitsubishi Electric System & Service Co., Ltd., Tsukuba, Ibaraki, Japan  
T. Shidara, M. Yoshida, KEK, Tsukuba, Ibaraki, Japan 

Abstract 
IR-FEL research center of Tokyo University of Science 

(FEL-TUS) is a facility for aiming at development of the 
high performance FEL device and promotion of photo-
sciences using it. The main part of FEL-TUS involves a 
mid-infrared FEL (MIR-FEL) which provides 
continuously tunable radiation in the range of 5 -14 m 
and a variety of experiments by the use of this photon 
energy corresponding to the various vibrational modes of 
molecules are now underway. We are also making effort 
to develop a far-infrared FEL (FIR-FEL) in order to 
realize FEL lasing in the THz region. This paper will 
describe the status of research activities at FEL-TUS. 

INTRODUCTION 
The Infra-red free electron laser research center of 

Tokyo University of Science (FEL-TUS) [1] was 
established in 1999 as a user facility dedicated for the 
application of infra-red free electron laser.  

 
The main device of FEL-TUS is a mid-infrared FEL 

(MIR-FEL) which covers the wavelength region of 5-14 
m, which corresponds to the absorption frequencies for 
vibrational modes of molecules. A variety of experiments 
utilizing special characteristics of MIR-FEL are now 
underway. Another FEL device is a far-infrared FEL 
(FIR-FEL), which is expected to cover the wavelength 
region of 300-1000 m. Figure 1 shows the top-view of 
the facility with a picture of two FEL devices. 

FEL-TUS is open to researchers of not only Tokyo 
University of Science but also other universities, institutes 
and companies and has been supported by Open 
Advanced Research Facilities Initiative from the Ministry 
of Education, Culture, Sports, Science and Technology of 
Japan since 2007 fiscal year. 

FEL DEVICE 
Both MIR-FEL and FIR-FEL adopt a similar structure 

which consists of S-band linac with a thermionic cathode 
RF-gun and an alpha magnet, and an undulator combined 
with an optical resonance cavity.  

 The essential difference between the two FEL devices is 
the structure of optical resonator cavity. In the longer 
wavelength region, the large slippage effect may lead to 
the FEL gain reduction. In order to suppress the 
reduction, a hybrid resonator which consists of a 
rectangular waveguide and cylindrical mirrors is adopted 
for FIR-FEL. 

Figures 2 and 3 illustrate the schematic layout and photo 
of MIR-FEL and FIR-FEL, respectively. The comparison 
of parameters of two FEL devices is listed in Table 1. 
 

Table 1: Comparison of MIR-FEL and FIR-FEL 

 MIR-FEL FIR-FEL  

Wavelength 5-14 300-1000 m 

e- beam energy 40 10 MeV 

RF Gun Cavity On-axis 
coupled 
structure 

Disk and 
Washer 

 

Length of Acc. 
tube 

3 1.5 m 

Undulator    

Period 32 70  

No. of periods 43 25  

Optical 
Resonator 

Fabry-Perot Hybrid*  

Mirror Size 43 4.1 x 65 mm 

Cavity length 3.36 2.5 m 

Status User 
Operation 

Commissioning 
in progress 

 

* a rectangular waveguide and cylindrical mirrors  

 

Figure 1: Layout of FEL-TUS. 

 ____________________________________________  

#timai@rs.noda.tus.ac.jp 
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Figure 2: Schematic layout and Photograph of MIR-FEL. 
 

 
Figure 3: Schematic layout and Photograph of FIR-FEL.  

 
 

RESEARCH SUBJECTS USING MIR-FEL 
The unique properties of MIR-FEL at FEL-TUS are 

summarized as: 
 Wide wavelength tunability in the mid infrared 

(finger print) region. This enables us to characterize 
the geometrical structures of molecules, clusters, etc. 
mainly in the gas phase through vibrational 
spectroscopy. 

 Nearly perfect linear polarization. A good 
polarization property is required for determination of 
the alignment of the chemical bonds in molecules 
adsorbed on surfaces. 

 Pulsed lasing structure. A macropulse operating at 5 
Hz can be electronically synchronized with the other 
table-top laser system such as Q-switched YAG 
laser. A pump-and-probe experiment is essential for 
understanding dynamical behaviors involved in the 
various chemical and physical phenomena. 

 High photon densities. The high peak power of 
MIR-FEL readily induces a multiple photon process 
[2-4] in which molecules (materials in general) 
absorb many photons within a single laser pulse. 

The multiple photon absorption and the subsequent 
dissociation of simple molecules in the gas phase have 
been experimentally investigated in details in 1980s using 
a CO2 laser. The laser isotope separation, utilizing the 
difference of the small vibrational frequencies between 
isotopomers, is one of the good examples of infrared 
multiple photon dissociation (IRMPD). Recently, an 
excellent enrichment of 13C by MIR-FEL at FEL-TUS 
was reported [3] by our group. The starting material is a 
simple organic molecule (C3H4O2) called -propiolactone 
which dissociates to ethylene (C2H4) and carbon dioxide 
(CO2) through IRMPD (see Fig. 4); 13C located between 
two oxygen atoms is enriched as 13CO2. The small mass 
difference between 12C and 13C yields the shift of 
frequencies of vibrational modes involving this carbon 
atom. We measured the 13C enrichment factor (the 
fraction of 13CO2 in the total CO2 product) as a function 
of laser wavelength. After the careful selection of the 
wavelength, the highest 13C atom fraction of 59 % was 
achieved. The fundamental factors yielding this splendid 
selectivity might be twofold; 

1. A relatively large isotope shift of ~ 47 cm-1 for 
the =C=O stretching vibration around 1880 cm-1, which is 
larger than the energy resolution of MIR-FEL. 
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2. A short micropulse interval (~ 350 ps; see Fig. 5) 
of MIR-FEL than the collisional frequency of β-
propiolactone molecules in the gas phase, which prevents 
the collisional energy transfer from 13C molecules to 12C 
molecules during successive micropulses. 

The multiple photon absorption was observed not only 
in the molecules in the gas phase but also in the bulk 
crystals [2]. 

 

Figure 4: IRMPD of -propiolactone gives ethylene and 
carbon dioxide as products. 

Figure 5: Pulse time structure of MIR-FEL output. 

DEVELOPMENT OF FIR-FEL 
Besides photo science using MIR-FEL which has been 

promoted at FEL-TUS, the commissioning of FIR-
FEL in order to realize FEL lasing in the THz region is 
currently in progress. 
An RF-gun with Disk-and-Washer (DAW) accelerating 

cavity which achieves low emittance and reduction of 
back-bombardment was developed and installed as an 
electron source in the FIR-FEL beamline. After the 
electron beam acceleration and transport to the beam 
dump, the spontaneous emission was successfully 
detected. 
Since it is desirable for FEL lasing to increase the 

power of spontaneous emission, we introduced 
thermionic and photo multiple-cathode in order to 
increase the peak current of the electron beam. With 
laser irradiation to LaB6 single crystal used for 
thermionic cathode, thermionic and photo electron beam 
is generated simultaneously. High FEL efficiency and 
higher signal from photo detector for spontaneous 
emission which leads to easy cavity tuning are expected 
adopting the multiple-cathode. 
A Nd:YAG laser was installed next to the injector of 

FIR-FEL in the FEL machine room as shown in Fig. 6. A 
fourth harmonic (266 nm) of the Nd:YAG pulse was 
injected from the view port of   magnet. The generated 
thermionic and photo electron beam waveform measured 

by Current Transformer where located in downstream of 
 magnet is shown in Fig. 7. The peak current of the 
generated electron beam is about 250 mA, which is 
almost 5 times higher than that of thermionic beam. 
We will continue the optimization of the irradiation 

condition in order to obtain a higher peak current and 
then try to tune the optical resonator  towards FEL 
lasing. 

Figure 6: Set up for laser irradiation to thermionic and 
photo multiple-cathode. 

Figure 7: Thermionic and photo electron beam 
waveform measured by Current Transformer. 

ACKNOWLEDGMENT 
The accelerator research and development at FEL-TUS 

are partly supported by KEK. The authors belonging to 
FEL-TUS gratefully acknowledges the continuous 
supports by KEK. 

REFERENCES 
[1] T. Imai, et al., “Infra-red Free Electron Laser at 

Tokyo University of Science,” IPAC’10, TUPE023, 
p. 2188 (2010). 

[2] E. Tokunaga, et al., Optical Review Vol. 17, No. 3 
(2010) 1. 

[3] Y. Miyamoto, et al., Nucl. Instr. Meth. in Phys. Res. 
B, 269 (2011) 180. 

[4] T. Kanda, et al., Nucl. Instr. Meth. in Phys. Res. B, 
269 (2011) 1944. 

  

Proceedings of FEL2012, Nara, Japan WEPD39

Oscillator FELs and Storage Ring FELs 455 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



HOLE-COUPLING IN IR FELS: AN EXPERIMENTAL STUDY 

A.F.G. van der Meer, FELIX facility, FOM-Institute Rijnhuizen, Nieuwegein, The Netherlands 
 and Radboud University, IMM, Nijmegen, The Netherlands

Abstract 

Even though hole-coupling has been used for many years 
at several IR FEL facilities, its usefulness as out-coupling 
scheme has recently been questioned .[1] Also, it has been 
suggested that the output beam profile will inevitably 
show strong asymmetries at the short-wavelength end of 
the tuning curve[2]. In this contribution, experimental 
results for the dependence of cavity loss, energy 
extraction from the electron beam, output power and 
optical beam profile on the size of the hole in relation to 
the wavelength are presented. 

INTRODUCTION 
In IR FELs, on-axis hole-coupling is a common method 

for coupling out part of the circulating optical power in 
the resonator, primarily for lack of transparent materials 
that could be used as substrate for the mirrors. Many 
years ago, when this scheme was proposed in the context 
of FELs, it was already mentioned that in an empty cavity 
that supports a large number of transverse modes, an 
optical mode with a null at the position of the hole will 
naturally develop as this would be the mode having the 
lowest roundtrip loss. Recently, this point was raised 
again as a serious problem of hole-coupling[1]. Moreover, 
significant distortions of measured beam profiles of the 
out-coupled radiation at the CLIO facility were reported 
and it was argued that this was an inevitable effect at the 
short-wavelength end of the tuning curve of a mirror with 
a hole[2]. As hole-coupling has been used at the FELIX 
facility for over 20 years now without apparent problems, 
it seemed appropriate to investigate its performance in 
greater detail. 

EXPERIMENT 
 In particular, we measured the out-coupled macropulse 
energy, the decay of the output after turn-off of the 
electron beam, the profile of the out-coupled radiation and 
the energy extracted from the electron beam for a number 
of hole sizes and wavelengths. All these measurements  

 
Table 1: Resonator Parameters 

Tuning range: fundamental     5 - 45 µm 
 3rd harmonic 2.7 - 5.0 µm 
Resonator length:             6 m 
OFHC copper mirrors:   
 diameter            50 mm 
 ROC upstream             4 m 
 ROC downstream        2.75 m 
Rayleigh range:         1.03 m 
Out-coupling via on-axis hole in upstream mirror 
Hole sizes: 0.9, 1.4, 2.2 or 3.0 mm diameter 

were done for the short-wavelength free-electron laser 
(FELIX FEL2) at a fixed beam energy of 44 MeV. 
Undulator gap-tuning was used to vary the wavelength. 
The parameters of the resonator of FEL2 are given in 
table 1. 

EFFICIENCY 
After reflection from the mirror with the hole, the 

optical mode will have zero intensity at the position of the 
hole. This 'hole' in the intensity profile will lead to 
enhanced diffraction and hence the development of radial 
'tails' that are likely to be clipped by apertures such as the 
vacuum chamber inside the undulator. When the hole size 
becomes smaller, the extent of the tails grows and 
therefore the likelihood of clipping these. As the reflected 
beam can be thought of as the interference of two beams, 
an undisturbed reflected beam and the reflection of the 
out-coupled beam shifted in phase by π, the potential 
diffraction loss equals the energy coupled out through the 
hole. This means that the intrinsic efficiency of small 
holes is only 50%. In fig. 1, the measured ring-down of 
the power coupled out through the hole after the electron 
beam is turned off (α = decay per roundtrip) is compared 
to the computed out-coupling fraction for the lowest-order 
resonator mode (α0). For each of the hole sizes we find an 
almost linear relationship between α and α0 for the 
wavelengths used (7, 9, 12, 15 and 19 µm). However, the 

slope increases with decreasing hole size, and therefore 
the intrinsic efficiency seems to drop to only 25% for the 
0.9 mm case. A disturbing finding that even led us to re-
measure the hole sizes. Shortly after this measurement 
campaign was finished, the machine was being 
dismantled for the relocation to the university of 
Nijmegen and the downstream mirror was found to be 

 
Figure 1: Roundtrip loss versus computed out-coupling. 
The drawn line has a slope of 2. 
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Figure 3: Roundtrip loss versus computed out-coupling, 
corrected for the damaged mirror. The drawn line has a 
slope of 2 and an offset of 1.2[%]. 

damaged (fig. 2). A central, dark spot with a diameter of 
about 0.5 mm was clearly visible. Realizing that a dark 
spot like this one will have a similar effect as an 
outcoupling hole, it is possible to correct the x-axis of 
figure 1 for the damaged mirror. The result is shown in 

fig. 3. Now all the points of the smallest mirrors fall close 
to the line given by α = 2 α0,c + 0.012, where the 'c' 
means corrected. The offset of 1.2% can be interpreted as 
the loss associated with the finite reflection coefficient of 

the copper that the mirrors are made of, for which a value 
of 99.4% is quite reasonable. 
For judging the efficiency of hole coupling, the intrinsic 
efficiency only provides a first estimate though, as most 
of the optical energy might be off-axis and never show up 
in a measurement of the power coupled out through the 
hole. What is more important to know is how much 
energy is extracted from the electron beam and how much 
of this is actually coupled out through the hole. To 
measure the energy extracted from the beam, an OTR 
based, 48-channel spectrometer, situated directly behind 
the magnet used to dump the electron beam, was used. An 
example of an energy spectrum recorded during lasing 
and one when lasing was suppressed by increasing the 
resonator length to well beyond its synchronous value, is 
shown in fig. 4. By taking the difference of these, the 
energy extracted from the beam, δEb, can be computed. 

For each of the outcoupling mirrors, δEb was 

determined at 7, 9 12, 15 and 19 µm respectively. The 
result is shown in fig. 5. Two direct observations can be 
made: δEb increases with decreasing hole size and the 
dependence on wavelength is similar for each mirror. In 
fact, this dependence on wavelength strongly resembles 
that of a typical computed small-signal gain curve for the 
FEL2 parameters (see fig. 6). 

To exemplify the first point, δEb is plotted versus α 
(fig. 7): at each wavelength there is an almost linear 
relationship between δEb and α! (it should be noted that 
as a result of the resonator detuning of -2λ, the threshold 
for the side-band instability was not reached even for the 
0.9 mm hole size case.) Because α is a characteristic of 

the optical power that is coupled out through the hole, and 
α correlates very well with α0, this strongly indicates that 
the fundamental resonator mode is the dominant optical 
mode.  

 
 
Figure 2: Damaged downstream mirror. 
 

 
Figure 4: Electron beam energy spectrum, with (blue) and 
without (magenta) lasing. 
 

 
Figure 5: Relative energy extracted from the electron 
beam as a function of wavelength for three hole sizes. 

Figure 6: Typical computed small-signal gain. 
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In the case that the fundamental resonator mode is the 
only mode present, there is a simple relationship between 
the out-coupled energy, Em, and the energy extracted 
from the beam: Em = δEb . α0/α. For the measurement of  
Em a pyro-electric detector in the diagnostic station was 
used. The ratio between δEb . α0/α and Em is shown in 
fig. 8, corrected for an estimate of the transmission loss, 
50%, of the optical transport system in between the out-
coupling hole and the detector, consisting of a vacuum 
window, 17 mirrors and a 25% beam splitter used for 
diagnostic purposes. As can be seen, this ratio is close to 

unity for the 3.0 mm hole size and generally lies in 
between 1 and 1.5, except for the smallest hole size for 
which it increases with wavelength to about 2.5. The 
latter may be partly due to enhanced losses in the 
transport sytem due to the diffraction loss of the higher 
order transverse modes associated with the 'top-hat' 
profile of the out-coupled beam right after the hole, which 
is most severe at small hole sizes and long wavelengths. 
This means that 60-100% of the extracted energy can be 
accounted for by losses of the fundamental resonator 
mode. This includes the outcoupling and diffraction loss 
of the hole, the absorption and diffraction loss of the 
damaged spot and the reflection loss from the mirror 
surfaces. Moreover, if mode rearrangement were to occur, 
it would do so in particular for the larger hole sizes. So 
the discrepancy at smaller hole sizes, would rather point 
towards the excitation of higher order modes due to gain 
guiding. For convenience, the measured values of Em, 
multiplied by 1.75, 1.31, 1.13 and 1.07 for the hole sizes 
0.9, 1.4, 2.2 and 3.0 mm respectively, to compensate for 
the 'out-coupling' loss (= absorption loss) due to the 

Figure 7: Extracted energy versus α

 
Figure 8: Ratio between extracted and optical energy at 
diagnostic station, corrected for transport loss.  

Figure 9: Optical energy corrected for loss at 
downstream mirror. 

 
Figure 10: Spatial beam profiles measured in a user 
station, using a 150 mm parabolic mirror. Top 3 
panels: hole size 3.0 mm, left: 13 mm from the focus, 
right: in the focus for 7 (top trace), 12 (middle) and 19 
(bottom) µm respectively. Lower three panels: the 
same for the 1.4 mm hole size.  

. 
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damaged spot on the downstream mirror, are shown in 
fig. 9.   

Finally, a not very extensive set of beam profile 
measurements has been performed in one of the user 
stations. Only for the largest hole size in combination 
with the shortest wavelengths, a significant distortion was 
observed (see fig. 10). But in this case the hole is by far 
larger than the optimal value. This result is not 
necessarily in disagreement with the observation reported 
in [2]. But this study shows that if possible, it is much 
better to reduce the size of the outcoupling hole rather 
than optimizing the power by using mirror steering to 
reduce the overlap of the optical beam with the hole, as 
was done in [2]. 

 
CONCLUSION 

The use of an on-axis hole has been shown to be a 
viable method for out-coupling, with a typical wavelength 
tuning range of a factor of two to three. In particular, no 
evidence for mode rearrangement as a result of the 
presence of the hole used for out-coupling was found. In 
fact, the only drawback of hole coupling that was 
confirmed, is that the intrinsic efficiency is only 50% or 
slightly above, due to the diffraction losses caused by the 
hole.  
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Abstract 
At UVSOR, coherent light source technologies, such as 

resonator free electron laser, coherent harmonic 
generation and coherent synchrotron radiation via laser 
modulation, had been developed by parasitically using an 
undulator and a beam-line normally used for 
photo-electron spectroscopy. Under Quantum Beam 
Technology Program of MEXT in Japan, we started 
constructing a new experiment station dedicated for the 
source developments. We created a new straight section 
by moving the beam injection line. An optical klystron 
was constructed and installed there. Two beam-lines, 
BL1U and BL1B, were constructed, the former of which 
is for free electron laser and coherent harmonic 
generation and the later for the coherent synchrotron 
radiation in the terahertz range. The seed laser system 
was reinforced and a new laser transport line was 
constructed. Generation of coherent synchrotron 
radiation by laser modulation was successfully 
demonstrated at the new station.  

INTRODUCTION 
At UVSOR, coherent light source technologies, such as 

resonator free electron laser, coherent harmonic 
generation and coherent synchrotron radiation via laser 
modulation, had been developed by parasitically using an 
undulator and a beam-line normally used for 
photo-electron spectroscopy [1-7]. Under Quantum 
Beam Technology Program of MEXT in Japan, we 
started constructing a new experiment station dedicated 
for the coherent 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 
moved and upgraded. FY2011, two beam-lines dedicated 
for coherent light source development were constructed. 
We describe the present status of the new coherent light 
source experiment station at UVSOR. 
 

CONSTRUCTION OF COHERENT 
LIGHT SOURCE EXPERIMENTAL 

STATION 
The new experiment station of coherent light source is 

comprised of an optical klystron, a seed laser system and 
beam-lines. 

Construction of Optical Klystron 
FY2009-2010, the beam injection line was extended by 

adding three bending magnets and four quadrupole 
magnets, and the injection septum was relocated to a 
short straight section. The new straight section of 4 m 
became available for coherent light source development 
[8]. An optical klystron was constructed and installed in 
the new straight section. Previously, a conventional, 
optical klystron had been used for many years, in which 
the radiator, the modulator and the buncher were 
integrated in one undulator [9]. The new optical klystron 
consists of separated undulators, a modulator and a 

Table 1: Optical Klystron Parameters 

Magnetic configuration Apple-II 

Number of Periods 10 + 10 

Period length 84 mm 

Max. R56 of buncher (600 MeV) 67 m 

Overall length of buncher 442 mm 

Fig. 1 : Optical klystron.# stanaka@ims.ac.jp 
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radiator, and a buncher magnet in between (Fig. 1). The 
main parameters are summarized in Table 1. The 
magnetic configuration of the modulator and the radiator 
is Apple-II type. The fundamental wavelength of these 
undulators can be tuned at 800nm for the beam energy of 
600 MeV, and 400 nm for 750 MeV, which corresponds 
to the fundamental and the second harmonic of the seed 
laser (Ti:Sa), respectively. 

Upgrade and Relocation of Seed Laser System 
The new experiment station was constructed at the 

opposite side of the storage ring to the old station. FY 
2010, a multipath amplifier (COHERENT : Hidra-50) 
and a single-path amplifier (COHERENT : Legend-cryo) 
were added for a higher output power. The main 
parameters of the laser system are summarized in Table 2. 
FY2011, the laser system was moved to the new station 
and was installed in an air-conditioned laser hatch for 
better stability.  
A new laser transport line was constructed. Fig. 2 

shows the layout of the laser system and the laser 
transport line. The upper figure is the old layout and the 
lower is new one. The laser hatch in the new layout is 
located in the downstream side of the optical klystron. 
Therefore, the seed laser is transported to the upstream 
side of the optical klystron and then is injected to the ring. 
The overall length of the new laser transport line is about 
20 m which is much longer than the in the old layout, 5 
m. This transport line is mounted on the top of the 

radiation shielding wall to avoid interference with the 
existing synchrotron radiation beamlines.  However, the 
laser transport line is strongly affected by the fluctuation 
of the air, warm air from the accelerator power supplies 
and cool air from the outside. This air fluctuation causes 
laser pointing instability. In order to exclude the 
instability, we covered the laser transport line with 
aluminum pipe of 40 mm inside diameter. The both ends 
of the pipe are sealed with silica glass Brewster's 
windows and the inside is evacuated by a scroll pump.  
We also considered the self-focusing and the damages 

on the optical components. First, we expand the beam 
diameter from 5 mm to 10 mm by adding two lenses at 
the position 2 m from the laser output point of in the 
laser hatch, one is concave (f = -75 mm) and another 
convex (f = 25 mm) of 1 inch diameter. The laser beam 
is transported as a parallel beam. In addition, we 
enlarged the laser pulse width before the transportation. 
The laser pulse is transported to an optical stage on the 
radiation shielding wall, where a pulse compressor is 
installed. The beam diameter is expanded from 5 mm to 
10 mm before entering the laser pulse compressor that is 
an adequate beam diameter for the pulse compression. 
Afterwards, the seed laser is entered to an interaction 
point. This laser transport system can be used for the 
high power amplifiers such as Hidra-50 and 
Legend-cryo. 

THz-CSR and VUV-CHG Experiment 
Beam-line 
Fig.3 shows the layout of new beam-lines for THz-CSR 

(from 0.5 to 2.0 THz), VUV-CHG (to 9 eV or higher) 
and FEL (from 800 to 200nm). THz-CSR from a bending 
magnet (B1) at the downstream of the optical klystron is 
extracted by a magic mirror mounted inside of the 
vacuum duct. VUV-CHG from the optical klystron is 
extracted on the straight line. The beam-line, BL1U, will 
be used for the FEL experiment by installing an optical 
resonator. At BL1B, the coherent THz light is collected 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 : Layout of the laser system and the laser 
transport line. 
 

Table 2: Seed Laser Parameters 

Legend-HE Pulse energy 2.5 mJ/pulse 

Pulse duration 100 fs - 2 ps 

Repetition rate 1 kHz 

Legend-cryo Pulse energy 10 mJ/pulse 

Pulse duration 100 fs - 2 ps 

Repetition rate 1 kHz 

Hidra-50 Pulse energy 50 mJ/pulse 

Pulse duration 100 fs - 2 ps 

Repetition rate 10 Hz 
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with the M0 magic mirror and transported to the end 
point with the M1, M2, M3 mirrors, Michelson 
interferometer, the M4 mirror. The M0 magic mirror was 
designed newly to have acceptance angle 244 × 80 mrad2. 
M1 and M4 mirror is 45° toroidal mirror, M2 and M3 is 
plane mirror. 

  

COMMISSIONING OF COHERENT 

LIGHT SOURCE EXPERIMENT 

STATION 

Observation of THz-CSR 
For the test of the laser transport line, the optical 

klystron and beam-lines, we have carried out the 
THz-CSR generation by the laser modulation. THz-CSR 
was successfully observed at BL1B as shown in Fig. 4. 
In this observation, the electron energy was 600 MeV, 
the beam current was 1 mA in single bunch mode. An 
InSb hot electron bolometer (QMC Instruments : 
detection wavelength range 2～50 cm-1) was used for the 
THz detection.  

 

Observation of Spontaneous Emission 
Spectrum of Optical Klystron 

The performance of the optical klystron was checked by 
observing the spontaneous emission spectrum. The result 
is shown in Fig. 5. The observation condition is that the 
electron energy was 600 MeV and the beam current was 
5 mA in single bunch mode. The peak of the spectrum 
was in the vicinity of 800 nm. The fine spectral 
modulation was compared with the numerical calculation 
using the magnetic field data. They agreed well as taking 
into the account the hysteresis of the buncher magnet.  

 

SUMMARY AND PROSPECTS 
The new experimental station for the coherent light 

source development has been successfully constructed at 
UVSOR. A few early experiments were also successful. 
Some user’s experiments using THz-CSR and 
VUV-CHG will start in this fiscal year. We are preparing 
a seed laser system which is capable of producing the 
second and higher harmonics of the Ti:Sa laser using 
crystal and gas harmonic generation cell. The optical 
cavity for the resonator FEL will be installed within this 
year.  

ACKNOWLEDGMENTS 
This work is supported by Quantum Beam Technology 

Program of MEXT/JST. A part of this study is supported 
by Grants-in-Aid for Scientific Research (B23360043). 

REFERENCES 
[1]   M. Shimada et al., Jpn. J. Appl. Phys., Vol. 46, No.12 

(2007) pp.7939-7944 
[2]   S. Bielawski et al., Nature Physics, 4 (2008) 390-393 
[3]   M. Shimada et al., Phys. Rev. Lett. 103, 144802 (2009) 
[4]   M. Labat et al., Euro. Phys. J. D Vol. 44, No. 1 (2007) 

187-200 
[5]   M. Labat et al., Phys. Rev. Lett. 101, 164803 (2008) 
[6]   M. Labat et al., Phys. Rev. Lett. 102, 014801 (2009) 
[7]   T. Tanikawa et al., Appl. Phys. Express 3 (2010) 122702 
[8]   M. Adachi et al., AIP conf. Proc. 1234 (2010) 492 
[9]   S. Kimura et al., J. Electron Spectroscopy Relat. 

Phenomena 80 (1996) 437-440 

 
 
 
 
 
 
 

Fig. 3 : THz-CSR and VUV-CHG experiment 
beam-line. 

 
 
 
 
 
 
 
 
 
Fig. 4 : First THz-CSR signal observed by a 
bolometer 

 
 
 
 
 
 
 
 
 

Fig. 5 : Spontaneous emission spectrum of optical 
klystron
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ELECTRON BEAM DYNAMICS IN THE ALICE IR-FEL FACILITY  

F. Jackson, D. Angal-Kalinin, J. W. McKenzie, Y. M. Saveliev, T. Thakker, N. Thompson, 
P. H. Williams, STFC Daresbury Laboratory, ASTeC & Cockcroft Institute, UK.                                  

A. Wolski, University of Liverpool, UK. 

Abstract 
The ALICE facility at Daresbury Laboratory is an 

energy recovery test accelerator which includes an infra-
red oscillator-type free electron laser (IR-FEL). The 
longitudinal phase space of the electron bunches and the 
longitudinal transport functions in the ALICE accelerator 
are studied in this paper.  

INTRODUCTION 
The ALICE (Accelerators and Lasers in Combined 

Experiments) facility is an energy recovery test 
accelerator [1][2] operated at Daresbury Laboratory since 
2006 [3].  

The accelerator consists of: a photoinjector with  DC 
gun (up to 350 keV), buncher and superconducting 
booster (typically 6.5 MeV beam energy); a main energy-
recovery loop (typically 26 MeV beam energy) containing 
a superconducting linac module, a bunch compression 
chicane, and an undulator.   

ALICE is a test facility which has pursued several 
different goals and applications including an infra-red 
free-electron laser (IR-FEL) of the cavity oscillator type, 
and a terahertz (THz) research programme. In addition, 
ALICE serves as the injector to EMMA, the non-scaling 
FFAG (fixed field alternating gradient) demonstration 
machine [4]. Historically, the first application of ALICE 
was a demonstration of Compton backscattered x-rays [5].  

The main demands on the ALICE beam dynamics and 
beam quality comes from the IR-FEL [6] which requires 
small energy spread (roughly 0.5%) and a small 
compressed bunch length (roughly  1 ps).  

Throughout the operation of ALICE, beam delivery to 
the various applications has taken priority over fine 
measurement of beam dynamics or detailed machine 
characterisation. The machine design, especially beam 
transport and optics, has proved reasonably robust;  
pragmatic optimisation of machine performance has 
usually been sufficient for successful operation of the 
different applications. More recently, with greater 
reliability in application delivery, efforts to investigate the 
beam dynamics in a more systematic way have begun 
[7][8].  

The first attempts to achieve IR-FEL operation were 
unsuccessful until the average beam current was reduced 
by reducing the bunch repetition frequency from its 
design value of 81.25 MHz, strongly implying beam 
loading effects causing energy droop over the bunch 
trains. The normal bunch repetition rate for the IR-FEL is 
currently 16.25 MHz.  

The main beam dynamics factors relevant to the IR-
FEL include the following: transverse steering and 
focussing of the beam in the  FEL cavity; optimisation of 
the ALICE injector dynamics; and finally optimisation of 
the longitudinal beam transport in the main energy 
recovery loop including the arcs and bunch compressor. 

The steering and focussing in the undulator is 
determined by intra-undulator beryllium alignment 
wedges which provide both optical alignment of the 
cavity mirrors and steering of the electron beam. The use 
of the wedges is usually sufficient to provide alignment of 
the electron beam with the undulator and oscillator cavity, 
and beam position monitors (BPMs) in the undulator 
section of the beamline are not usually required.   

 
  

Figure 1: Layout of the ALICE accelerator. 
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The ALICE injector dynamics place strong constraints 
on the minimum energy spread and minimum compressed 
bunch length in the undulator. Due to the low energy of 
the beam in the injector space charge and velocity 
bunching or debunching effects may contribute 
significantly and are not fully understood or measured in 
detail with the current available diagnostics. 

The longitudinal transport in the main loop is 
controlled by the properties of the arcs and bunch 
compressor. The bunch compressor is a simple four dipole 
chicane with fixed geometry and so its longitudinal 
transport properties are largely fixed with momentum 
compaction given by |R56| = 0.28 m. The first arc has a 
flexible R56 and this flexibility is used frequently in 
pragmatic tuning of the post-linac dynamics to optimise 
FEL performance.   

LONGITUDINAL PHASE SPACE 
MEASUREMENTS 

Injector Measurements 
As mentioned above, the injector longitudinal dynamics 

strongly influence the final bunch compression.  
The minimum bunch length (and thus highest peak 

current) achievable at the FEL is determined by the 
intrinsic (i.e. uncorrelated) energy spread of the beam. 
The minimum bunch length is estimated by �0.R56.E0/Em 
(see [7]), where �0 is the uncorrelated fractional energy 
spread at the entrance to the linac, R56 is the linac-to-
undulator momentum compaction (magnitude of 0.28 m 
is the design value for ALICE), E0 is the injector beam 
energy (typically 6.5 MeV) and Em is the post-linac beam 
energy (typically 26 MeV). Thus, to achieve a minimum 
bunch length of 1 ps (0.30 mm) would require an 
uncorrelated energy spread of �0 = 0.5% (30 keV) at the 
linac entrance.  

The energy spread at the FEL is crucial for the FEL 
gain and is determined by the bunch length at the linac 
entrance. The energy spread as a function of the bunch 
length �z is estimated by 

          222
0 �zh�E�E ��                       (1)             

where 0�E is the uncorrelated energy spread and the chirp 

h is given by )�sin(�
�

2�E 0L � where EL is the on-crest 

linac energy gain (around 20 MeV), � is the RF 
wavelength (231 mm), �0 is the linac phase at which the 
energy spread is minimised (�0 = 0  if the bunch enters the 
linac with zero chirp), and � is the off-crest phase. At the 
design off-crest phase of 10°, and for an typical intrinsic 
energy spread of 30 keV, an energy spread �E = 200 keV 
at the FEL requires an injected bunch length of around �z 
= 2.0 mm (7 ps).  

Dedicated longitudinal phase space diagnostics have 
not been available on a routine basis at ALICE. Initially, 
bunch length measurements in the injector were 
performed in the gun and injector commissioning with a 

transverse deflecting cavity [9], while energy spread was 
measured by screen images at dispersive locations. 
Coherent THz emission in the bunch compression chicane 
was initially used as a crude indication of bunch 
compression.  

Later, methods of RF manipulation of the beam using 
the booster and main linac cavities were used to measure 
the bunch length in the injector and post linac,  following 
the “zero phasing” procedure set out in [10]. However, the 
practical implementation of this method in ALICE has 
proved challenging. In the injector the beam dynamics 
and beamline characteristics result in very large bunch 
energy spreads at the RF zero phase points, much larger 
than can be measured directly using the dipole-to-screen 
spectrometer located there. The large energy spread can 
be measured by dipole scanning but the method is 
cumbersome. In addition the non-dispersive beamsize is 
significant and is only minimised in the measurements in 
an ad-hoc fashion. Figure 2 shows the injector bunch 
length measured as a function of the phase of the first 
booster cavity, the trend indicating some agreement with 
simulation.           
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Figure 2: Injector bunch length measurement and 
simulation as a function of the first booster cavity (BC1) 
phase. 

Over a large period of time the consistency of the 
injector bunch length measurements for ostensibly 
identical machine set-ups has shown limited consistency, 
see Figure 3. 
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Figure 3: Injector bunch length measurements for a single 
machine set-up over a 5-month period. The measurement 
error was estimated on occasion and is indicated by the 
error bar. 
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Post-Linac Measurements 
A non-disruptive electro-optic (EO) method of bunch 

length measurement has been utilised at ALICE to 
provide measurements of the compressed bunch[11]. The 
apparatus requires a dedicated femto-second laser to 
probe the coulomb field of the compressed bunch. The 
electro-optic method requires significant set-up and 
operational effort and thus its use has been limited to 
confirming the compression of bunches to the ps level; 
only limited studies have been performed of the 
sensitivity of the compressed bunch profile to different 
lattice conditions[8].   

POST-LINAC LONGITUDINAL 
TRANSPORT 

By design the ALICE lattice in the main loop consists 
of an isochronous first arc, a bunch compressor with R56= 
-0.28 m, and a second arc with R56 = +0.28 m. The arc 
design is based on triple bend achromats (TBA) [12] and 
the R56 is tunable by the strengths of quadrupoles within 
the arc.  

The R56 tunability of the first arc strongly influences 
the post linac bunch compression, as predicted in [12]. 
Sensitivity of the coherent THz emission from the chicane 
to the arc quadrupole strengths has been observed [7]. In 
addition these quadrupoles are frequently used when 
optimising the performance of the IR-FEL. The effect of  
the arc sextupoles is less clear, practical experience has 
indicated that the two sextupoles in the first arc have 
different effects on the THz emission.   

To measure more quantitatively the longitudinal 
transport of the first arc and compression chicane, time of 
arrival measurements of the electron bunches were 
performed using BPMs at different locations. ALICE 
contains many stripline and button BPMs throughout the 
lattice. The timing of the raw BPM signals from the 
arriving electron bunches can be measured using a high 
resolution oscilloscope (40 giga samples per sec). Using a 
fixed reference signal from the ALICE master oscillator, 
the relative time of flight (or relative path length) of the 
bunches can be deduced. Varying the beam energy allows 
transport matrix elements R56 and T566 to be calculated 
from these measurements, using the approximation  

2
56656 �T�Rz �	�                          (2) 

where z is the longitudinal coordinate and � is the energy 
deviation with respect to the beam reference trajectory. 
The measured path length l is a relative quantity that can 
be modelled by �z + l0 + C, where l0 is the reference 
trajectory path length and C is an arbitrary constant 
(depends on the reference signal used in the 
measurement). Fitting a parabolic curve to l vs. �, the 
coefficients yield R56 and T566. The feasibility of the 
experimental method was demonstrated in [8]; a time of 
flight resolution of approximately 1 ps is obtainable.  

The relative path length was measured using button 
BPMs at the exit of the first arc and the exit of the 

compression chicane, varying the beam energy by varying 
the main linac gradient. 

 The effect of the arc quadrupoles was studied in both 
locations. There are four quadrupoles in the first arc 
located symmetrically about the central dipole. The outer 
two quadrupoles (called “ar1q1” and “ar1q4”) have the 
greatest influence the R56. Their effect on the relative path 
length at the arc exit and the compression chicane exit is 
seen in Figure 4 and Figure 5. The differences in the gross 
shapes of the l vs. � curved between post-arc and post- 
chicane measurements is due to the larger R56 
contribution post-chicane.   
 

 
Figure 4: Relative path length vs beam energy measured 
at the exit of the first arc as the arc quadrupole strengths 
are varied. Points are measurements, lines are parabolic 
fits. Red, blue, green, orange colour sequence represents 
increasing quadrupole strength. 

 
Figure 5: Relative path length vs. beam energy measured 
at the exit of bunch compressor as the arc quadrupole 
strengths are varied. Points are measurements, lines are 
parabolic fits. Red, blue, green, colour sequence 
represents increasing quadrupole strength. 

The R56 of the lattice at the exit of the first arc and the 
bunch compressor can be extracted from the parabolic fits 
to the curves in Figure 4 and Figure 5, to measure the 
dependence of R56 on the first arc quadrupoles. The 
results are seen in Figure 6. These results indicate, as 
expected, a strong dependence of the R56 in the post-linac 
lattice on these quadrupoles and also indicate that the R56 
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contribution of the compression chicane is around 0.30 m 
as expected.  

The effect of the sextupoles in the first arc were  
measured and the results are displayed in Figure 7, clearly 
indicating modification of the path length curvature (T566) 
by the sextupoles. The systematic difference observed 
between the effect of the two sextupoles is likely to be 
due to different misalignments of the beam with each 
sextupole. The misalignment results in a change in the 
lattice R56 as the sextupole strength is varied .  

 

 
Figure 6: R56 vs. first arc quadrupole strength measured at 
the exit of the first arc (magenta) and the bunch 
compressor (blue). The red dotted line indicates the 
isochronous condition of the first arc. 

 
Figure 7: Relative path length vs. energy measured at the 
exit of the first arc for different arc sextupole (SEXT01 
and SEXT02) strengths. Points are measurements, lines 
are parabolic fits.  

CONCLUSION 
The beam dynamics of the ALICE IR-FEL facility have 

been discussed, including longitudinal phase space 
measurement of the electron bunch, and recent 
measurements of the longitudinal transport functions of 
the lattice. 

 Direct measurements of the longitudinal bunch phase 
space have indicated bunch length and energy spread of 
the compressed bunch in agreement with the ALICE 

design. However, the evolution of the bunch length and 
energy spread throughout the whole machine is not fully 
understood.  

Longitudinal transport has been studied in the post-
linac lattice by energy dependent path length 
measurements via bunch time of arrival measurements. 
These have confirmed and quantified the effect of the arc 
tuning on the longitudinal transport, in particular the post-
linac R56. The significant effect of the arc quadrupoles on 
the R56 has been measured quantitatively. 

Finally the effect of the arc sextupoles on the path 
length vs. energy curvature (i.e. T566) has been observed, 
and indications of R56 contribution via sextupole 
misalignment have been observed.  
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Abstract
In this paper we present an overview of current and pro-

posed FEL developments at STFCDaresbury Laboratory in
the UK. We discuss progress on the ALICE IR-FEL since
first lasing in October 2010, covering the optimisation of
the FEL performance, progress on the demonstration of
a single shot cross correlation experiment and the results
obtained so far with a Scanning Near-Field Optical Mi-
croscopy beamline. We discuss a proposal for a 250 MeV
single pass FEL test facility named CLARA to be built at
Daresbury and dedicated to research for future light source
applications. Finally we present a brief overview of other
recent research highlights.

INTRODUCTION
In this paper we report on the progress in FEL research

and development at STFC Daresbury Laboratory in the
United Kingdom. We discuss progress on an operating IR-
FEL which is part of the ALICE test facility, we report on
design work for a proposed 250 MeV single-pass FEL test
facility named CLARA (Compact Linear Accelerator for
Research and Applications), and we summarise recent de-
velopments in theoretical work on novel FEL concepts.

ALICE
The ALICE facility at Daresbury Laboratory [1] has

evolved from an ERL prototype for the 4GLS project [2]
to a multi-functional facility hosting projects including the
world’s first non-scaling FFAG, EMMA [3], THz genera-
tion for use in a tissue culture facility and the UK’s first
FEL [4]. The FEL is an infra-red oscillator lasing over
∼5.5–9 µm. It is used for: developing experimental FEL
expertise; benchmarking modelling; accelerator physics
studies; a source for user experiments.
Figure 1 shows the ALICE layout including a view of

the FEL line. A DC photoelectron gun (recently upgraded
to a larger diameter gun ceramic to increase the operating
voltage from 230 kV to 325 kV) with GaAs photocathode
injects into the first superconducting module which accel-
erates to 6.5 MeV. For FEL operation the main linac op-
erates in energy recovery mode and accelerates to typi-
cally 26 MeV. The nominal bunch charge is 60 pC, with
bunches delivered at 16.25 MHz in trains of up to 100 µs

with train repetition frequency up to 10 Hz. The variable
gap undulator has 40 periods of length 2.7 cm. The optical
cavity comprises two spherical gold-coated copper mirrors
with hole-outcoupling in the downstream mirror. The FEL
output is transported in-vacuo to a diagnostics room by a
multi-optics beamlinewith a transmission efficiency of typ-
ically 35% for detailed characterisation and experimental
use. The FEL delivers ∼3 µJ energy per micro-pulse, cor-
responding to ∼4 mJ per macro-pulse. Further details of
the FEL operating parameters and performance are given
in [4].
Calculations of the gain, from the exponential rise at the

start of the train, have previously been made using a Mer-
cury Cadmium Telluride (MCT) detector. The MCT detec-
tor does not fully resolve individual FEL pulses but exhibits
a small modulation of the signal corresponding to the pulse
train structure. Single-pass gain values of up to ∼25%
have been measured using the MCT. Pre-amplification of
the MCT signal slows the response, introducing an artifi-
cial limit to gain measurements. A new photoelectromag-
netic IR detector, with sufficiently fast response to resolve
individual FEL pulses, has recently been added. New soft-
ware has been developed to continuously monitor the gain
by fitting to the envelope of the exponential rise. This is
proving valuable for more rapid optimisation.
The FEL pulse duration has thus far been inferred both

from measurement of the output power and spectrum, and
from direct measurements of the electron bunch length.
Work has been done towards capturing the longitudinal
profile of the FEL pulse in a single shot. This involves
cross-correlating the FEL pulse and an external laser via
co-propagation in a non-linear crystal. Preliminary experi-
ments have demonstrated both spatial and temporal overlap
in a co-linear arrangement and the next step is to move to
a non-co-linear alignment to allow extraction of the FEL
pulse profile.
The FEL output has also been integrated with a Scanning

Near-field Optical Microscope (SNOM) [5] as part of a col-
laboration with the Universities of Liverpool and Rome.
The motivation is sub-diffraction biochemical imaging of
human tissue. The research programme aims to develop
diagnostics and understand the mechanism and drug ac-
tion in oesophageal cancer. The FEL tuning range of 5.5 –
9 µm is well matched to the molecular fingerprint region.
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Figure 1: Layout of the ALICE facility and FEL line.

The IR beam in the diagnostics room is split with half sent
to an Acton 0.5 m Czerny-Turner spectrometer (Princeton
Instruments) with a pyro array detector (Delta Develop-
ments) providing single train spectral line measurements.
The other beam is focussed onto an optics table on which
the SNOM is located in air. Detection of the SNOM sig-
nal is by coupling the fibre to a cooled MCT detector. The
∼100 µs FEL pulse trains are ideally matched to the de-
tector response and boxcar integration techniques. The
SNOM data can be normalised to the intensity and spec-
trum from the array detector on a shot to shot basis. High
quality SNOM images (an example is given in Figure 2)

hour scan times. The suite of on-line single shot beam qual-
ity diagnostics allows real time monitoring of the accelera-
tor during these scans and offers the potential for feedback
to the accelerator for maintaining optimum lasing in the fu-
ture. With the FEL well set up, the variation of the power
during scans is ∼3 % rms, and the wavelength fluctuation
is <20 % of the bandwidth.

Figure 2: Nano-scale spatial resolution from tissue:
50×50 µm SNOM image showing variation of 8.05 µm
light absorption. The DNA in the sample contributes
strongly to this absorption.
Work has been initiated to extend the operating wave-

length of the FEL to longer wavelengths, since 20 µm is of
interest to potential users. Lasing has been established with
a 23 MeV setup, generating 11 µm radiation at minimum
undulator gap, and it is planned to develop a 17.5 MeV
setup for 20 µm operation.

CLARA
It is proposed to build a dedicated FEL test facility,

called CLARA, so that several of the most promising pro-
posed schemes for enhancement of FEL output can be
tested for subsequent implementation into a new UK na-
tional light source facility from conception. The primary
aim of CLARA is ‘to develop a normal-conducting test ac-
celerator, able to generate longitudinally and transversely
bright electron bunches, and to use these bunches in the ex-
perimental production of stable, synchronised, ultra-short
photon pulses of coherent light from a single pass FEL us-
ing techniques directly applicable to the future generation
of light source facilities’. In this context ultra-short means
the photon pulse length should be shorter than, or of the
order of, the FEL cooperation length. Further aims are to
demonstrate high temporal coherence and wavelength sta-
bility of the FEL, for example through the use of exter-
nal seeding or other methods and to develop the techniques
for the generation of coherent higher harmonics of a seed
source.
A new photoinjector test stand, the Electron Beam Test

Facility (EBTF), is currently being assembled and this will
act as the electron source for CLARA. The EBTF gun is a
2.5 cell S-Band cavity which will generate high brightness
6 MeV electron bunches. The electron bunches will be ac-
celerated to nominal CLARA energy in normal conducting
European S-Band linac sections. A number of operating
regimes have been identified which have implications for
the required hardware and layout of the accelerator. Param-
eters are given in Table 1. The Seedingmode is for schemes
for harmonic generation and short pulse generation. In this
mode the electron bunch will have a flat-top current dis-
tribution requiring the use of a 4th harmonic cavity oper-
ating at the EU X-Band frequency of 11.992 GHz. The
Single Spike SASE mode will require a low charge bunch
(estimated to be 20–100 pC) with a peak current of the or-
der of 1500 A. Bunch compression will be achieved either
via magnetic chicane or velocity bunching. The RAFEL
mode is a future option which will require an upgrade to
the photoinjector laser. Macropulses of up to 20 bunches at
a repetition rate of 10 MHz will be used to drive a Regener-

require good intensity and wavelength stability over the 1–2
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ative Amplifier FEL (RAFEL) similar to that proposed for
the 4GLS VUV-FEL [2]. Mirrors will be used to create an
optical cavity around the radiator undulators to provide a
small amount of feedback to self-seed the FEL and gener-
ate temporally coherent output. It is estimated that the sys-
tem will reach saturation in around 10 round trips, allowing
10 pulses of saturation intensity for characterisation. The
final operatingmode is a lower energy (100MeV) high rep-
etition rate (400 Hz) mode for demonstration of hardware
at these repetition rates and for the supply of electron beam
for industrial applications.
Most of the seeding and harmonic generation schemes

proposed follow a generic layout of one or two modulators
where the electron bunch interacts with an external laser
and then a long radiator section where the FEL reaches sat-
uration. The approach with CLARA is to build a very flexi-
ble facility which will be able to switch between the differ-
ent schemes relatively quickly. The long radiator section is
common to almost all of the schemes and the area needing
the most intervention will be the short modulator section so
for greatest flexibility CLARA will be engineered so that
the modulators are easy to exchange and align. The overall
schematic layout of CLARA is shown in Figure 3.
The detailed parameters of the CLARA FEL are dictated

by the requirement to interact with conventional laser seed
sources. The primary external radiation source will be a
Ti:Sa laser operating at 800nm. This can be used on its
own, or to drive an Optical Parametric Amplifier (OPA)
covering the range 2-20 µm (with extension to 100 µm
via difference frequency mixing) or to drive a Higher Har-
monic Generation (HHG) system giving output from the
longest easily available wavelength of 100 nm. It is planned
to operate over the range 400–266 nm for short pulse
schemes, due to the availability of single shot pulse pro-
file diagnostics over this range, whereas schemes requiring
only spectral characterisation will operate at wavelengths
as short as 100 nm. The FEL output wavelength range is
thus 100–400 nm. The minimum undulator gap is expected
to be 6 mm. It is then possible to tune over 400-100 nm
range with a hybrid undulator with period of 27 mm and
an electron beam energy of 250 MeV, while still allowing a
sensible contingency. The modulator undulators, which in
combination will tune from 800 nm to 100 µm, are not yet
specified.
The CLARA design work is ongoing, with an Outline

Design Report scheduled for publication in Spring 2013.
A number of FEL schemes have been tested in initial sim-
ulations, with promising results previously published [6].
The intention is to include full start-to-end simulations of
the most promising schemes in the ODR.

NEW CONCEPTS

Complementary to the development of the CLARA pro-
posal, a programme of research with the University of
Strathclyde is investigating new FEL methods and tech-
niques. Some of these ideas are based upon the concept

of creating coupled radiation modes by introducing of a se-
ries of relative radiation/electron beam shifts as the FEL
interaction progresses along the undulator [7]. Such shifts
may be achieved by introducing electron beam delay-lines
composed of chicanes placed between successive undula-
tor modules. To allow greater flexibility, research has also
been conducted into novel isochronous delay lines that do
not over-bunch electrons in transit through them [8]. For
equal shifts, a series of equally spaced radiation modes
develops which may become locked if there is a beam
modulation at the radiation mode spacing. When starting
from noise in SASE mode, these coupled modes create
a high-power pulse-train structure in time with individual
pulse lengths significantly less than that of the cooperation
length, so that in the x-ray the pulse train forms a high
power x-ray stroboscope with the spatio-temporal resolu-
tion of atomic processes. Modulation in both the electron
beam energy [7] and current [9] have been shown to couple
the modes in simulations and the process has been shown
to be quite robust in 3D start-to-end simulations using re-
alistic electron beams [10]. Simulations have shown that
this method can be used to amplify an HH seed field in an
FEL amplifier and retain the initial Attosecond Pulse Train
(APT) temporal structure of the HHG seed [11]. By match-
ing the modal properties of the undulator-chicane system to
those of the HH seed field, the peak power of the seed may
be amplified by a factor ∼300. Unlike the cases starting
from noise [7, 9], no pre-conditioning of the electron beam
(i.e. energy or current modulation) is required.
The Regenerative Amplifier FEL is a high-gain FEL

which has a single pass gain below that required for SASE
operation. The introduction of a very small cavity feed-
back (as little as ∼ 10

−5 of the undulator power output) is
predicted to generate radiation pulses of improved quality
than possible using SASE [12]. With a power feedback of
only approximately double the shot-noise power, the time
bandwidth product is predicted to be more than five times
better than the equivalent SASE result. These promising
results have been extended to include electron pulses of
RMS width of the cooperation length. In SASE mode of
operation such pulses have been suggested as a source of
single, attosecond, high-power x-ray pulses. However, the
nature of SASE means that the pulses have a large temporal
jitter making them more difficult to synchronise in pump-
probe experiments. When such short electron pulses are
employed in a RAFEL configuration however, this tempo-
ral jitter is stabilised to give stable ‘single’ Fourier trans-
form limited, high-power x-ray pulses at Ångstrom wave-
lengths and of FWHM duration∼ 250 as [13].
The concepts developed for generating coupled fre-

quency modes in a FEL amplifier [7, 9, 10] have been ex-
tended to FEL cavity oscillators operating in both the high-
gain RAFEL mode and for lower-gain systems. When the
frequency modes are coupled via a frequency modulation
of the electron beam at the mode spacing, the modes lock
in a similar way to that in a high-gain amplifier to gener-
ate a well defined pulse train. The example of a RAFEL
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Figure 3: CLARA Schematic layout.

OPERATING MODES
Parameter Seeding SASE Single Spike SASE RAFEL Industrial
Max Energy (MeV) 250 250 250 250 100
Macropulse Rep Rate (Hz) 100 100 100 100 400
Bunches/macropulse 1 1 1 20 tbc
Bunch Charge (pC) 250 250 20–100 250 250
Peak Current (A) 125–400 400 1500 400 tbc
Bunch length (fs) 250–800 (flat) 250 (rms) <30 250 tbc
Normalised Emittance (mm-mrad) ≤ 1 ≤ 1 ≤ 1 ≤ 1 ≤ 1
RMS Energy Spread (keV) 25 100 150 100 tbc
Radiator Period (mm) 27 27 27 27 -

Table 1: Main Parameters for CLARA Operating Modes

operating in the soft-X-ray gave individual pulses conser-
vatively estimated at 200 as duration at a wavelength of
3 nm. Scaled to the x-ray with wavelength λ = 0.15 Å,
and for FEL parameter ρ = 5×10

−4, such pulses are 24 as
in duration.
In addition to in-house generated concepts, research is

also being conducted into other methods for improving
FEL output. In particular, the method of Echo Enabled
Harmonic Generation [14] is being investigated, with some
preliminary results presented in [15].
To facilitate the above and other research, a new 3D un-

averaged FEL simulation code ‘Puffin’ has been developed
by the University of Strathclyde. Puffin can model elec-
tron interactions with broad bandwidth radiation that in-
clude electron beam shot-noise and Coherent Spontaneous
Emission (CSE) effects. Non-localised electron transport
throughout the beam is modelled self-consistently allow-
ing better modelling of systems where a larger electron en-
ergy range is required. Electrons are transported through
a strong focussing channel with a fully variably polarised
undulator. The code should prove to be a flexible research
tool allowing exploration of new methods and ideas that
cannot be modelled using other codes. Examples that will
benefit from such studies include the variably polarised un-
dulator [17] and where long-scale electron transport within
the electron beam may generate significant CSE [18, 19].
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PULSE STRUCTURE MEASUREMENT OF NEAR-INFRARED FEL IN
BURST-MODE OPERATION OF LEBRA LINAC

K. Nakao∗, K.Hayakawa, Y. Hayakawa, M. Inagaki, K. Nogami, T. Sakai, T. Tanaka,
Laboratory for Electron Beam Research and Application (LEBRA), Nihon University, Chiba, Japan

H. Zen, Kyoto University Institute for Advanced Energy, Kyoto, Japan

Abstract
The near-infrared free electron laser (FEL) at the Lab-

oratory for Electron Beam Research and Application (LE-

BRA) in Nihon University has been provided for scientific

studies in various fields since 2003. Improvement in the

electron beam injector system for the LEBRA 125MeV

electron linac made possible to accelerate the electron

beam in three different modes, full-bunch mode, super-

impose mode and burst mode. FEL lasing in the second

and the third modes was achieved in 2011. In these three

modes, the pulse length of the FEL of wavelength 1600 nm

was measured by using the autocorrelation trace obtained

from the Michelson interferometer.

LEBRA 125MEV LINAC
The LEBRA has supplied the infrared free electron laser

(FEL) and parametric X-ray (PXR) for various user exper-

iments since 2004 [1].

Table 1 lists the parameters of the LEBRA 125MeV

linac. The linac uses the conventional 100kV DC electron

triode gun. The grid of this DC gun is fed pulse from two

grid pulsars, the conventional macro grid pulsar and the

high-speed grid pulsar. The emitted electron beam is accel-

erated to maximum 125MeV in three 4m accelerator tubes.

Two klystrons, PV-3040 and PV-3040N manufactured by

Mitsubishi Electric amplify to approximately 20MW each.

RF is generated from the master oscillator and fed to each

klystron. The amplified RF is fed to the pre-buncher, the

buncher and three accelerator tubes. The accelerated beam

is transported to the FEL undulator line by two 45-degree

bending magnets. Table 2 lists the specification of the un-

dulator. The round trip time of the undurator is 44.8ns.

Table 1: Specification of the LEBRA 125MeV Linac

Accelerating RF Frequency 2856 MHz

Klystron peak output power 30 MW

Number of klystron 2

Electron beam energy 30-125 MeV

Energy spread 0.5 ∼ 1 %

Macro pulse beam current 200 mA

Macro pulse duration 20 μs

Maximum Repetition Rate 12.5Hz

The output of the high-speed grid pulsar is superimposed

on the output of the macro grid pulsar by the grid pulse

∗nakao@lebra.nihon-u.ac.jp

Table 2: Specification of the LEBRA Undurator

Resonator length 6720 mm

Undurator length 2.4 m

Undurator of period 48 mm

Number of periods 50

Maximum K value 1.36 rms

coupler, and fed to the grid of the electron gun. Thus, there

are three beam modes, the full bunch mode, the burst mode

and the superimpose mode, as illustrated in Figure 1.

Figure 1: Illustration of pulse structure in full bunch Mode,

Superimpose Mode and Burst Mode.

BURST MODE AND SUPERIMPOSE
MODE BEAM

RF generated from the master oscillator is fed to the fre-

quency divider. The high-speed grid pulser is driven by the

89.25MHz sine wave output from the frequency divider as

a master clock input. The clock input is divided internally

by 2 or 4. The gated output of the pulsar is a train of short

pulses with a period of 22.4ns or 44.8ns and a pulse width

of 600ps FWHM.

In the full-bunch mode, only the macro grid pulsar is

used. When the superimpose mode is selected, both of grid
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pulsars are used. When the macro grid pulsar set up in out-

put voltage lower than the threshold which emits electrons,

and a high-speed grid pulsar are used, beam mode turns

into a burst mode.

On April 19th, 2011, it succeeded in the first laser oscil-

lation in the burst mode. The wavelength of the FEL was

approximately 1800nm, FEL power was approximately

2.3mJ per macro pulse and burst pulse period was 44.8ns,

at that time [2].

Figure 2 shows time structure of FEL wavelength

1600nm in the burst mode. In this figure the horizontal

axis shows time and the vertical axis shows output voltage

of the detector. It was detected by an InGaAs PIN photo

diode (Hamamatsu G6854-01) and measured by Tektron-

ics TDS5104 oscilloscope (sampling frequency up to 5GHz

and band width 1GHz). The burst pulse period was 22.4ns

and the macro grid pulse voltage was 35V and the high-

speed grid pulse voltage was 160V. It is shown that FEL

was oscillated in the burst mode beam because in this fig-

ure high peaks are in each 22.4ns.
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Figure 2: Time structure of burst mode FEL

PULSE WIDTH MEASUREMENT WITH
MICHELSON INTERFEROMETER

Since the FEL pulse is a coherent wave packet, the ap-

proximate pulse length can be deduced from autocorrela-

tion measurements. The shape of the autocorrelation trace

in each beam acceleration mode was measured at a wave-

length of 1600nm with a Michelson interferometer [3].

Table 2 shows output voltage setting of the macro grid

pulsar and the high-speed grid pulsar. A grid bias voltage

was 53V at that time. The peak current in the superimpose

mode is larger than burst mode and burst mode is larger

than the full bunch mode.

The autocorrelation trace measured in the burst mode,

the superimpose mode, and the full beam mode is shown

from Figure 3,4 and 5. In these figures, the horizontal axis

shows the position of the movable mirror of the Michelson

interferometer, and the vertical axis shows relative strength

detected with the InGaAs PIN photodiode. This PIN photo

diode has sensitivity from the wavelength from 600nm to

1700nm.

Table 3: Output Voltage Setting of Grid Pulsars.

Mode Macro G.P. High-speed G.P.

Full-beam 60 V 0 V

Superimpose 60 V 160 V

Burst 35 V 160 V

(G.P.: Grid Pilser)
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Figure 3: Autocorrelation trace in the burst mode.
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Figure 4: Autocorrelation trace in the superimpose mode.

From these autocorrelation traces, the pulse length of

FEL was 0.09ps FWHM in the burst mode and 0.11ps

FWHM in the superimpose mode and 0.09ps FWHM in

the full-beam mode. In these modes, the substantial change

was not seen by the FEL pulse length though the peak cur-

rent of the electron beam was different.

CONCLUSION
It succeeded in the FEL lasing in the burst mode and

superimpose mode in last year. The FEL pulse length was
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Figure 5: Autocorrelation trace in the full-bunch mode [2].

measured with each mode with a Michelson interferometer,

and the result was approximately 0.1ps, and did not have

the substantial change in each mode.
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DEVELOPMENT OF FREE-ELECTRON LASERS USING TWO "HIGHER 
ORDERS" WITH THE STORAGE RING NIJI-IV 

N. Sei#, H. Ogawa, K. Yamada, 
Research Institute of Instrumentation Frontier, National Institute of Advanced Industrial Science 

and Technology, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan

Abstract 
We developed higher-harmonic free-electron laser 

(FEL) oscillations with the storage ring NIJI-IV from the 
visible to near-infrared region. Using another “higher 
order”, that is, higher-diffraction order of the target 
wavelength of dielectric multilayer mirrors, we realized a 
lasing on the highest order in the harmonic FELs. 
Moreover, the FEL wavelength was shortened to the 
visible region in the NIJI-IV infrared FEL system. We 
demonstrated that wavelength regions of FEL oscillations 
could be selected by changing a condition of the optical 
cavity in the same conditions of the electron beam and 
insertion device. Our experimental results will give clues 
to realize a resonator-type FEL in the extreme ultraviolet 
and X-ray regions.  

INTRODUCTION 
A resonator-type free-electron laser (FEL) is superior 

for its highly coherence and stable lasing wavelength. 
Because it is necessary for the resonator-type FEL to use 
an optical cavity, it is thought that a lasing wavelength 
region of the resonator-type FEL is limited. However, a 
low-emittance and short-pulse electron beam is designed 
for an energy-recovery linac recently, so that FEL 
oscillations will be able to realize with a resonator in the 
extreme ultraviolet and X-ray regions. Utilization of 
higher harmonics of a spontaneous emission generated by 
an insertion device is effective for the resonator-type FEL 
to enhance a lasing wavelength region. Then, we 
developed the higher-harmonic FEL oscillations with 
using an infrared (IR) FEL system in the storage ring 
NIJI-IV [1]. It was clarified that there were differences 
between the fundamental harmonic and the higher 
harmonic FELs in their linewidths and pulse widths. 
Moreover, we achieved for the first time FEL oscillations 
with a higher-diffraction order of optical cavity mirrors 
[2]. Using the two ‘higher orders’ in the NIJI-IV IR-FEL 
system, we realized a lasing on the seventh harmonic [3], 
which was the highest order in the higher-harmonic FELs. 
In this article, we reported detailed characteristics of the 
higher-harmonic FEL oscillations with the higher-
diffraction orders of the optical cavity mirrors.   

NIJI-IV IR-FEL SYSTEM 
The storage ring NIJI-IV has two 7.25 m straight 

sections in a circumference of 29.6 m. Short-wavelength 
FELs were developed with an optical klystron ETLOK-II 
installed in one of the straight sections in a wavelength 

region of 595198 nm [4], which ranges from the visible 
to the vacuum ultraviolet. A planar optical klystron 
ETLOK-III, dedicated to development for IR FELs, was 
installed in another straight section [5]. It has two 1.4 m 
undulator sections comprised of seven periods and a 72 
cm dispersive section. The maximum K value of the 
ETLOK-III is estimated to be 10.4 at the minimum 
undulator gap of 36 mm. IR FEL experiments were 
conducted with electron-beam energy of 310 MeV. 
Because the RF cavity voltage was low, approximately 20 
kV, a natural bunch length was long, 90 ps, and the 
electron-beam current was less than 6 mA in a single-
bunch operation. The relative energy spread of the 
electron bunch was 4.010-4 in the FEL experiments. The 
lasing wavelength region was reported to be from 838 to 
1551 nm in the last FEL conference [6].  

HIGHER-DIFFRACTION ORDER OF 
OPTICAL CAVITY MIRRORS 

We used dielectric multilayer mirrors in the IR-FEL 
experiments as optical cavity mirrors. High reflectivity of 
the dielectric multilayer mirrors arises from constructive 
interference of lights reflected at consecutive interfaces of 
a multilayer structure. The designed high-reflectivity 
wavelength, or target wavelength, is four times the optical 
thickness of the layers [7]. If the absorptions of the two 
alternating dielectric materials are negligibly small, the 
high-reflectivity wavelengths are expected to appear at 
higher-diffraction orders having a positive odd number. 
However, the absorption of the dielectric multilayer 
mirrors at higher-diffraction orders is too large to oscillate 
storage ring FELs because the conventional target 
wavelengths are in the visible and ultraviolet regions. 
Therefore, to develop storage ring FEL oscillations in the 
middle-IR (MIR) region for the first time, we used 
niobium pentoxide (Nb2O5) and silicon dioxide (SiO2) 
dielectric multilayer mirrors (radius of curvature, 8 m) 
manufactured by LAYERTEC (Germany) [8]. Figure 1 
shows a cross-sectional image of the Nb2O5/SiO2 
dielectric multilayer mirror observed by field emission 
scanning electron microscopy (FE-SEM). It has 12 layers 
of Nb2O5 and 11 layers of SiO2 stacked alternately on a 
8.7 mm thick SiO2 substrate. The thickness of a pair of 
the Nb2O5 and SiO2 layers was uniform. The measured 
thickness was 0.75 m, and the ratio of the thicknesses of 
the Nb2O5 and SiO2 layers was 2:3. Because the target 
wavelength of the dielectric multilayer mirror was 
designed to be 2.56 m, the refractive indices of Nb2O5 
and SiO2 were estimated to be 2.13 and 1.43, respectively, 
at this wavelength.  
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The reflectivity of a dielectric multilayer mirror can be 
calculated by the transfer matrix method [9]. Using 
dependences of refractive indices of Nb2O5 and SiO2 on a 
wavelength in a reference [10], it is found that there are 
three high-reflectivity wavelength regions as shown in Fig. 
2. Two high-reflectivity regions appear at wavelengths of 
around 0.89 and 0.55 m, which correspond to odd 
number diffraction orders of the target wavelength. It is 
expected that near-IR and visible FELs can be obtained 
by using a pair of the dielectric multilayer mirrors that are 
optimized in the MIR region. 

FEL GAIN 
Adjusting the electron beam orbit to pass on the axis of 

the ETLOK-III, the K value of the ETLOK-III was 
limited in the single-bunch operation. FEL experiments in 
the IR region were conducted with the K value from 2 to 
7 [3]. Figure 3 shows a relationship between the K value 
and the wavelength of the FEL oscillation. It is noted that 

an FEL can oscillate with using higher harmonics up to 
seventh order at a wavelength of around 890 nm and more 
than third order at a wavelength of around 550 nm.  
However, the dispersive section of the ETLOK-III cannot 
be opened more than 38 mm wider than the gap of the 
undulator sections. Then, the gap of the dispersive section 
can not be adjusted to an optimum value of Nd, which is 
the number of periods of the fundamental wavelength 
passing over an electron in the dispersive section, for the 
FEL gain in the higher-harmonic FEL experiments. Figure 
4 shows a relationship between higher-harmonic FEL 
gains and a wavelength of the FEL oscillation. The 
higher-harmonic FEL gain considerably decreases in the 
visible region. Therefore, we conducted FEL experiments 
with using the higher harmonics up to seventh order at a 
wavelength of around 890 nm and third order at a 
wavelength of around 550 nm.  

1m1m
 

 
Figure 1: FE-SEM cross-sectional image of the Nb2O5/SiO2 
dielectric multilayer mirror. Bright gray and black images are 
Nb2O5 and SiO2 layers, respectively. 
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Figure 2: Calculated reflectivity of the Nb2O5/SiO2 dielectric 
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wavelength region is expressed by dotted line (right vertical 
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7TH-HARMONIC FEL OSCILLATION 
At first, we carried out the FEL experiments at 

wavelengths of around 890 nm, which correspond to the 
third diffraction of the target wavelength. The 
fundamental and third harmonic FEL oscillated until the 
electron-beam current decreased to 0.55 and 0.90 mA in 
the single-bunch operation, respectively. The measured 
threshold current showed good agreement with the 
calculated value. By increasing K value to 5.52 and 6.62, 
the FEL oscillations for the fifth and seventh harmonics 
were achieved at the wavelengths of approximately 890 
nm [3]. Figure 5 shows the spectrum of the seventh-
harmonic FEL oscillation, which is the highest achieved 
order in the higher-harmonic FEL oscillations. The 
measured threshold currents for the fifth and seventh 
harmonics were 1.5 and 3.8 mA, respectively, and they 
showed good agreement with the calculated values.  

SHORTENING FEL WAVELENGTH 
It is important to demonstrate that the higher harmonic 

can be used effectively to shorten the FEL wavelength. In 
the NIJI-IV IR-FEL system, no FEL had been developed 
in the visible region. Therefore, we planned experiments 
for the third-harmonic FEL oscillations using a pair of 
Nb2O5/SiO2 dielectric-multilayer mirrors at wavelengths 
of around 550 nm, which corresponded to the fifth-
diffraction order of their target wavelength of 2560 nm. 
We conducted the experiments of the third-harmonic FEL 
at a K value of 3.19, and we achieved FEL oscillations at 
wavelengths of 549.4553.8 nm [11]. The FEL oscillation 
continued until the electron-beam current reached 2.3 mA. 
The minimum cavity loss was evaluated to be 0.07% from 
the threshold current at a wavelength of 552 nm. Figure 6 
shows a photograph of the green FEL at a position 3.07 m 
away from the downstream cavity mirror. The FEL profile 
was almost a perfect TEM00 mode.  

SELECTION OF THE FEL-WAVELENGT 
REGIONS 

As reported in references [6, 11], we achieved FEL 
oscillations at wavelengths of 15101551 nm for a K 
value of 5.565.62. On the other hand, we achieved fifth-
harmonic FEL oscillations at wavelengths of around 890 
nm for a K value of 5.475.57. Therefore, the K value for 
the third-harmonic FEL at wavelengths of around 1520 
nm partially overlapped with that for the fifth-harmonic 
FEL at wavelengths of around 890 nm. We demonstrated 
that wavelength regions of storage ring FELs could be 
selected by changing a condition of the optical cavity in 
the same conditions of the electron beam and insertion 
device. Even if the effective FEL gain was fixed, 
influence which an FEL oscillation gave to the electron 
beam was different for a higher-harmonic. For example, 
cavity-length detuning curves for the third and fifth 
harmonic FEL were different at the same effective FEL 
gain. We will report the differences in detail at another 
article.  

CONCLUSIONS 
We realized higher-harmonic FEL oscillations with 

using higher diffraction orders of a target wavelength of 
dielectric multilayer mirrors in the NIJI-IV IR-FEL 
system. Nb2O5/SiO2 dielectric multilayer mirrors had 
three high-reflectivity wavelength regions from the MIR 
to the visible. Two high-reflectivity regions appear at 
wavelengths of around 0.89 and 0.55 m, which 
correspond to the third and fifth diffraction orders of the 
target wavelength. FEL oscillations for the seventh 
harmonic, which was the highest order in the higher-
harmonic FELs, were achieved at wavelengths of around 
0.89 m. The third-harmonic FEL oscillation was 
achieved at wavelengths of around 0.55 m, which was 
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Figure 5: Measured spectra of the seventh-harmonic FEL 
oscillation (black line) and spontaneous emission (red line) at gu

= 62.7 mm. The red line is 20 times as large as the seventh-
harmonic spontaneous emission.  

 
 
Figure 6: Photograph of the third-harmonic FEL oscillation at a 
wavelength of 552 nm. Electron- beam current was 3.0 mA. 
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the shortest wavelength in the NIJI-IV IR-FEL system. 
Then, we demonstrated that the higher harmonic could be 
effectively used to shorten the FEL wavelength.  

ACKNOWLEDGEMENTS 
This work was supported by the Budget for Nuclear 

Research of the Ministry of Education, Culture, Sports, 
Science and Technology of Japan.  

REFERENCES 
[1] N. Sei et al, J. Phys. Soc. Jpn. 79 (2010) 093501. 
[2] N. Sei et al, in preparation for publication. 
[3] N. Sei et al, Opt. Express 20 (2012) 308.  
[4] K. Yamada et al, Proc. 26th Int. Free Electron Laser 

Conf., 2004, p. 331. 
[5] N. Sei et al, Infrared Phys. Technol. 51 (2008) 375.  
[6] N. Sei et al, Proc. 34th Int. Free Electron Laser 

Conf., 2011, p. 239. 
[7] H. Heiss et al, Prog. Quant. Electron. 25 (2001) 193. 
[8] N. Sei et al, Opt. Lett. 36 (2011) 3645. 
[9] J. D. Rancourt, Optical Thin Films: Users Handbook, 

(McGraw-Hill Co., New York, 1996).  
[10] J. Edlinger et al, Thin Solid Films. 175 (1989) 207.  
[11] N. Sei et al, J. Phys. Soc. Jpn. 81 (2012) 093501. 
 

Proceedings of FEL2012, Nara, Japan WEPD47

Oscillator FELs and Storage Ring FELs 479 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



DEVELOPMENT OF INTENSE TERAHERTZWAVE COHERENT 
SYNCHROTRON RADIATIONS AT LEBRA 
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Industrial Science and Technology, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan 

K. Hayakawa, T. Tanaka, Y. Hayakawa, K. Nakao, K. Nogami, M. Inagaki, Laboratory for Electron 
Beam Research and Application, Nihon University, 7-24-1 Narashinodai, Funabashi, 274-8501, 

Japan 

   

Abstract 
To obtain an intense light source in the terahertz region, 

we developed coherent synchrotron radiation (CSR) using 
an S-band linac at Laboratory for Electron Beam 
Research and Application in Nihon University. Intense 
radiation was observed in the D-band region and it was 
confirmed to be the CSR. The two-dimensional 
distribution of the CSR was measured, and the CSR 
reflected in the vacuum chamber of the bending magnet 
was found to be emitted through the quartz window for a 
few tens of picoseconds.  

INTRODUCTION 
Nihon University and National Institute of Advanced 

Industrial Science and Technology have jointly developed 
intense terahertz-wave coherent synchrotron radiation 
(CSR) at Laboratory for Electron Beam Research and 
Application (LEBRA) in Nihon University. Because the 
electron beam of a linac used in an FEL facility must have 
a short bunch length and a high charge in order to saturate 
the FEL power, it is suitable for generating intense 
coherent radiation [1]. We measured an intense terahertz 
(THz) wave from LEBRA and confirmed it to be the CSR 

[2]. In this article, we report the characteristics of the 
observed CSR.  

S-BAND LINAC AT LEBRA 
The S-band linac at LEBRA consists of a 100 keV DC 

electron gun, prebuncher, buncher, and three 4 m long 
traveling wave accelerator tubes [3]. The electron beam 
accelerated by the linac is guided to an FEL undulator line 
by two 45-degree bending magnets. Energy of the 
electron beam 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 [3, 4]. The macropulse duration determined 
by the flat-top pulse width of the 20 MW klystron output 
power is approximately 20s. The insertion device is a 
2.4-m planar undulator with a maximum K value of 1.9. 
The length of the undulator period and number of the 
periods are 48 mm and 50, respectively. The electron 
beam in the undulator is removed from the FEL undulator 
line by a 45-degree bending magnet and loses its energy 
in a beam dump. Mirror chambers, each containing a 
metal mirror, are set at the ends of the FEL undulator line; 
the mirrors are 6.72 m apart. Fundamental FELs oscillate 
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Figure 1:  Outline of the CSR observation experiment at LEBRA. 
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at wavelengths of 16 m. The FEL beam, transmitted 
through a hole coupling in the upstream mirror, is 
converted to a parallel beam by aspherical mirrors. It is 
transferred from the accelerator room to the experimental 
rooms and used in dental and biological applications. An 
additional high-speed grid pulser having a pulse width of 
600 ps was recently introduced in the electron gun [5]. 
The operation mode using this pulser is called burst mode, 
and a few high-charge micropulses (0.30.5 nC per 
micropulse) can be accelerated at intervals of 22.4 or 44.8 
ns.  

COHERENT SYNCHROTRON 
RADIATION EXPERIMENTS 

   After an electron bunch passes through the two 45-
degree bending magnets in front of the undulator, its 
length can be compressed from 3 to 1 ps using a magnetic 
compressor. However, there is no optical beam window to 
extract the CSR in the FEL undulator line. Thus, we 
observed the CSR emitted at the entrance of the second 
45-degree bending magnet, where the calculated bunch 
length was approximately 2 ps in full-bunch mode. On the 
other hand, the bunch length in burst mode was slightly 
longer than that in full-bunch mode. Figure 1 shows the 
outline of the CSR observation experiment. Although the 
CSR is emitted along the electron-beam orbit in a bending 
magnet chamber 24 mm high, its solid angle which was 
incident on a transfer pipe (diameter, 20 mm; length, 265 
mm) was 0.065 radians. Figure 2 shows calculated spectra 
of the CSR emitted in the 45-degree bending magnet with 
micropulse charge of 30 pC. The CSR power has a 
maximum at wavelength of around 3.5 mm. In addition, it 
is sensitive to the bunch length in a wavelength region of 
1-3 mm. The CSR passed through the transfer pipe and 
was extracted through a quartz window from the vacuum 
to the atmosphere. The electron-beam energy was set to 
100 MeV in the CSR observations. 
 

   The CSR was detected by a Schottky D-band diode 
detector (Millitech Inc., DXP-06) with a pyramidal horn 
whose opening was 11 and 17 mm in the vertical and 
horizontal directions, respectively. This detector can 
measure electromagnetic radiation at frequencies range of 
0.090.17 THz. The nominal sensitivity of the diode 
detector is 5 mV/10 W for a cw source. The CSR 
components with vertical and transverse polarization can 
be measured by rotating the detector by 90 degrees. The 
output signal of this detector was led to an experimental 
room 30 m away and was measured using an oscilloscope 
with an analog bandwidth of 500 MHz. The rise-time of 
the measurement system was 1.3 ns, so we could not 
distinguish individual micropulses in full-bunch mode. 

RADIATION POWER 
Intense THz-wave radiation was observed in both 

modes. Figure 3 shows the power evolutions of the THz-
wave radiation measured by the detector system, which 
was located 0.53 m from the quartz window. In full-bunch 
mode, the wave form of the power evolution was similar 
to that of the electron-beam macropulse regardless of the 
polarization. On the other hand, evolution of the radiation 
power could observe for the individual micropulse in 
burst bunch mode. The interval and charge per pulse of 
the high-speed grid pulser were 22.4 ns and 0.6 nC, 
respectively. It is found that at least two peaks appeared 
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Figure 2:  Calculated spectra of CSR emitted in the bending 
magnet. The gray mesh zone expresses a wavelength region 
where the D-band diode detector can measure 
electromagnetic radiation.  
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Figure 3: Measured power evolutions of the THz-wave 
radiation in full-bunch mode (a) and burst mode (b). Figure 
(c) is expansion on the red frame in (b).  
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on the temporal structure in the interval [6]. The first peak 
corresponded to the intense radiation that arrived at the 
transfer pipe directly after it was generated in the vacuum 
chamber of the bending magnet. The second peak 
appeared approximately 5 ns after the first peak and 
corresponded to the intense radiation reflected repeatedly 
in the chamber and emitted through the transfer pipe. As 
shown in Fig. 3(c), the power evolution was an 
exponential decay after the second peak.  

If this radiation was coherent, its power was 
proportional to the second power of the charge of the 
electron-beam micropulse. However, the bunch length in 
burst mode increases as the charge increases. The 
radiation power in the D-band region would be influenced 
by the bunch length as shown in Fig. 2. Thus, we 
investigated the relationship between the radiation power 
and the charge in full-bunch mode. Figure 4 shows the 
measured dependence of the radiation power on the 
electron-bunch charge. It is noted that the radiation power 
was almost proportional to the second power of the 
charge regardless of the polarization. This experimental 
result demonstrates that the radiation beam was coherent. 
When a quartz lens with an effective diameter of 46 mm 
was located 280 mm from the quartz window, the 
radiation power of the horizontally polarized component 
was 23 mW at 0.090.17 THz. Thus, the measured power 
of this radiation per macropulse was approximately 0.4 J 
in this frequency region. The width of a micropulse was 
much smaller than the rise-time of the measurement 
system.  

EVOLUTION OF TWO-DIMENSIONAL 
DISTRIBUTION 

Because the coherent radiation was reflected in the 
vacuum chamber of the bending magnet, the coherent 
radiation power extracted from the quartz window had 
temporal structure in burst mode. In the next step, we 
investigated the two-dimensional distribution of the 
coherent radiation. The diode detector, which was set on 

an XY axis translation stage in an area of 10085 mm2, 
was located 0.53 m from the quartz window. The coherent 
radiation power was measured in 5-mm steps in the 
horizontal and vertical directions. To improve the spatial 
resolution, a metal slit (horizontal size, 8 mm; vertical 
size, 4 mm) was attached in front of the pyramidal horn. 
Figure 5 shows the evolution of the mapping of the 
coherent radiation power in the interval of 22.4 ns. The 
origin was on an axis of the electron-beam orbit between 
the two bending magnets. The electron beam moved from 
the origin in the positive direction on the X axis in the 
bending magnet. As shown in Fig. 5(b1), the center of the 
power in the horizontally polarized component shifted 
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Figure 4:  Measured dependence of radiation power on the 
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Figure 5: Two-dimensional mapping of (a1f1) the 
hollizontally and (a2f2) the vertically polarized components 
of the coherent radiation power. Time went from (a) to (f), 
and the time interval per frame was 4 ns. 
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+25 mm along the X axis owing to the electron-beam 
orbit in the bending magnet. The shift was slightly smaller 
for the reflected radiation as shown in Fig. 5(e1). For the 
vertically polarized component, peaks appeared at an 
elevation angle of 66 mrad from the quartz window. 
According to synchrotron radiation theory, the vertically 
polarized component of the synchrotron radiation at 0.14 
THz, which was the center of the D-band region, exhibits 
maxima at an elevation angle of 76 mrad [7], which 
agrees roughly with the observed angle. Thus, this 
radiation was identified as CSR. When the distance 
between the detector and the window was much larger 
than the diameter of the transfer pipe, the two-
dimensional distribution of the vertically polarized 
component of the CSR appeared to be that of plane 
emission from the window.  

It is found that intense radiation was emitted from the 
quartz window after the electron beam passed through the 
bending magnet. The radiation was CSR accumulated in 
the vacuum chamber of the bending magnet, and it caused 
high energy photons by Compton backscattering with the 
electron beam [8].    

CONCLUSIONS 
We developed an intense THz wave using an S-band 

linac at LEBRA. The radiation power of the THz wave 
was proportional to the second power of the charge in the 
electron micropulse. We measured the two-dimensional 
distribution of the intense THz wave; its vertically 
polarized component had roughly the same vertical 
distribution as the synchrotron radiation. Thus, the wave 
was identified as CSR. The evolution of the CSR power 
was measured in burst mode, and the CSR reflected in the 
vacuum chamber of the bending magnet was found to be 
emitted through the quartz window for a few tens of 
picoseconds. We plan to transport the THz-wave CSR to 
an experimental room using the infrared FEL beamline. 
Innovative applications are expected to use both the CSR 
and infrared FEL synchronously. 
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THE TERAHERTZ FEL FACILITY PROJECT AT CAEP 

X. Yang, M. Li, Z. Xu, Institute of Applied Electronics, CAEP, China 
X. Shu,Y. Dou, Institute of Applied Physics and Computation Mathematics, China 

X. Lu, Peking University, China 
W. Huang, Tsinghua University, China  

Abstract 
To meet the requirement of material and biomedicine 

study, a Terahertz FEL user facility project was proposed 
by China Academy of Engineering Physics(CAEP). At 
present the project has been approved and the facility will 
be constructed within 5years. The facility will operate in 
the quasi CW mode and the average power is about 10W . 
The wavelength of the light can be adjusted between 
100μm/3THz to 300μm/1THz according to the user 
needed by changing the electron energy and the magnetic 
field of the wiggler. The facility mainly consists of the 
electron source, the main accelerating structure, the 
hybrid wiggler, the optical oscillator cavity, the THz-ray 
transmission system and the detector. In order to achieve 
the high brightness beam, the photocathode DC gun will 
be used as the electron source. The electron will obtain 
the energy by passing through a superconducting 
accelerator, the electron energy after the accelerator is 
about 8MeV, which is suitable to obtain the terahertz 
light. The facility will be a useful tool to the science. 

INTRODUCTION 
FEL-THz is one important kind of THz source 

which has the merits of high power, wide tunable 
spectral region[1,2,3]. The goal of the THz radiation 
frequency spans 1THz to 3THz which is absence of 
source and other kind of THz sources are not good at at 
the same time. The use of superconductive rf-linac 
cavities enables quasi-cw operation with the associated 
higher average THz radiation power level of ten Watt. 
The facility will operate at up to 8 MeV and with up to 5 
mA average current at a 54.16 MHz pulse repetition rate. 
The length of the resonator is 2.769m, and the THz ray 
will output through the downstream mirror with an 
outcoupling hole in the center. A waveguide will be 
installed to fit the optical resonator mode into the wiggler 
gap. The cross section of the waveguide is rectangular 
with 30mmx14mm. The waveguide spans from the 
upstream mirror to the downstream mirror. The sketch 
map is showed in Fig. 1. The people from the Institute of 
Applied Physics and Computation Mathematics, Peking 
University, Tsinghua University and Institute of Applied 
Electronics will take part in the project.  
 

 
Figure 1: Layout of the FEL-THz facility. 

THE SIMULATION OF THE 
OSCILLATOR 

The normal parameters of the facility are listed in Table 
1 which is used as the input parameters for the simulation. 

Table 1: Parameters used for the Simulations 
ELECTRON BEAM  
Energy 7.5MeV 
Peak current  10A  
Micro bunch  10ps 
Normalized Emittance 10πmm mrad 
Energy Spread (FWHM) 0.75% 
Repetition rate 54.17MHz 
WIGGLER  
Amplitude 3300Gs 
Period 38mm 
Length  42 periods/1.6 m 
Optical  
Wavelength 160.3m 
Cavity length  2.769m 
Mirror curvature 1.85m 
wave-guide Cross-section  30mm×14mm 

The simulation of oscillator cavity was done by a three 
dimension code[4], it includes the gain according the 
current, the energy spread and the emittance, the light 
power rising progress in the cavity, the optical loss, the 
coupling efficiency, the detuning, the sensitivity to 
vibration and misalignment etc. The simulation results are 
shown in Figs. 2~3. The calculated THz radiation power 
according different frequency is listed in Table 2. 
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Figure 2: Output average power as a function of electron 
current. 

 
Figure 3: Output peak power as a function of detuning 
length. 

Table 2: Calculated Power with Different Frequency 

Frequency/THz wiggler/T 
Electron 

energy/MeV 

 
Output 

power/W 

1 0.49 6 10.6
1.2 0.475 6.5 10.4 
1.4 0.414 6.5 29.9
1.6 0.468 7.5 24.5
1.8 0.42 7.5 20.6
2 0.378 7.5 54.5

2.2 0.35 7.6 43.2
2.4 0.315 7.6 73.5
2.6 0.283 7.6 101.4
2.8 0.25 7.6 67.0
3 0.22 7.6 74.1

ELECTRON LINAC 
The electron linac mainly includes the electron source, 

the bunch compressor, the accelerating module, the beam 
transport system and the beam diagnostic system. In order 
to obtain the high brightness electron beam, we are 
planning to develop a NEA-GaAs photocathode DC-gun 
as the electron source. The design value of the DC voltage 
is about 320kV and the electric field is about 4MV/m. It 
delivers pulses with a bunch charge up to 100 pC at 54.16 
MHz repetition rate and about 20ps length. The transverse 
emittance in this case is about 5πmm mrad. At present, a 
DC-GUN test facility has built in our institute as shown in 

Fig. 4. The cathode-driving laser system includes the 
mode-locked oscillator(from Time-Bandwidth), diode-
pumped amplifier and second harmonic generator.The 
average power of the laser is 5W. The laser has the 
macro-pulse operating mode which is used for the beam 
commissioning. The frequency of the macro-pulse is up to 
20Hz, and the length is 20μs. In order to obtain high 
electron current, pulse compression down to 5~10 ps will 
be done by a RF bunch compressor operating at 1.3 GHz.  

 
Figure 4: DC-GUN test facility. 

A superconducting rf linac module operating at 1.3 
GHz is used as the main accelerator. The accelerator 
comprises two 4cell cavities and will operate at 10MV/m, 
and the electron energy is up to 8MeV. The cavities are 
kept at 2K using superfluid helium delivered by a 
commercial helium liquefier and the cavity frequency can 
be regulated on-line. The liquid helium consumption is 
calculated and it is about 50W when the accelerating field 
is 12MV/m. The superconducting module is shown in 
Fig. 5.  

 
 
 
 
 
 
 
 

 
Figure 5: The superconducting module.1 – 4cell cavity , 2 
– microwave coupler , 3 – knighthead, 4 – 2K shield, 5 – 
tuning system, 6 – inlet port of liquid nitrogen, 7 – inlet 
port of liquid helium, 8 – HOM coupler. 

To operate the FEL requires high quality electron 
beams with small transverse and longitudinal emittance. 
The beam dynamics is calculated using the PARMELA 
code. The transit efficiency of the beam is almost 100% 
which is needed for the high average power electron 
beam. The beam envelope through transport system is 
shown in Fig. 6. 

 
Figure 6: Electron beam envelope in the transport system. 
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The beam properties that the diagnostic system should 
provide mainly include the beam position, the electron 
energy, the energy spread, the emittance, the bunch 
charge, the bunch length and the longitudinal shape .The 
schematic diagnostics system is given in Fig. 7. 

The primary purpose of BPM will be for alignment and 
steering of the beam centroid. The stripline BPM will be 
used. The bunch charge will be measured by using the 
integrating current transformer (ICT). Beam profiles will 
be measured using YAG and optical transition radiation 
(OTR) screens. For low energy (at the exit of the DC-
GUN), the emittance will be measured using multi slit. 
The beam emittance at the exit of the accelerating module 
will be measured using the quadrupoles and the OTR.  
Bunch length will be measured by streak camera.   

 

 
Figure 7: Schematic of beam diagnostics. 

THE WIGGLER 
The wiggler is one of the most important components 

for FEL and it is the region where the relative electron 
and the radiation field will interact. Its performance, such 
as the peak field, good field aperture etc will determine 
the FEL gain. A hybrid type wiggler which is composed 
of 42 magnetic periods, each 38 mm long will be used in 
the THz facility.  The hybrid structure consists of NdFeB 
magnets and soft-iron poles. The wiggler parameter K can 
be adjusted from 0.71 to 1.74 which corresponds to gaps 
of 30 to 18 mm. The calculated relations of wavelength 
ranges and the K are shown in Fig. 8. The simulation 
trajectory of the electron is shown in Fig. 9. The main 
parameters are listed in Table 3. The resonator mirrors are 
made of gold coated copper with a 1.6mm (in diameter) 
hole in the center. 

Table 3: Parameters of the Wiggler 
Amplitude/T 0.2~0.49 
Period/mm 38 

Wiggler parameter K 0.71~1.74 
Gap/mm 18~30 
Length 42 periods/1.6 m 

Amplitude ripple <1% 
Good region/mm 12 

Offset of the electron 
trajectory/mm 

0.1 

Magnet material NdFeB 
Soft material FeCoV 

 

 
Figure 8: Wavelength ranges as a function of wiggler 
parameter K for the indicated values of the electron 
kinetic energy. 

 
Figure 9: The simulation trajectory of the electron. 

SUMMARY AND OUTLOOK 
In this paper we have introduced the oscillator FEL-

THz user project developing at CAEP. A DC-GUN will 
be used as the electron source and a superconducting 
accelerator will be used as the main accelerating section. 
The simulation of the oscillator and calculation of beam 
dynamics is finished. The simulation shows that the 
facility can provide about 10W THz ray which is useful 
for the scientific researching. We have built a DC-GUN 
test facility which can work at 230kV and the initial 
quantum efficiency is about 4% at present. Great efforts 
should pay out at the cathode study to improve the life 
time and the stability. 
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THE PARAMETER STUDY OF TERAHERTZ FREE-ELECTRON LASER 
OSCILLATOR BASED ON ELECTROSTATIC ACCELERATOR* 

Ailin Wu#, Qika Jia, USTC/NSRL, Hefei, China 
Faya Wang, Juhao Wu, SLAC, Menlo Park, CA, USA. 

 
Abstract 

Free-Electron Laser Oscillator based on Electrostatic 
Accelerator (EA-FELO) is one of the best methods to 
realize the powerful terahertz source, which can not only 
produce high power, but also obtain coherent and tunable 
wavelength. In this paper, we investigate the effects of the 
main parameters in this scheme, including the initial 
electron-beam energy spread, emittance and beam current. 
Besides, the influence of the radius of the mirrors and the 
position of the undulator on FEL performance is also 
studied. The numerical results from 1D FEL Oscillator 
simulation code FELO are presented, and show that this 
compact device could achieve the terahertz light with the 
peak output power is about 5.3kW. 

INTRODUCTION 
Since the terahertz sources provide wide applications in 

medical science, material science and industry, a 
compact, wavelength tunable and high-power THz source 
attracted much attention in many laboratories [1]. It is 
noteworthy that EA-FELO could achieve high average 
power generation, high energy conversion efficiency 
and high spectral purity, because of its CW operation. 

successfully, such as University of California Santa 
Barbara FEL (UCSB- FEL) employed a 6MeV Pelletron 
accelerator and obtained 2.5 mm to 30 μm FEL [2], Israel 
FEL based on a 6 MeV EN tandem acceleration can 
produce average power of 1kW in the range of 70-130 
GHz [3]. Recently, we also have made some primary 
research and analysis on it [4-5].  

On the basis of the research on FEL Oscillator’s basic 
principle, a conceptual design and parameters study of a 
compact EA-FEL is proposed in this paper. The numerical 
modeling has been carried out by using 1D FEL 
stimulation code FELO [6].  

BRIEF REVIEW OF THE EA-FEL 
OSCILLATOR SCHEME 

In this scheme, electrostatic accelerator generates 
continuous beams of very high quality electrons and small 
energy spread. The resonator is of a symmetric near-
concentric design and a collector collects the decelerated 
electrons. The schematic of this EA-FEL Oscillator is 
provided in Figure 1.  

 
 

  Figure 1: Conceptual design of the EA-FEL Oscillator. 

 

  Reference to the electron beam parameters of normal 
electrostatic accelerator and the present technology, we 
use a 3MeV beam to limit the size of EA tank and apply 
other electron parameter as in UCSB-FEL. According to 
the equation of maximum gain of FEL Oscillator, the 
small signal gain is proportional to the number of periods 
and on-axis field strength, so we must strike a balance 
between achieving larger output power and satisfying 
device miniaturization. The main design parameters for 
the simulations are listed in Table 1. 
 

Table 1: The Main Parameters for EA-FEL Oscillator 

Electron Beam 

Beam energy 3 MeV 

Current 2 A 

Energy spread 0.01% 

Emittance 10 mm-mrad 

Undulator 

K 0.3 

Period length 2 cm 

Number of periods 50 

Optical Cavity 

Radius of curvature of mirrors 1.08 m 

Radiation wavelength 303 m  

Distance from upstream mirror to 
undulator centre 

1m 

Optical cavity length 2m 

  ___________________________________________  

* Work supported by the Major State Basic Research Development
Programme of China under Grant No. 2011CB808301 and the National
Nature Science Foundation of China under Grant No. 10975137 
# wuailing@mail.ustc.edu.cn 

Such devices have been developed and operated 
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PARAMETER STUDY OF THE EA-FEL 
OSCILLATOR SCHEME 

The goals of the EA-FEL Oscillator optimization are 
maximum net gain and peak output power. Firstly, the 
influence of electron beam on gain and output power is 
studied as shown in Figure 2. It is found that when the 
energy spread is less than 0.02%, the peak output power 
is considerable, about 5300W. Refer to the energy spreads 
of electron beam in UCSB FEL, this parameter of beam 
could be set to 0.01%. As shown in Figure 3, with the 
increase of beam current, the FEL could grow 
considerably and the saturation time is reduced. The 
output powers at different emittance are also simulated 
and the results indicate the emittance of beam has little 
influence on the FEL performance. 
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Figure 2: The peak output power vs. energy spread. 
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Figure 3: The peak output power vs. pass. 

 
Then the effects of the radius of curvature of mirrors 

and the position of undulator in optical cavity to the FEL 
output power are simulated. Figure 4 illustrates the effects 
of varying the radius of curvature of mirrors on the net 
gain and output power. Though the maximum peak output 
power could be obtained if the radius of curvature of 
mirrors is 1.2m, FEL will take longer to achieve 
saturation for the Rayleigh length affects the filling factor 
of the net gain. When the radius ranges from 1.08m to 
1.2m, the cavity stability parameter is less than 0.95 and 
the average output has litter changes. Therefore, the 

mirrors with the radius of curvature of 1.08m are used in 
this scheme. 
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Figure 4(a): The net gain as a function of the radius of 
curvature of mirrors. 
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Figure 4(b): The peak output power as a function of the 
radius of curvature of mirrors. 

 
Figure 5 shows the dependence of the net gain and peak 

output power on the position of undulator in resonator. 
The distance between undulator and the upstream mirror 
with the out-coupling hole could be adjusted freely. As 
this distance increases, the net gain and peak output 
would grow. The best option is to set undulator in the 
center of resonator. 
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Figure 5(a): The net gain vs. the position of undulator; L 
stands for the distance from upstream mirror to the 
undulator centre. 
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Figure 5(b): The peak output power vs. the position of 
undulator; L stands for the distance from upstream mirror 
to the undulator centre. 
 
From the analysis above, the main parameters of this 
scheme could be determined. In Figure 6, the simulated 
evolution of the net gain and peak output power up to the 
saturation are present. It could be found that after about 
850 passes, the peak output power gets the highest value, 
about 5.3 kW.  
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Figure 6(a): The net gain vs. pass. 
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CONCLUSION 
The parameters of terahertz sources based on EA-FEL 

Oscillator are studied. Firstly, the effect of electron-beam 
energy spread, current and emittance to the peak output 
power is discussed. We find the electrostatic accelerator 
offers a very high quality electron beam, which has low 
emittance (10mm-mrad), small energy spread (0.01%) 
and large current (2A). And this is very favorable to this 
scheme. Then we also investigate the influence of 
parameters of resonator on FEL performance, such as the 
radius of curvature of mirrors and the position of 
undulator in optical cavity. The results of numerical 
simulation and optimization show the EA-FEL Oscillator 
could provide CW terahertz light with the peak output 
power of 5.3kW. 
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THZ RADIATION SOURCES BASED ON RF-LINAC  
AT CHIANG MAI UNIVERSITY 

C. Thongbai#, P. Boonpornprasert, S. Chunjarean, K. kusoljariyakul,  
S. Rimjaem, J. Saisut, S. Supakul  

Chiang Mai University, Chiangmai, 50200, Thailand  
Thailand Center of Excellence in Physics, Bangkok 10400, Thailand

Abstract 
A THz radiation source in a form of coherent radiation 

from short electron bunches has been constructed at the 
Plasma and Beam Physics (PBP) research facility, Chiang 
Mai University. The accelerator system consists of an RF-
gun with a thermionic cathode, an alpha-magnet as a 
magnetic bunch compressor, and a SLAC-type linear 
accelerator. Coherent transition radiation emitted from 
short electron bunches passing through an Al-vacuum 
interface was used as the THz radiation source. This THz 
radiation can be used as a source of the THz imaging 
system and THz spectroscopy. Details of the accelerator 
system and THz radiation production will be presented. A 
plan for extension to accommodate Free Electron Lasers 
(FEL) optimized for mid-infrared and far-infrared/THz 
radiation will also be discussed. 

INTRODUCTION 
THz radiation is electromagnetic radiation spectrum 

which has wavelength of 1000µm to 100 µm (300 GHz - 
3 THz) and lies in gap between Microwave and Infrared.  
In the past, this gap is unexplored region but nowadays 
technologiesand applications of THz radiation were 
developed rapidly and were reviewed in [1-4]. A THz 
facility based on femtosecond electron bunches has been 
established at the Plasma and Beam Physics research 
facility (PBP), formerly the Fast Neutron Research 
Facility (FNRF), Chiang Mai University. Figure 1 shows 
a schematic layout of the system.The main components of 
the system are a thermionic cathode RF-gun, an alpha-

magnet as a magnetic bunch compressor, a SLAC-type 
linear accelerator (linac), beam steering and focusing 
elements, and beam diagnostic instruments. 

The 1-1/2 cell S-band RF-gun was designed and 
optimized [5] for bunch compression such that the first 
electron is accelerated and reaches the end of the half-cell 
just before the field becomes decelerating. It is then 
further accelerated through the full-cell to reach 
maximum kinetic energy of 2.0-2.5 MeV at the gun-exit 
depending on accelerating field gradients. Later electrons 
feel some decelerating fields and gain less and less overall 
energyresulting in a well-defined correlation between 
energy and time for bunch compression. Electron bunches 
of 20-30 ps from the RF-gun are then compressed in an 
-magnet, where the particle path length increases with 
energy. This allows the lower energy particles, emitted 
later in each bunch, to catch up with the front for effective 
bunch compression. The optimized and compressed part 
of the electron bunch is filtered by energy slits located in 
the alpha-magnet vacuum chamber and then transported 
through the linac and the beam transport line to 
experimental stations. At the experimental station, the 
bunches are compressed to less than 1 ps [6]. These short 
electron pulses can be used to produce high intensity THz 
radiation in the form of coherent transition radiation. 
Typical operating parameters and electron beam 
characteristics are shown in Table 1. 

 
 

 

 

Figure 1: Schematic diagram of the accelerator system at Chiang Mai University for generation of short electron 
bunches and THz radiation [Q:quadrupole magnet, CT:current monitor, SC:screen, TR: transition radiation]. 
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Table 1: Operating and Beam Parameters 

Parameters RF-gun Linac 

Max. beam energy [MeV] 2.5 - 3 10-15 

Macropulse peak current [mA] 1000 150  

Beam pulse length [s] ~2 ~0.8 

Macropulserepetation rate [Hz] 10 10 

Number of microbunch/macropulse 5700 2300  

Number of electrons/macropulse 1.4109 6108 

 

GENERATION OF THzRADIATION 
Total electromagnetic radiation emitted from a bunch 

of N electrons at radiation frequency   is 
( ) ( )[1 ( 1) ( )],eI NI N f      

where )(eI  is the radiation intensity from a single 

electron and the bunch form factor f() is the Fourier 
transformation of the longitudinal bunch distribution 
squared. As a consequence, the short bunch is suitable 
and desired for production of broadband radiation 
spectrum. At a wavelength about or longer than the bunch 
length, the radiation from an electron bunch becomes 
coherent and the intensity of coherent radiation, 
proportional to the number of radiating electrons squared,  
exceeds greatly that of incoherent radiation at the same 
wavelength. Electron bunches of around 100 fs can 
provide broadband radiation in THz regime covering up 
to 3 THz [7]. 

The electron beam after acceleration is used to generate 
THz radiation is in the form of coherent transition 
radiation (TR). At the experimental station, transition 
radiationis produced by placing an aluminium foil (Al-
foil) in the electron path, representing a transition 
between vacuum and Al-foil. The Al-foil radiator is 25.4 
m thick and 24 mmin diameter. The radiator is tilted by 
45o facing the electron beam direction. The backward 
transition radiation is emitted perpendicular to the beam 
axis and transmits through a high density polyethylene 
(HDPE) window of 1.25-mm-thick and 32-mm diameter.  

A copper light cone or a THz lens are used to collect 
the THz radiation into a room-temperature pyroelectric 
detector. The radiation energy of 19 J per macropulse or 
a peak power of 24 W was measured by collecting over 
an acceptance angle of 160 mrad. Experimentally, the 
transition radiation spatial distribution as well as 
horizontal and vertical polarizations of radiation were 
observed using a PYROCAM and a wire-grid polarizer 
from Graseby-Spec (Model IGP223). The results are 
shown in Fig. 2.  An asymmetry shown up in horizontally 
polarized beam should very well be a result of the Al-foil 
orientation which is tilted 45 horizontally as predicted 
theoretically. 

The radiation spectrum measured using a Michelson 
interferometer is shown in Fig. 3 (dot-line). The available 
THz radiation covers from 5 cm-1 to around 80 cm-1 

wavenumber (0.15 THz – 2.4 THz). At low frequency (< 
5 cm-1), the spectrum was suppressed by effects of the 
beam splitter and the periodic response is the effect of the 
pyroelectric detector [8].  The spectrum seem to extend to 
above  80 cm-1 (2.4 THz) where noise becomes dominate. 
These can be further minimized with better detection and 
amplification system. 

 

Figure 2: THz transition radiation profiles taken with a 
polarizer rotated 0, 45, 90, 135, 180 degree respectively. 
The last profile is taken without any polarizer.  
 

Figure 3: The radiation power spectra taken in humid air 
(solid) and in ambient air (dot-line). 
 

THz SPECTROSCOPY AND IMAGING 
THz spectroscopy can be done easily by measuring 

power transmission or power absorption of a sample via a 
Michelson interferometer and the Fourier Transformation. 
As shown in Fig. 3 (solid), the radiation spectrum taken in 
humid-air reveals several water absorption lines. 
Although phase information has been lost in the 
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spectroscopy. Plan for future expansion with a planar 
undulator will allow more coverage of the IR-THz 
spectrum regime.  
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LINAC-BASED THZ IMAGING AT CHIANG MAI UNIVERSITY 

J. Saisut#, P. Boonpornprasert, K. Kusoljariyakul, S. Rimjaem, C. Thongbai, Department of Physics 
and Materials Science, Chiang Mai University, Chiang Mai 50200, Thailand 

M.W. Rhodes , P. Tamboon, STRI, Chiang Mai University, Chiangmai 50200, Thailand 

Abstract 

At the Plasma and Beam Physics Research Facility 
(PBP), Chiang Mai University, intense THz radiation is 
generated in a form of coherent transition radiation from 
femtosecond electron bunches. The THz radiation is used 
as a source of THz imaging system which was 
successfully setup and tested. The radiation is focused 
onto a sample which will be scanned using an xy-
translation stage. The transmission or reflection at 
different points of the sample are recorded to construct a 
THz image. Details of the setup and the experimental 
results from the system will be presented. The THz 
imaging to accommodate a future IR-THz Free Electron 
Laser (FEL) will also be discussed. 

INTRODUCTION 
A THz facility based on femtosecond electron bunches 

has been established at the Plasma and Beam Physics 
Research Facility (PBP), Chiang Mai University. 
Femtosecond electron bunches are generated from a 
system consisting of an RF-gun with a thermionic 
cathode, an alpha-magnet as a magnetic bunch 
compressor and a linear accelerator as a post acceleration 
section. At the experimental station, the bunches are 
compressed to less than 1 ps. The experimental results 
reported in [1] show that electron bunches as short as z 

=200 fs can be generated from the system. Typical 
operating parameters and electron beam characteristics of 
the facility are complied in Table 1.  

The femtosecond electron bunches can be used to 
produce high intensity THz radiation in the form of 
coherent transition radiation by placing an aluminium foil 
(Al-foil) 45o in the electron path, representing a transition 
between vacuum and conductor [2]. The backward 

transition radiation is emitted perpendicular to the beam 
axis as shown in Fig. 1. The radiation is collimated by a 
1-inch 90º parabolic mirror and transmits through a high 
density polyethylene (HDPE) window of 1.25-mm-thick 
and 32-mm diameter. The available THz radiation covers 
wavenumbers from 5 cm-1 to around 80 cm-1 which 
corresponding to a frequency range from 0.3 THz to 2.4 
THz. This THz radiation is used as a source of the THz 
imaging system.  

 

 
 

Figure 1: Setup to generate THz Transition radiation. 

THZ IMAGING SYSTEM 

A schematic diagram of the THz imaging system 
(transmission measurement) at the Plasma and Beam 
Physics Research Facility (PBP), Chiang Mai University 
is illustrated in Fig. 2 for transmission or reflection 
measurement. THz radiation is focused on a sample 
which will be scanned using an xy- translation stage  

Table 1: Operating and beam parameters 

Parameters RF-gun Linac 

Maximum beam energy (MeV) 2.0-2.5 6 - 12 
Macropulse peak current (mA) 700-1000 5-150 
RF-pulse length (µs) 2.8 8 
Repetition rate (Hz) 10 10 
Beam-pulse length (µs) 2 0.8 
Number of microbunches per macropulse 5700 2300 
Number of electrons per microbunch 1.4 × 109 1.4 × 108 
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controlled by a computer. The transmission or reflection 
intensity will be detected by a room-temperature 
pyroelectric detector. Computer program will be 
employed to calculate and analyze intensity at difference 
points on the sample for THz image construction.  
 

 
 
 

Figure 2: Schematic diagram of the THz imaging system 
at Chiang Mai University. 
 

The Transmission Mode THz Imaging 
The transmission mode THz imaging is suitable for 

materials which are transparent to THz radiation, e.g. non 
metallic and non polar materials. It is possible to 
construct contrast images from totally transmitted signals 
of various materials. Figure 3 shows the THz imaging 
system setup beside the electron beamline at the 
experimental station and this setup use Tsurupica lens as a 
focusing element. 

 

 
 

Figure 3: The THz imaging system setup at the 
experimental station. 

 
 

By using a copper cone as a focusing element, the first 
THz image circular cuts of various sizes in an Al-foil 
[Fig. 4(a)] placed in an envelope is shown in Fig. 4(b). 
The holes diameter varies from 4 – 9 mm. Positions and 
spot sizes of the patterns from the THz image correspond 
well to those of the Al-foil sample. 

 

 
Figure 4: (a) Optical and (b) THz images of circular cuts 
of various sizes inan Al-foil. 

Figure 5(a) is an Al-pattern and Fig. 5(b) is its THz 
image scanned using the Tsurupica lens as a focusing 
element. The THz image can demonstrate the rough 
feature of the sample but not its details especially at the 
big slot of the sample. Since our THz radiation source is 
board band, the focusing spot size of the THz radiation 
beam is about 3-4 mm. By using a copper mesh as a high 
pass THz filter [3, 4], the focusing spot size can be 
reduced to about 2 mm [4]. The copper mesh filter is 
placed in front of the focusing element in the imaging 
system. The image quality can be improved when the 
sample is scanned using mesh filter. Visually, more 
details of the sample can be seen as shown in Fig. 5(c). 

 

 

 
 

Figure 5: Cut pattern from Al-foil and its THz images; (a) 
Optical image of the sample, (b) its THz images achieved 
without mesh filter and (c) its THz image achieved with 
the mesh filter. 

By using a transmission mode THz imaging, the THz 
image of a fresh leaf which contains water contents inside 
is successfully demonstrated. The THz image of a leaf 
sample [Fig. 6(a), (c)] placed in an envelope is shown in 
Fig. 6(b), (d). The low intensity area of THz image is 
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corresponding to the leaf. Obviously, it shows the shape 
of the leaf which corresponds to its optical image. 
 

 

 
Figure 6: Leaf samples and its THz images; (a), (c) 
Optical images of the leaf which clearly shows the leaf 
structure and (b), (d) its THz images achieved with the 
mesh filter. 

The Reflection Mode THz Imaging 
The reflection mode THz imaging is suitable for 

materials which reflect THz radiation, e.g. metallic 
samples. The reflection mode THz imaging setup at PBP 
is shown in Fig. 7. A collimated THz beam is reflected off 
a gold-coated mirror to a THz lens of 6-cm focal-length. 
The beam is then focused onto a sample at approximately 
30° incident angle. The reflected signal from the fuel cell 
is collected by another THz lens of 3-cm focal-length and 
continued to a pyroelectric detector. The sample under 
investigation is placed on top of the X–Y translational 
stages and scanned using computerized motion 
controllers. 

 

 
 

Figure 7: the reflection mode THz imaging setup. 

Identification of Water in Flow Channels of PEM Fuel 
Cells using THz imaging [5] has been studied. A model 
cell of a PEM fuel cell shown in Fig.8(a) is machine-
through-brass flow channel plate which sealed the bottom 
side of the plate tightly with a cloth tape. Then some 
channels were filled with water and the cell was covered 
by a Si window (see Fig. 8(b)) that allows THz access. 
The THz image in Fig. 8(c) shows a water filled channel 
and an unfilled channel indicated as air-filled in the 
figure. The darker area reveals absorptive region within 
the flow channels, with the darkest region lies in water-
filled channel. In order to clearly distinguish the water-
filled and the air-filled region, we perform a line-scan plot 
(along the dash-line shown in Fig. 9). It is evident that we 
are able to identify water presence in the flow field with 
THz imaging. 
 

  

 
Figure 8: Photographs of a machine-through-brass flow 
channel plate (a) before and (b) after covering with Si 
window; (c) THz image of (b). 
 

 
Figure 9: THz-signal line-scan along the dashed line in 
THz image. 

 

CONCLUSION 
At PBP, Chiang Mai University, the transmission mode 

and reflection mode THz imaging systems were 
successfully setup and tested. We successfully 
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demonstrate THz images of Al-foil patterns which reflect 
the THz radiation, THz images of water content samples 
which absorb the radiation and THz images of the model 
cell of a PEM fuel cell. The image resolution is limited by 
focusing spot size and it can be improved by scanning 
samples with mesh filter. To extend the ability of the 
imaging system based on the transition radiation source, 
the simple scanning system can be combined with the 
Michelson Interferometer to allow “Interferometric 
Imaging” [6]. This system is able to provide both 
information; typical THz imaging and the radiation power 
spectrum. The power spectrum, the Fourier Transform of 
the interferogram, from various positions on the sample 
will provide THz images of different frequencies. Both 
the transmission mode and reflection mode THz imaging 
experiments will be performed using a future IR-THz 
Free Electron Laser (FEL) which have wavelengths of 
200µm to 50 µm as a source of the systems. 
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CHARACTERIZATION OF SINGLE-CYCLE THz PULSES AT THE CTR
SOURCE AT FLASH

S. Wunderlich∗, S. Schefer, B. Schmidt, S. Schulz, S. Wesch, DESY, 22603 Hamburg, Germany
M.C. Hoffmann, SLAC, Menlo Park, CA, 94025, USA

Abstract
At the coherent transition radiation (CTR) source

at the Free-Electron Laser in Hamburg (FLASH) at
DESY, single-cycle THz pulses with MV/cm electric field
strengths are generated. We present the temporal and spa-
tial characterization of this source with the technique of
electro-optic sampling using a laser system synchronized
with the accelerator to better than 100 fs. This method of-
fers a quantitative detection of the electric field of the THz
pulses in the time domain. Compared to other electron ac-
celerator driven sources like undulator radiation, the transi-
tion radiation source provides pulses with a high bandwidth
and durations shorter than one picosecond. This enables
time-resolving and non-destructive experiments with radi-
ation in the THz regime including THz pump / THz probe
experiments. Broadband and intense THz pulses are ex-
pected to be valuable tools for the study of dynamics of ex-
citation of complex materials in transient electric and mag-
netic fields.

INTRODUCTION
Far-infrared (FIR) radiation with wavelengths from 3 μm

to 3 mm or frequencies in the terahertz (THz) regime offers
the possibility for the non-destructive investigation of non-
linear effects in various materials [1, 2, 3].
In addition to laser-driven sources [4], electron

accelerator-based sources, i.e. undulator radiation, light
generated in the free-electron laser (FEL) process and
transition radiation offer single- or few-cycle THz pulses
of microjoule pulse energy and MV/cm electric field
strengths [5].
Free-electron lasers require a peak current of several

kiloamperes for lasing [6] which enables in parallel coher-
ent transition radiation sources for THz generation.
When a charged particle passes the boundary of two me-

dia with different dielectric constants, transition radiation
is emitted [7]. For a bunch of charged particles, a coherent
superposition occurs for wavelengths longer than the bunch
length. The spectral intensity distribution dU/dλ now de-
pends on the number of particles in the bunch N squared
and on the 3-dimensional form factor F [8].

dU

dλ
=

(
dU

dλ

)
one particle

·
(
N +N(N − 1) · |F (λ)|

2
)

A well established method for detection of THz radia-
tion is the electro-optic sampling using a scanning delay

∗ steffen.wunderlich@desy.de

(EOS) [9]. The electro-optic or Pockels effect is the in-
duced change in birefringence of a medium by external
electric fields and can be probed by laser pulses. In the
electro-optic crystal, the incident linear polarization of the
laser is transformed into an elliptical polarization state de-
pending linearly on the electric field strength applied on
the crystal. Using an analyzer consisting of a retarder and a
Wollaston beam splitter, two orthogonal polarization com-
ponents are separated and detected by two photo detectors
in a balanced detection scheme. Without the THz field, the
analyzer is set for equal intensities I1 and I2. In the pres-
ence of the electric field, the photo detector intensities are
modulated and the electric field strength E can be deduced
following

Γ(α) =
π d

λ
n3

0
t E r41

√
1 + 3 cos2 (α)

= sin−1

(
I1 − I2
I1 + I2

)

with the laser wavelength λ, the crystal refractive index
n0 and thickness d, the Fresnel coefficient for reflective
losses t and the angle α between the optically active crystal
axis X and the THz field E [10]. The Pockels coefficient
r41 is the response of the crystal in phase retardation.
The temporal resolution of EOS is restricted by the tem-

poral laser pulse width as well as the phase matching band-
width in 〈110〉 cut gallium phosphide (GaP) which is lim-
ited to frequencies smaller than 8 THz by a phonon reso-
nance. Furthermore, the temporal jitter between the laser
and the CTR pulses leads to temporal averaging and thus,
to a reduction in peak field strength detected by EOS.

EXPERIMENT
The CTR source at FLASH is located behind the last

accelerating module providing electron energies up to
1.2 GeV. The screen made of silicon of 380 μm thick-
ness and coated with aluminum is placed in the electron
beam pipe at an off-axis position horizontally shifted from
the standard electron trajectory. A kicker magnet enables
a complementary operation to the FEL by deflecting one
electron bunch onto the screen out of a pulse train in 10 Hz
repetition rate.
After passing through a wedge-shaped diamond window,

the radiation is guided into an external laboratory by a
transfer line of approx. 21 m length. An optical system
of seven gold-coated toroidal and plane mirrors images
the radiation source into the setup described below. The
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Figure 1: Transverse intensity distributions of CTR in the focus of the parabolic mirror. (Left) without polarizer, (middle)
horizontal polarization and (right) vertical polarization. The camera pixel spacing is 0.1 mm.

transfer line is maintained in vacuum with pressures below
0.1 mbar to reduce transmission losses in humid air.
In the laboratory setup, the radiation from the CTR trans-

fer line is focused on the detection crystal of gallium phos-
phide by a 3 inch parabolic aluminum mirror. The electro-
optic signal, i.e. the phase retardation imprinted on a fem-
tosecond laser pulse is acquired in balanced detection and
digitized by fast analog to digital converters (ADCs).
The Ti:sapphire oscillator used in the experiment deliv-

ers laser pulses of approx. 30 fs length at a repetition rate
of 81.25 MHz. The laser pulse train is synchronized to
the accelerator master RF oscillator in a phase-lock loop
(PLL) based on RF downmixing – Fig. 2. The laser pulse
train is exposed to a photo detector providing a bandwidth
larger than 10 GHz. The output signal also contains high
harmonics of the laser pulse train repetition rate. The 16th
harmonic is filtered out and compared in a mixer with the
corresponding 1.3 GHz reference signal generated by the
FLASH master RF oscillator. The mixer output is pro-
cessed by a digital signal processing (DSP) unit which ad-
justs the laser cavity in length and hence, in repetition rate
using a piezo-electric transducer. In this scheme, a timing
stability between the laser pulse train and the master RF
oscillator better than 40 fs (RMS) can be maintained. Tak-
ing into account the additional timing instabilities due to
the acceleration process, the timing jitter between the elec-
tron bunches or the CTR pulses and the laser pulse train is
estimated to be in the order of 100 fs [11].
The transverse beam profile is obtained by a pyroelec-

tric camera Spiricon PyroCam III providing an active ele-
ment with size of (12.4× 12.4) mm and sensitivity from
approx. 1 μm to > 1 mm wavelength. The pixel spacing is
0.1 mm.

RESULTS
As depicted in the left of figure 1, the transverse inten-

sity distribution of the radially polarized coherent transition

Figure 2: PLL for the synchronization of the laser pulse
train with the accelerator.

radiation has a diameter of approx. 1 mm. Figure 1 also
shows the horizontal and the vertical polarization filtered
with a wire grid polarizer. The temporal pulse shape ac-
quired by EOS is depicted in Fig. 3. The single-cycle pulse
is clearly observable and has a length of< 500 fs. The peak
field strength is 660MV/cm. In this measurement, the THz
beam was attenuated with a pair of polarizers to avoid the
effect of over-rotation in the crystal due to a phase retarda-
tion Γ larger than π [10]. Regarding the non-ideal trans-
mission of the polarizers, the electric field strength of the
THz pulse is in the order of one MV/cm. The spectrum
included in Fig. 3 acquired by Fast Fourier Transform indi-
cates a spectral bandwidth of more than 2.5 THz [13].
The electron beam generating CTR had an energy of

500MeV and the bunch charge was 0.6 nC.

OUTLOOK
The current RF based synchronization described in this

paper is going to be extended by optical synchroniza-
tion techniques enabled by the optical synchronization sys-
tem at FLASH. In the method of optical cross-correlation
of laser pulses by an optical reference and those of the
Ti:sapphire laser, a timing stability better than 50 fs with
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Figure 3: Temporal THz pulse shape acquired by EOS and
the spectrum calculated by Fast Fourier Transform [13].

respect to the electron bunches is expected [12]. This will
increase the resolution and the peak THz field detected by
EOS by reducing the averaging effects due to timing insta-
bilities.
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TUNABLE IR/THZ SOURCE FOR PUMP PROBE EXPERIMENTS AT THE
EUROPEAN XFEL

E.A. Schneidmiller, M.V. Yurkov, DESY, Hamburg, Germany
M. Krasilnikov, F. Stephan, DESY, Zeuthen, Germany

Abstract
We present a concept of an accelerator based source of

powerful, coherent IR/THz radiation for pump-probe ex-
periments at the European XFEL. The electron accelerator
is similar to that operating at the PITZ facility. It consists
of an rf gun and a warm accelerating section (energy up to
30 MeV). The radiation is generated in an APPLE-II type
undulator, thus providing polarization control. Radiation
with wavelength below 200 micrometers is generated using
the mechanism of SASE FEL. Powerful coherent radiation
with wavelength above 200 micrometers is generated in the
undulator by a tailored (compressed) electron beam. Prop-
erties of the radiation are: wavelength range is 10 to 1000
micrometers (30 THz - 0.3 THz), radiation pulse energy is
up to a few hundred microjoule, peak power is 10 to 100
MW, spectrum bandwidth is 2 - 3 %. Pump-probe exper-
iments involving ultrashort electron pulses can be realized
as well. The time structure of the THz source and x-ray
FEL are perfectly matched since the THz source is based on
the same technology as the injector of the European XFEL.
A similar scheme can also be realized at LCLS, SACLA,
or SWISS FEL with S-band rf accelerator technology.

INTRODUCTION
Infrared and THz radiation is of high importance for ap-

plications in a wide variety of scientific fields like:

• study of quantum matter (strongly interacting quan-
tum systems).

• magnetism and correlated states (High-Tc supercon-
ductivity, quantum Hall effect, Bose-Einstein conden-
sation).

• complex fluids, petroleum, bio-fluids.
• study of structures and dynamics exploiting nuclear

and electron magnetic resonance.
• condensed matter physics (nanoscale structure and de-

termining phase diagrams).
• membrane proteins, bio-molecules (e.g. dynamics

and function of metal ions in bio-systems).
• materials chemistry (element specific nuclear and

electron spins, including quadrupolar nuclei).
• condensed matter technologies (glasses, ceramics,

catalysts, zeolytes, batteries and fuel cells), etc.

Combination of IR/THz and x-ray pulses in pump-probe
experiments at x-ray FEL facilities opens a new dimension
to study the evolution of the above mentioned systems on
atomic and molecular time scales [1–4].

An IR/THz source for pump-probe experiments at x-ray
FELs should meet many requirements like tunability in a
wide range (ideally from a fraction of micrometer up to
a few millimeters), spectral and temporal properties, peak
power, polarization, and the possibility for a precise syn-
chronization with the x-ray pulse. For the moment, tra-
ditional techniques of IR/THz generation do not provide
an universal solution for pump-probe experiments at x-
ray FELs. Some part of the IR spectrum will be covered
by quantum lasers. There are also developments of THz
sources for pump-probe experiments. Each of such tech-
niques may look to be a technically simple (table-top) so-
lution, but an attempt to combine several devices in one
place may lead to a complicated and expensive system.

Electron beams allow generating electromagnetic radia-
tion in a wide wavelength range. Free electron lasers cover
the full IR range [5–9]. Coherent radiation sources in a THz
wavelength range operate in many location as well [10,11].
Using the same electron beam to generate two colors for
pump-probe experiments with a soft x-ray FEL has been
implemented at FLASH [12–14]. The electron beam first
generates the x-ray pulse in an x-ray undulator, and then
passes a long period undulator and produces powerful, co-
herent undulator radiation at longer wavelengths down to
the shortest scale of the electron bunch shape features. It
has been shown experimentally that both pulses can be syn-
chronized with femtosecond accuracy [15]. LCLS exploits
the mechanism of coherent transition radiation (CTR) to
generate THz radiation in a 2 µm thick Be foil placed af-
ter the x-ray undulator. A technical complication of such
an approach is the necessity to transport the IR/THz ra-
diation over long distances [13, 16, 17], but it is partially
compensated by the good intrinsic synchronization of the
IR/THz and x-ray pulses since they are generated by the
same electron bunch. However, there exists a serious prob-
lem - nearly all application require the pump IR/THz pulse
to come first. While there is no problem to delay the
IR/THz radiation, it is an evident problem for x-rays. A
solution of the problem can be to accelerate two closely
spaced electron bunches such that the first bunch generates
a IR/THz pulse with suppressed x-ray radiation [18, 19].
However, the first bunch always produces background ra-
diation (spontaneous emission) which may be unacceptable
for some experiments. To avoid this unwanted effect LCLS
researches consider the option to bypass the x-ray undula-
tor by the first bunch.
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Another option for a THz source is to generate IR/THz
radiation by electron bunches from a separate electron ac-
celerator [20]. In this report we present the concept of
an accelerator based radiation source for pump probe ex-
periments at the European XFEL. The accelerator consists
of a laser driven rf gun and a warm accelerating section.
The maximum electron energy is up to 30 MeV. With one
APPLE-II - type undulator with a period of 4 cm it is pos-
sible to cover a wavelength range from 30 THz to 0.3 THz
with narrow bandwidth. Radiation with wavelength be-
low 200 micrometers is generated using the mechanism
of SASE FEL. Radiation with wavelength above 200 mi-
crometers is generated in the undulator by a tailored (com-
pressed) electron beam. Installation of additional undula-
tors with shorter (longer) period will allow further exten-
sion of the wavelength range. The proposed facility also
assumes the installation of radiators for the production of a
single-cycle radiation field using the mechanism of transi-
tion and edge radiation. Other types of diffraction radiators
(e.g., Smith-Purcell, Cherenkov, etc) can be implemented
as well.

The proposed facility is rather compact, and can be lo-
cated in the experimental hall close to the experimental
hutches. In this case the electron bunches can be trans-
ported to user’s samples allowing to conduct pump-probe
experiments with x-ray pulses, IR/THz pulses, ultra-short
electron pulses (similar to Relativistic Electron Gun for
Atomic Exploration (REGAE) facility at DESY [21]), and
pulses from optical lasers.

ACCELERATOR BASED THZ SOURCE
The time structure and repetition rate of an IR/THz

source for pump probe experiments must follow the time
structure of the x-ray pulses. In the case of the Euro-
pean XFEL it is a burst mode of operation with 10 Hz
macropulse repetition rate, and 2700 bunches within a
macropulse separated by 222 ns. A radiation source based
on an electron accelerator similar to the PITZ facility in

μ

Figure 1: Energy in the radiation pulse versus undulator
length for a SASE FEL operating at the wavelength of 100
µm. The bunch charge is equal to 4 nC, the peak current is
200 A. The simulations have been performed with the code
FAST [26].

Zeuthen ideally meets this requirement [22]. The current
PITZ setup consists of a 1.6-cell L-band normal conduct-
ing copper gun cavity surrounded by main and bucking
solenoids to focus the electron beams and counteract space
charge forces. A Cs2Te photocathode together with the
photo cathode laser system is capable of producing long
trains of electron bunches with individual charge up to sev-
eral nC. Electron bunches with a maximum energy of 6.8
MeV generated in the gun are being further accelerated up
to 25 MeV by a cut disk structure (CDS) booster cav-
ity [23]. Currently the CDS booster is operated with RF
pulses of up to 0.7 ms length at a repetition rate of 10 Hz
[24]. Two 10 MW multi-beam klystrons are used to feed
the rf gun and the CDS booster cavity. The photo cathode
laser system is developed by the Max-Born-Institute (MBI,
Berlin) and is capable of producing laser pulses with dif-
ferent temporal shapes, including Gaussian, flat-top with-
out and with strong modulations [25]. A flat-top profile
with up to 20-25 ps FWHM and ∼2 ps rise/fall time serves
as a nominal temporal laser distribution. Transverse laser
shaping is realized by imaging of a so-called beam shaping
aperture (BSA) with variable diameter onto the photo cath-
ode. A radial homogeneous distribution usually served as
a goal for the transverse cathode laser profile tuning.

The high brightness PITZ photo injector was experimen-
tally optimized for a wide range of bunch charges – from

Δω/ω

Figure 2: Temporal (top) and spectral (bottom) structure of
the radiation pulse (single shot) from the SASE FEL op-
erating at a wavelength of 100 µm. The bunch charge is
equal to 4 nC, the peak current is 200 A. The simulations
have been performed with the code FAST [26].
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20 pC to 2 nC [22], a possibility to produce bunch charges
up to several nC was demonstrated.

In the following electron bunch parameters similar to
those the PITZ facility can generate are assumed. The max-
imum electron energy is up to 30 MeV. The bunch charge
can be tuned from a fraction of nC to 4 nC. The pulse du-
ration can be varied in a wide range by means of tuning the
drive laser pulse duration and application of a bunch com-
pressor. It is assumed to install several radiators providing
different properties of the radiation: undulators, diffraction
radiators, radiators of coherent transition radiation (CTR)
and edge radiators. Within the proposed source concept we
can cover the electromagnetic spectrum from micrometer
to millimeter wavelengths.

We proceed with demonstrating the undulator based ra-
diation source. As an example we consider an APPLE-II
- type undulator with a 4 cm period (see, e.g. [27]). Ra-
diation in the wavelength range below 200 micrometers is
generated in a SASE FEL starting from shot noise in the
electron beam. Figure 1 shows the evolution of the average
energy in the radiation pulse. In the saturation regime the
SASE FEL can produce pulse energies up to 1 millijoule.
The shot-to-shot fluctuations of the radiation energy in the
saturation regime is below 10 %. Figure 2 shows the typical
temporal and spectral structure of the radiation pulse. The
peak power is about 30 MW, and the spectrum bandwidth
is below 3 %.

Generation of coherent radiation in the undulator ex-
ploits the same idea as implemented at FLASH [12]. The
radiation from a single electron possesses well known
properties. For short electron bunches (or for bunches with
sharp modulations) the radiation power is enhanced for
radiation wavelengths longer than the typical feature size
of the longitudinal bunch shape. In the case under study
this mechanism can be used for generating wavelengths
above 200 micrometers. This will allow to generate radi-
ation pulses with prescribed spectral bandwidth by means
of changing the undulator length. We do not highlight here
properties of edge and CTR radiators and refer the reader
to Refs. [17, 20]. Results presented in these studies can be
easily scaled to the case under study.

The question to which minimum level the accelerator
based THz source can be synchronized with the x-ray pulse
is still open. One can rely on developments of precise rf
synchronization systems for future x-ray FELs aiming at a
goal to synchronize different subsystems located in differ-
ent parts of the facility on a femtosecond level [28]. The
present accuracy of synchronization of optical lasers and
x-ray pulses is on a hundred femtosecond time scale. Since
both accelerators use the same rf synchronization signal,
one can hope that THz and x-ray pulses can be synchro-
nized with the same accuracy.

THZ SOURCE IN THE TUNNEL
As it has been mentioned above, a jitter-free radiation

source for pump-probe experiments is that when both col-
ors are produced by the same electron bunch. Generation

Figure 3: Peak magnetic field of the undulator for tuning
to different wavelengths at different energies. The numbers
denote the peak field in the units of T. The undulator period
is equal to 100 cm.

Figure 4: Pulse energy of the radiation from a FIR undu-
lator at the European XFEL for tuning to different wave-
lengths at different bunch charges. The numbers denote the
radiation pulse energy in units of mJ. The undulator period
is equal to 100 cm.

of the second color has been realized at FLASH with an
FIR undulator having an undulator period 40 cm and a peak
magnetic field of 1.1 T. Scaling of this device to the param-
eter range of the European XFEL requires high field de-
vices (see Fig. 3). The present technological level of super-
conducting devices allows to reach peak fields of about 10
T [29]. The latter value together with a maximum electron
energy of 17.5 GeV and maximum radiation wavelength of
about 200 µm leads to the period length of about 100 cm.
Similar devices of a down scaled length by a factor of 3 to
5 are in operation at storage rings. In principle, one mod-
ule like that described in Ref. [29] can accommodate two
or three undulator periods, and a string of several modules
can form an undulator. Cooling is performed by a closed
type He refrigerator providing low power consumption. It
is practical experiences that such devices can operate for
several months without He refilling [30].

Figure 4 traces the radiation pulse energy versus the ra-
diation wavelength and the bunch charge for an undulator
period of 100 cm and the number of periods equal to 10.
The spectrum bandwidth is 10 %, correspondingly. The
radiation pulse energies are rather high in the whole pa-
rameter space of bunch charges. Thus, installation of a
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THz undulator can be an universal solution for a relatively
narrow-band and rather powerful THz radiation source pre-
cisely synchronized with the FEL source. The technical so-
lution does not seem to be bulky within the infrastructure of
the whole project. However, one should remember that the
radiation should be transported to the sample. There are
pretty long distances at the European XFEL between the
undulators and the experimental hall. A traditional photon
beam line is not just a pipe, but a sequence of focusing mir-
rors. Its transverse size grows with the wavelength, and be-
comes unacceptably large for sub-millimeter wavelengths.
An idea of using a diaphragm focusing line for transporting
the radiation [31, 32] has been recalled recently [33]. This
technique is not a universal one as well, and has limited
frequency transmission band. For the moment we can state
that despite there are several means to generate the second
color well synchronized with the x-ray pulse, the problem
of transporting the second color to the sample remains to
be open.

DISCUSSION
Our estimations show that prices of both options to gen-

erate IR/THz radiation are comparable in view of the long
transport lines required for an option accommodating the
radiator in the tunnel. On the other hand, the option of a
THz facility driven by an external accelerator has evident
advantages in terms of a wider choice of radiators with dif-
ferent properties of the radiation and its quality in general.
The electromagnetic spectrum of the radiation source cov-
ers the complete range of interest for user applications. In
addition, a novel class of pump-probe experiments can be
realized involving ultra short electron pulses. The scale of
the facility is the same as of the PITZ facility at DESY in
Zeuthen, and it can be easily fitted into the infrastructure of
the European XFEL. The radiation from this single IR/THz
source can be distributed among all the user stations like it
is realized with optical lasers for pump probe experiments.
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EMISSION OF COHERENT T-RAYS FROM TRAINS OF ULTRASHORT 
ELECTRON PULSES IN A PULSED HELICAL UNDULATOR 

W.K. Lau, A.P. Lee, M.C. Chou, J.Y. Hwang, NSRRC, Hsinchu 30076, Taiwan.  
N.Y. Huang, Institute of Photonics Technologies, NTHU, Hsinchu, Taiwan

Abstract 
GHz-repetition-rate relativistic electron pulses with 

duration shorter than 100 fs can be produced from the 
thermionic rf gun injector system which is now under 
construction at NSRRC. Experiments for production of 
coherent sub-THz or THz radiations by passing this 
prebunched electron beam through an 8 cm period bifilar 
helical undulator are suggested. The undulator will be 
powered by a 200 s current pulser at 10 Hz repetition 
frequency. Conditions for obtaining coherent emission 
and expected properties of the radiations are discussed. 

INTRODUCTION 
Relativistic ultrashort electron pulses at GHz-

repetition-rate can be generated from a thermionic 
cathode rf gun injector system. In such system, A linearly 
energy chirped electron is produced from the gun with an 
optimum accelerating field profile. An alpha magnet is 
installed to provide the dispersion required for bunch 
compression [1, 2]. Alternatively, one can performs bunch 
compression by velocity bunching in the rf linac structure 
during the early stage of beam acceleration [3-5].  

It is well known that the emission of coherent 
radiations from a bunch with N electrons is possible as 
long as its bunch length is much shorter than the radiation 
wavelengths [6-8]. The power of the coherent radiation 
will be ~N2 times higher than that of the spontaneous 
radiation from a single electron depending on the bunch 
form factor. Furthermore, as pointed out by Gover and 
Dyunin [7], the bandwidth of the coherent radiation from 
an undulator by a periodic train of electron bunches is 
inversely proportional to the number of bunches in the 
train.  Since the thermionic rf gun injectors has the 
capability to produce long trains of periodic ultrashort 
bunches, they are very well suited for the generation of 
narrow-band coherent radiations. Generation of coherent 
transition radiations (CTR) in the THz range with the 
thermionic rf gun injectors of SUNSHINE and SURIYA 
facilities by hitting beams on metallic foils are good 
examples of pre-bunched electron beam coherent 
radiations [1, 9].  

In this report, we describe the activities in NSRRC to 
construct a few tens MeV thermionic rf gun injector 
system for generation of high brightness ultrashort 
electron pulses. We plan to use a bifilar undulator to 
demonstrate the capability of this injector system for the 
production of coherent THz radiations. This undulator 
will be powered by a current pulser. Conditions for 
obtaining coherent emission and expected properties of 
the radiations are discussed. 

GENERATION OF GHZ-REP-RATE 
ULTRASHORT ELECTRON PULSES 

A 30 MeV, 2998 MHz thermionic rf gun injector is 
designed for light source R&D at NSRRC. This injector is 
able to deliver thousands of sub-100 fs electron pulses of 
few tens pC bunch charge in each macropulse. Each 
macropulse has pulse duration of ~1 s at 10 Hz 
repetition frequency. Bunch compression scheme 
employed in this system rely mainly on velocity 
bunching. Experimental studies of inverse Compton 
scattering ultrafast x-ray and intense coherent THz 
radiation sources are planned.  

The thermionic rf gun is designed to operate at 
accelerating field gradient of 25 MV/m and 50 MV/m in 
its half-cell and full-cell respectively. Since the electron at 
head of a bunch from the rf gun has higher kinetic energy 
than those at its tail, the bunch tends to decompress in 
drift sections. The alpha magnet helps to rotate the 
particle distribution in longitudinal phase space clockwise 
and the collimator installed in the vacuum chamber of the 
magnet can be used to select electrons in the desired 
range of momentum. In ideal situations that space charge 
effects are negligible, it may be feasible to compress the 
bunch to extremely short duration. However, as space 
charge effects become significant, bunch compression 
with alpha magnet at low beam energy becomes very 
ineffective. In this case, further bunch compression in the 
rf linac during beam acceleration by velocity bunching is 
indispensable. For velocity bunching, rf phase at beam 
injection has to be optimized for efficient compression. A 
high power phase shift will be installed for linac phase 
adjustment. 

Expected Performances 
Beam dynamics in the NSRRC thermionic rf gun 

injector has been studied extensively by computer 
simulation under various operation conditions with the 
effects of space charge included. Typical beam 
parameters near the entrance are listed in Table 1.  
 
Table 1: Typical Beam Parameters at the Entrance of the rf 

Energy [MeV] 3.0 
Bunch charge [pC] 30 
Minimum bunch length [m] 300 RMS 
Peak current [A] 30 
Normalized emittance [mm-mrad] 3.3 
Energy spread [%] 0.28 
Alpha magnet gradient [gauss/cm] 400 

 

Linac 
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Beam parameters optimized for shortest bunch length at 
linac exit are listed in Table 2. The accelerating field 
gradient in the rf linac has been set at 15 MV/m. 
 
Table 2: Optimized Parameters for Shortest Bunch Length 
at the Exit of the rf Linac 
Energy [MeV] 28 
Bunch charge [pC] 30 
Minimum bunch length [m] 21 RMS 
Normalized emittance [mm-mrad] 3.8 
Energy spread [%] 0.3% 
Beam radius [mm] 3.8 RMS 

 

System Construction 
The linac section used in this system is a 5.2 m, 2998 

MHz constant gradient traveling-wave structures 
operating at 2/3-mode. This structure is similar to the 
DESY LINAC-II design and is manufactured by Research 
Instruments GmbH. It has 156 cells that provide shunt 
impedance of ~50 M/m but with the last 6 cells coated 
with Kanthal layer as collinear microwave absorber. High 
power microwave is coupled to the first cell at one arm 
with the opposite arm shorted. This linac is now on its 
supporting stands and aligned. High power test will be 
performed in the near future. 
 

 
Figure 1: The rf linac for the NSRRC thermionic rf gun 
injector.  
 

An alpha magnet has been fabricated and tested at full 
available current from the DC power supply with 
adequate cooling. The vacuum chamber for the alpha 
magnet has been built and tested up to ~ 420 guass/cm 
gradient at an excitation current of 110 A. It is limited by 
the available current of the power supply. A motorized 
collimator has been installed in the vacuum chamber for 
beam selection before acceleration by rf linac.  

The thermionic cathode rf gun is a 2998 MHz, 1.5-cell 
standing wave structure with a tunable side-coupled cell 
for the two cells (the full-cell and half-cell) of the rf gun 
and allows fine adjustment of the full-cell to half-cell 
field ratio. Therefore, the cavity is operating at /2-mode 

such that the two electric fields in the cells are 180 out of 
phase. A cathode assembly without nosecone for beam 
focussing will be used. The cathode is a dispenser type 
with flat surface of 6 mm in diameter. The dimensions of 
the cavity near the beam axis have been optimized for 
ultrashort bunch generation at linac exit. The field ratio is 
adjusted to 2.5:1 to produce a linear energy chirp near the 
head of the bunch. Parts for the rf gun cavity has been 
machined and assembled. Cell frequencies are tuned to 
the decided values and the waveguide-to-cavity coupling 
coefficient  is adjusted to about 5 during cold test before 
vacuum brazing for compensation of beam loading.  
 

 
Figure 2: Frequency response of the 2998 MHz rf gun 
cavity. The second dip is the operating mode (/2-mode). 
 

 
Figure 3: The results of bead-pull measurement for the 
NSRRC 2998 MHz thermionic cathode rf gun. Full-cell to 
half-cell field ratio is adjusted to 2.5:1 in this case. 

THE PULSED BIFILAR HELICAL 
UNDULATOR 

It is a pulsed 8 cm bifilar helical undulator driven by a 
10 Hz, 200 s half-sine current pulser. Since the duration 
of the beam macropulse is about 1 s, it occupies only 
~2% of the 200 s pulse near its peak. Field variation 
across the macropulse should be within 0.04%. The 
current pulser is originally designed for the Taiwan 
Photon Source (TPS) storage ring injection septum 
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magnet with pulse-to-pulse stability of +/- 0.1% [10]. The 
stability of the pulser should be good enough for initial 
experiments. However, modification is needed for 
operation at peak current higher than 10 kA. Without 
consideration of end effects, the magnetic field generated 
by the bifilar helical undulator is expressed as [11-13]: 
 

          



  


  sinˆsinˆ

1
cosˆ2 111 zruu eIeIeIBxB



   

(1) 

 
where Bu is the amplitude of the undulator field, =kur, 
=-kuz, ku=2/u and u is the undulator period. A 
summary of preliminary parameters of this helical 
undulator are listed in Table 3. Inductance of the 
undulator has been calculated with the simplified formula 
derived by Fajans [14] and is kept at about 2H.  
 

Table 3: Parameters of the Pulsed Helical Undulator 
Undulator period [cm] 8 
Number of periods 10 
Radius [cm] 2.8 
Inductance [H] 2.0 
Peak current [kA] 14.6 max. 
Peak field [T] 0.1 max. 
Undulator constant 0.75 max. 
Pulse shape half-sine 
Pulse duration [s] 200 
Pulse rep-rate [Hz] 1-10 
  

Radiation Power and Spectral Distribution 
Expected coherent radiation frequency at maximum 

peak field is about 3 THz for electron beam energy at 
~12.3 MeV. To calculate the spectral distribution of 
radiation energy from a single 12.3 MeV electron 
propagating through a helical undulator with parameters 
as listed in Table 3, we assumed the number of periods is 
very large and use the formula derived in Ref. 11. The 
result is shown in Fig. 4. 
 

 
Figure 4: Spectral distribution of radiation energy. 

 
Since total radiated energy in the helical undulator per 

electron is given by the following equation [16, 17]: 
 

][
][

][
1450
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0 mL

cm

KGeVE
E u

u
 .                      (2) 

 
where Lu is the total length of the undulator which is 0.8 
m in our case. E in this case is 1.54x10-3 eV per electron. 
For a 30 pC bunch, the number of electrons per bunch is 
~1.87x108. Total radiated energy per bunch is then 
8.61x10-6 J. Peak power of the 10-cycles THz pulse 
emitted from one bunch is 2.59 MW. Average THz 
radiation power per 1 s macropulse is 25.87 kW. It is a 
hundred times lower than the peak power because the 
THz pulses has an empty gap of 330 ps in between. The 
THz signal from the undulator can therefore be 
considered as a 1 s pulse train with amplitude 
modulation at 3 GHz. Since the undulator has 10 periods 
and there are 3,000 bunches in a macropulse. The 
radiation bandwidth (/) at the centre frequency should 
be of the order of 10-5. Table 4 summarized our 
calculations. 
 

Table 4: Calculation of the Radiation Power at 3 THz 
Beam energy [GeV] 0.0123 
Undulator period [cm] 8 
Undulator constant 0.75 
Undulator length [m] 0.8 
Energy loss per electron [eV] 1.54x10-3 
Number of electron per bunch 1.87x108 
Peak THz power [MW] 2.59 
Average THz power in macropulse [kW] 25.87 
 

Stability of Trajectories of Low Energy Electrons 
It is of interested to fill the empty gap between THz 

pulses with longer undulators and radiation wavelengths. 
We now look into the possibility to generate continuous 
sub-THz coherent radiation across the macropulse. It can 
be done with the NSRRC thermionic rf gun injector 
system without the linac section (Table 1).  
 

 
Figure 5: Axial velocity of the stable orbits (solid lines) 
and unstable orbits (dashed line) as functions of solenoid 
field.  
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At ~3 MeV beam energy ( = 6.87), emission of coherent 
radiation at ~ 0.2 THz is possible. However, as space 
charge force becomes significant for relatively low energy 
beam, axial guide field is needed. A coarse estimation 
indicated that a solenoidal field of a few hundred gauss 
will be enough to guide the beam. Stability of electron 
trajectories is shown in Fig. 5 for an idealized helical 
undulator field [13, 15]. Electron trajectories in the 
undulator are stable as long as the guide field is within 
some critical value of 0/cku (green solid line in Fig. 5). 
As shown in Fig. 5, this critical value is ~ 0.65. It 
corresponds to the guide field amplitude of ~ 5 Tesla. 

SUMMARY AND DISCUSSIONS 
With the GHz-repetition-rate ultrashort electron pulses 

generated from the thermionic rf gun injector system 
which is under construction at NSRRC, the feasibility of 
coherent sub-THz or THz radiation production by 
propagating this prebunched electron beam through an 8 
cm period bifilar helical undulator are being evaluated. 
Coherent THz radiations of MW-level peak power are 
possible. Further studies on the effects of beam quality 
and current termination of undulator on the properties of 
the radiation are in progress.  
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FLUTE, A COMPACT ACCELERATOR-BASED SOURCE FOR
COHERENT THZ RADIATION

S. Naknaimueang∗, E. Huttel, A.-S. Müller, M. J. Nasse,
R. Rossmanith, M. Schuh, M. Schwarz, P. Wesolowski, KIT, Germany

M. Schmelling, MPIK, Heidelberg, Germany

Abstract
In this paper beam dynamics simulations of the Linac-

based THz source FLUTE (Ferninfrarot Linac- Und Test-

Experiment) are presented. The optimization of various

machine parameters such as laser spot size, laser pulse

length, and lengths of the chicane magnets are discussed.

Spectra of the generated coherent THz radiation, which

depend on the compressed bunch length and charge, are

shown.

INTRODUCTION
FLUTE is designed to be a test bench to answer various

accelerator physics questions for future compact broadband

accelerator-based THz sources. For example, effective

bunch compression as well as THz generation schemes,

such as coherent synchrotron, transition, and edge radiation

(CSR, CTR, CER), will be implemented and compared,

and corresponding diagnostic instrumentation will be stud-

ied. Furthermore, experiments using the strong THz pulses

will be carried out.

The FLUTE design is a collaboration between PSI and

KIT. The installation of FLUTE on the KIT campus is

planned to start in 2013. The machine layout is shown in

Fig. 1. The main components are a photo rf gun, a 50 MeV

linac, a bunch compressor, and finally a beam dump. The

pulse repetition rate is 10 Hz. FLUTE is designed to cover

a large bunch charge range from 100 pC to 3 nC. The THz

spectral range and intensity can be adjusted according to

the experimental requirements by modifying both the elec-

tron bunch charge and length.

BEAM DYNAMICS SIMULATIONS
For the beam dynamics simulations we used both AS-

TRA [1] for calculating space charge effects for the entire

machine, and CSRtrack [2] for calculating coherent syn-

chrotron as well as space charge effects in the chicane.

Space Charge Effects in the Gun and Linac
We plan to use a Ti:Sa laser system together with a

2 1
2 cell photo-injector gun [3] to produce single electron

bunches with an energy of 7 MeV. After this, the bunch is

further accelerated by a 3 GHz linac with a maximum en-

ergy of 50 MeV.

The transverse beam size throughout the machine is de-

termined by space charge effects in the gun. As shown

∗ somprasong.naknaimueang@kit.edu

Table 1: Optimum laser pulse and spot size for various

bunch charges calculated with 3D CSRtrack for chicane

magnet length of 30 cm. Lrms is RMS bunch length.

Charge Laser spot Laser pulse Lrms

3 nC 2.25 mm 4 ps 287 fs

2 nC 1.5 mm 4 ps 235 fs

1 nC 1.5 mm 3 ps 199 fs

0.1 nC 0.5 mm 2 ps 70 fs

in Fig. 2 for a bunch charge of 3 nC, the transverse elec-

tron beam size is minimal for a certain laser spot size. For

smaller laser spot sizes the electron beam size is dominated

by space charge effects, whereas for larger laser spots, the

beam size is dominated by the laser spot size. The opti-

mum laser spot size for various bunch charges and laser

pulse lengths can be found in Table. 1.

Fig. 3 shows the transverse beam size tracked through

the machine for the 3 nC case with optimum laser spot size

and pulse length (in this plot we have switched the chicane

off to verify that the beam remains focused throughout the

entire bunch compressor). The largest beam size occurs

right after the gun due to the space charge effects and the

relatively low energy at this point. The solenoid therefore

has to be installed as close as possible to the gun to fo-

cus the beam through the linac. A quadrupole doublet af-

ter the linac is used to focus the beam through the bunch

compressor. A solenoid is used in the first case because it

focuses the beam symmetrically, while in the second case

the quadrupole doublet allows the independent adjustment

of the focusing in both transverse directions. This equips

the machine with an additional knob for better beam tuning

in and after the chicane.

Table 2: Compressed bunch vs chicane magnet lengths

(Lb) for 3 nC calculated with CSRtrack (R56 is the mo-

mentum compaction, α is the bending angle of the chicane

magnets and Lrms is RMS bunch length).

Lb R56 α Lrms (1D) 3D

0.5 m -36.1 mm 8.35◦ 184 fs 312 fs

0.3 m -36.1 mm 9.08◦ 183 fs 287 fs

0.2 m -36.1 mm 9.54◦ 183 fs 274 fs
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Figure 1: Schematic FLUTE layout (not to scale).
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Figure 2: Optimized electron vs laser spot size at the exit of

the solenoid after the gun as calculated with ASTRA 3D.

For laser spot sizes smaller than 2.25 mm the beam size is

increased by space charge effects, for larger spot sizes the

beam size is dominated by the laser spot size (bunch charge

3 nC, laser pulse length 4 ps).
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Figure 3: Transverse beam size tracked from cathode

through the linac to the end of the chicane (calculated

with ASTRA 3D). Chicane magnets are switched off here

(bunch charge 3 nC, laser pulse length 4 ps).

Space Coherent Synchrotron

For FLUTE, a four magnet chicane will be used in the

first phase (see Fig. 1). Chicanes with different magnet

lengths were investigated: 0.5, 0.3, and 0.2 m. The bunch

length through the chicane was calculated first with the 3D

space charge routine of ASTRA (see Fig. 4). For example,

for a magnet length of 50 cm, we found an RMS bunch

length after the compressor of 250 fs for a 3 nC bunch

charge and a 4 ps long laser pulse.

� � �� �� �� �� ��

���

��	

	��


�	

����

���	

�	��

�
�	

����

���	

�	��
�
�
�
��

��
��

	

�
��
��

�
��
��
�

����������	
������������

Figure 4: The development of the bunch length tracked

through the compressor using ASTRA 3D routines. The

shaded parts symbolize the position of the magnets (here

50 cm long).

However, in the chicane coherent radiation effects,

which are not taken into account by ASTRA, have a con-

siderable impact on the bunch length. Therefore, in order

to study the influence of coherent radiation effects, we em-

ployed the 3D routines of CSRtrack (3D CSRtrack). For

the same parameters as for the ASTRA calculations (Fig. 4)

we obtain an RMS bunch length of 312 fs at the end of the

chicane. Here the coherent radiation effects lead to a bunch

lengthening of ∼ 25% as compared to the results obtained

with ASTRA.

The minimum obtainable compressed bunch length also

depends crucially on the RF phase difference between the

gun and the linac, as well as between the klystron and the

gun laser pulse. The phase stability requirements are dis-

cussed in the following. Since 3D CSRtrack calculations

are very time consuming, a faster 1D routine of CSRtrack

Charge    and
Radiation Effects in the Chicane
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Figure 5: Compressed bunch length as a function of the

phase difference between gun and linac cavities calculated

with 1D CSRtrack (3 nC charge, 4 ps laser pulse length).

(1D CSRtrack) was used. This routine neglects transverse

effects [2] and therefore leads in general to a shorter bunch

length especially at a higher beam charge. For instance,

for a bunch charge of 3 nC, we find a compressed bunch

length of 312 fs with 3D CSRtrack, but only of 184 fs with

1D CSRtrack. Although these values are rather different,

we used the 1D CSRtrack code to quickly assess relative

performance changes in order to find the optimum. Then

the more realistic 3D CSRtrack numbers were calculated

around the previously found values.

Fig. 5 shows that the phase difference between the gun

and the linac cavities has a relatively strong influence on

the compressed bunch length. The simulations indicate that

a phase stability around ±1◦ is required. However, since

both the gun and the linac cavities are powered by the same

klystron, we expect that this condition can be met.

The influence of the phase difference between the RF

wave and the laser pulse for the gun is shown in Fig. 6 (here

we assume a stable gun–linac phase difference of 0). From

this figure we can see that a stability tolerance of ±2◦ has

to reached, which is feasible using state-of-the-art compo-

nents.
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Figure 6: Bunch lengthg as a function of the phase differ-

ence between laser pulses and RF signal, calculated with

1D CSRtrack (3 nC, 4 ps laser pulse length).

Summarizing the previous results, Table 2 shows the ef-

fect of the chicane magnet lengths on the bunch length as

calculated by CSRtrack 1D and 3D with optimized bending

angles. From this table a chicane magnet length of 20 cm

seems to be optimal, however, practical considerations like

fringe fields, which are more relevant for shorter magnets,

and field homogeneities lead us to consider the 30 cm mag-

nets for the FLUTE design.

Table 1 summarizes the resulting RMS bunch lengths for

various bunch charges together with the corresponding op-

timized laser pulse length and spot size. The shortest bunch

length occurs for the smallest bunch charge, leading to a

broader spectrum as laid out in the next section.

MEASUREMENT OF THE
ENERGY-SPREAD

Following the proposal [4] a diagnostics section will be

installed in the center of the chicane. It is proposed to mea-

sure the energy spread of the beam with a skew quadrupole

in between chicane magnet 2 and 3 (see Fig. 1). The skew

quadrupole introduces a horizontal-to-vertical coupling in

the horizontally dispersive section. During a subsequent

cancellation of the dispersion the vertical beam profile re-

mains a fingerprint of the horizontal beam density at the

position of the skew quadrupole. Since a dispersive section

converts a longitudinal energy modulation into a density

modulation, this fingerprint reveals the correlated energy

distribution along a bunch. The consideration above ap-

plies to the horizontal beam profiles, which are dominated

by dispersion at the skew quadrupole. This constraint is

fulfilled by the FLUTE beam in the low and intermediate

bunch charge ranges.

Simulations with the code ASTRA [1] showed, that

the temporal bunch structure is clearly visible on a x-y

screen in a distance of 1 m after the chicane, when a skew

quadrupole with 10 cm length and a focusing strength of

K=5 m−2 is chosen.

CSR PRODUCTION
The spectral intensity I emitted by a bunch of N parti-

cles is given by

d2I

dωdΩ

∣
∣
∣
∣

bunch

= N [1 + (N − 1)F (ω)]
d2I

dωdΩ

∣
∣
∣
∣

single

.

(1)

This expression can be split into an incoherent part, which

is N times the single particle spectrum d2I/dωdΩ|single,

and a coherent part, which is is proportional to N2. The

latter part can be enhanced by several orders of magnitude

compared to the incoherent radiation, provided the form

factor F (ω) is close to unity. Since F (ω) is related to the

Fourier transform of the longitudinal charge distribution, it

will drop for wavelengths smaller than the bunch length. To

achieve coherent THz radiation, bunch lengths below 1 ps

are required.

Figure. 7 shows an example for the longitudinal charge

profile of the 3nC bunch at the exit of the fourth chicane
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Figure 7: Longitudinal charge profile for a 3 nC bunch at

the exit of the fourth chicane magnet. The dashed curve is

a Gaussian fit of the data.

magnet obtained for the current simulations using a chicane

magnet length of 30 cm. To calculate the form factor, we

fit three Gaussians (dashed curve in Fig. 7) to the charge

profile. A similar fit is applied to the 100 pC bunch.

100 101 102
10�30
10�26
10�22
10�18
10�14

Ν �THz�

dI
�d
Ν
�J
�H
z�

Figure 8: CSR spectrum for the 3 nC (continuous) and

100 pC (dashed) bunches.

Figure. 8 compares the CSR spectra for the two bunches.

For frequencies below 1 THz the spectral intensity of the

3 nC bunch is a factor N2
3nC/N

2
100pC = 900 larger than for

the 100 pC bunch, as expected from Eq. 1. At 1 THz, the

coherent spectrum decreases for the 3 nC bunch due to the

onset of the form factor suppression and drops below the

incoherent one at 10 THz. The same happens qualitatively

for the 100 pC bunch, but here at frequencies of 3 THz and

50 THz, respectively.

With the longitudinal bunch profile expressed as a sum

of Gaussians, the electric field pulse can be calculated ana-

lytically [5]. Assuming a focusing onto a 1 mm radius disc,

the electric field at a distance of 1 m is shown in Fig. 9.

Notice that it can reach maximum values of up to 1 GV/m.

CONCLUSIONS
FLUTE is a coherent THz source in the design phase at

KIT. It will generate electron bunches with a charge of up

to 3 nC with a repetition rate of 10 Hz. The maximum beam

energy will be 41 MeV. The bunch charge is mainly limited

by space charge effects in the gun and coherent synchrotron

radiation effects in the compressor. After the linac, the 3 nC

bunch is compressed to about 310 fs. With lower bunch

charges, the bunch can be compressed to less than 100 fs.

�2 �1 0 1 2
�0.5

0.0

0.5

1.0

1.5

t �ps�

E
�G
V�
m
�

Figure 9: The focused electric field pulse calculated from

the 3 nC bunch charge.

As a result, the frequency range of the coherent THz radi-

ation is increased. Changing the laser pulse length allows

one to adjust the generated radiation to the requirements of

future experiments.
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Abstract 
A novel method to measure temporal development of 

the FEL power has been developed using a silicon 
bolometer, which response linearly to input over a wide 
range[1]. The Si bolometer has the time resolution of ~1 
ms, which is much longer than the FEL macropulse of a 
few μs, so that it measures energy in the macropulse. The 
number of amplifications is changed by varying the pulse 
length of electrons from the gun of the linac and energy in 
the FEL macropulse is measured at a wavelength ~100 
μm with the detector and appropriate Teflon absorbers. 
The energy development of the FEL macropulse is 
measured over eight orders of magnitude from a very low 
power level close to the incoherent radiation up to the 
FEL power saturation. The temporal development of the 
FEL power is derived from the energy development as a 
function of the number of amplifications. Then the FEL 
gain is derived from the power development. We 
measured energy development in the macropulse and 
derived the FEL gain at some cavity lengths. The 
maximum FEL gain thus evaluated is about 56 percent, 
which agrees with calculation by the Super-Mode theory. 

INTRODUCTION 
We are conducting experiments on free-electron laser 

(FEL) physics using the THz-FEL based on the L-band 
electron linac at the Institute of Scientific and Industrial 
Research, Osaka University.  

The gain of FEL is one of the most principal parameters 
of FEL and can be derived from the temporal 
development of the power in the FEL macropulse which 
is composed of many micropulses. The FEL gain was 
ever evaluated from a single saturated macropulse, but the 
macropulse was measured in a narrow range, which is 
limited by the dynamic range or the sensitivity of the 

detector. Therefore we insist that such the measured FEL 
gain concerned the power saturation and evaluated lower. 

We measured some terahertz FEL macropulses with a 
germanium-gallium semiconductor detector, which has 
fast, ~10 ns, response, and derived the temporal 
development of the FEL power in a wide range with the 
macropulses overlapped. But we confirmed that the 
detector did not response to input power linearly. The gain 
evaluation needs a precise measurement of the variation 
of the FEL power and we concluded that the detector was 
not appropriate for the gain evaluation.  

Therefore we have adopted a silicon bolometer as the 
detector which responses to input linearly over a wide 
range, ~5 decades. The detector measures energy of the 
FEL macropulse because of its slower response, ~1 ms, 
than the length of FEL macropulse. We measure the 
energy of macropulse with varying the number of FEL 
amplifications. The amplification can be varied by a 
control of the number of electron bunches or the beam 
length. The FEL power development is derived from the 
difference of the energy. We report the novel method for 
FEL gain measurement.  

BACKGROUND OF EXPERIMENT 
Figure 1 shows L-band linac and THz-FEL of ISIR, 

Osaka University. On the FEL experiment, we generate an 
electron beam of which the length is 8 μs from the 
electron gun, bunch the beam to a bunch array of which 
the interval is 9.2 ns with the subharmonic bunchers 
drived on 108 MHz and the 216 MHz and accelerate the 
beam to 12~18 MeV. The accelerated beam is led into 
THz-FEL, which is composed of a wiggler of which the 
magnetic period is 6 cm and the number of periods 32 and 
an optical resonator of which the cavity length is 5.531 m, 
then radiates FEL on 2~3 THz (25~150 μm). 

 

 
Figure 1: Diagram of L-band linac and THz-FEL. 

____________________________ 
# mfmoto25@sanken.osaka-u.ac.jp 
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We experimented for the evaluation of the FEL gain 
with this setup. Table 1 shows the parameters for this 
experiment. 
 

Table 1: Main Parameters 

Beam  

Enegy 15.0 MeV 

Energy spread (FWHM) 1.56% 

Charge / bunch 0.5 nC 

Bunch length 20 ~ 30 ps 

Normalized emittance 100 ~ 150π mm mrad 

Thz-FEL  

Wiggler gap 30 mm 

Magnetic field 0.42 T 

K-value 1.55 

Wavelength 105.8μm 

Cavity loss / pass 11% 

 
And we measured the energy development of the FEL 

macropulse with varying the cavity length of the optical 
resonator. 

MEASUREMENT OF FEL ENERGY 
We measured the energy of the FEL macropulses with 

the Si bolometer as we varied the length of the electron 
beam from the electron gun. The black dots in Fig. 2 
show the development of the FEL energy. 

 
Figure 2: Measured energy development of FEL 
macropulse. 

We could measure the FEL energy development over 
eight orders of magnitude. The FEL energy developed 

exponentially above 2.5 μs on the beam length, then 
slowly by FEL saturation. The energy developed in spite 
of the saturation because the macropulse length kept 
developing after the peak power was constant. Under 2.5 
μs, the energy developed linealy. We have estimated that 
the incoherent radiation was dominant in this region and 
the FEL amplification started already in the region 
because the beam was injected into the resonator. 

Therefore we estimated the point from which the FEL 
started to amplify. We assumed that the incoherent 
radiation is seed of FEL. 

We fitted a linear function to the region under 2.5μs and 
defined the point in time where the fitting curve was 
closest to zero as the FEL start point. The beam is injected 
into the resonator around the estimated point. Then we 
fitted an exponential function to the sharp development 
by the FEL amplification after 2.5 μs and defined the 
point of value which was at the estimated point in time as 
the FEL start point of value. The black circle in Fig. 2 
shows the FEL start point. 

DERIVATION OF FEL POWER 
DEVELOPMENT 

Method to Derive FEL Power 
From the difference of the measured energy, we derive 

the power of FEL with a model of the temporal spectrum 
of the FEL macropulse. 

In � amplifications, the peak power, ��, and the energy, 
�� , of the FEL macropulse radiated from the optical 
resonator is written as 

�� = �� + � ��

�

	
�
+ �(1 − �)��


�
               (1) 

where ��  is the power of the FEL start-up and � is the 
cavity loss of the optical resonator. The second term of Eq. 
1 is the energy of the amplification regime and the third 
term is the one of attenuation regime after the beam 
injection finished. From Eq. 1, �� satisfies 

�� = (1 − �)���� + ���                        (2) 
with the difference of the energy, ��. And the energy of 
the FEL start-up, �� is written as 

�� = ��� .                                     (3) 

Derived FEL Power Development  
We derived the temporal development of the FEL 

power from the measured energy with Eqs. 3, 4. Figure 3 
shows the derived FEL power development over 9 
decades. 

The derived FEL power develops exponentially in 30 
amplifications and slowly over 80 amplifications. Then 
the power is saturated. Under 30 amplifications, the 
development is slow too. This region corresponds with 
the region of FEL energy development where the intensity 
of spontaneous radiation is dominant. As the difference of 
the energy is larger than the FEL power on this region, we 
guess that the FEL power cannot be extinguished from the 
variation of the spontaneous radiation intensity. 
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Figure 3: Temporal development of FEL power. 

EVALUATION OF FEL GAIN 
The FEL gain is evaluated from the ratio of the FEL 

power before and after amplification. The gain, ��  is 
written as 

��
����

= �� = (1 + ��)(1 − �)                   (4) 

where �� is the net gain including the cavity loss of the 
optical resonator. But the measured power develops 
unstably, so that the variation of gain which is evaluated 
with Eq. 4 fluctuates too. 

 
Figure 4: Power development and FEL gain. 

Therefore we analyzed the power development by a 
fitting with the FEL gain model[2] and evaluated the 

variation of the FEL gain. The gain, �� is the function of 
�, 

�� = 0.85��
1 + ���� ��� − 0.14 ���� ��� �1 − ���� ��� �

  (5) 

where ��  is small signal gain coefficient and ��  is 
saturation intensity, which is the power when �� = �� 2⁄ . 
And the FEL power follows 

�� = (1 + ��) ⋯ (1 + ��)(1 − �)���            (6) 
from Eq. 4. We construct the model of the FEL power 
development from Eqs. 5, 6. 

This model is fitted the power development excluding 
from the initial linear region, then the small signal gain 
and the variation of the gain are derived. Figure 4 shows the 
fitting curve to the power development and the variation 
of the gain as a function of the number of amplifications. 
From Fig. 4, we can recognize that the gain is constant 
under 70 amplifications then it falls suddenly and 
converge to the value of the cavity loss of the optical 
resonator. This convergence shows that the gain reachs 
the saturation which is the gain and the loss are equal. 

Then we evaluated the small signal gains with this 
method at some cavity lengths of the optical resonator. 
We converted the cavity length to the detuning length 
which is the length from the synchronism of optical cavity. 
The black circles in Fig. 5 are the evaluated small signal 
gains of detuning length. 

 
Figure 5: Small signal gain vs detuning length and 
comparison to Super-Mode theory.

On this experiment, the FEL gain is the largest at the 
hillside of detuning curve and the gain is 56% per a 
amplification. 

And we compared the gains with the calculation by the 
Super-Mode theory  which is shown as the red line in Fig. [3]

5. The evaluated gains agree with the value from the 
theory well as the value and the variation.  
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SUMMARY  
We developed the method to measure temporal 

development of  FEL power over a wide range with Si 
bolometer. On this experiment, we derived the power 
development over 9 decades from the measured energy of 
the FEL macropulse over 8 decades and the evaluated 
position of the FEL start-up. Then the FEL gain is 
evaluated from the power development by fit with the 
FEL gain model. We could derived that the maximum of 
gains which was evaluated with varying the cavity length 
of the optical resonator was 56% at the hillside of the 
detuning length. And the gains agreed with the calculation 
of the Super-Mode theory well.  

We are conducting to measure the region in a few 
amplifications directly with a more accurate method for 
the measurement. Therefore we will analysis from FEL 
start-up to FEL saturation. 
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Abstract 
We have designed a relatively simple, compact and 

powerful THz-FEL (terahertz free electron laser) 
amplifier in Kyoto University. The target wavelength 
range of the amplifier is 150–340 m, corresponding to 
0.5-1.1 THz. The system consists of 1.6 cell photocathode 
radio frequency (RF) gun, THz wave parametric 
generator, focusing solenoid, transport line, and 120 cm 
long undulator with 30 periods.  A start-to-end simulation 
in the institute of advanced energy Kyoto University has 
been conducted to estimate the performance of the 
designed system. Tracking of the electron beam from the 
photocathode RF gun up to the undulator entrance has 
been done using Parmela code while Genesis 1.3 code has 
been used to estimate the FEL interaction in the 
undulator. For feasibility study the FEL temporal 
distribution at resonance wavelength 186 m was 
determined. The results show that 1250% amplification 
could be achieved in the resonance wavelength in the 
present design compared with the seed THz power. 
Details of the design and calculation conditions together 
with the performance test are presented in this paper. 

INTRODUCTION 
 Terahertz free electron laser (THz-FEL) has futures of 

high peak power, a narrow spectrum bandwidth, and a 
high coherency compared with coherent synchrotron 
radiation THz sources [1]. Therefore, over the last two 
decades, there has been a significant interest in using THz 
technology as strong tool in different research and 

application fields. THz has attracted attention in the 
industrial applications because it can penetrate fabrics and 
plastics. In the security imaging, THz radiation can detect 
concealed weapons since many non-metallic and non-
polar materials are transparent to THz radiation. THz 
spectra can be used to identify the compounds of 
explosives and illicit drugs as well. In the medical field, 
THz radiation can be used in diagnosis as it has make no 
damage on tissue or DNA and no health risk for scanning 
[2].  

The principle of THz-FEL operation can be simply 
explained as a relativistic electron beam with optimum 
properties travelling through a transverse magnetic field 
in an undulator associated with an electric field from THz 
seed light. At a resonance condition, the passing electron 
beam transfer energy to the optical field and generate FEL 
light. The matching between the electron beam energy 
and the undulator parameters to generate FEL with 
specific wavelength can be determined from Eq. 1.  

             










2
1

2

2

2

Ku
r 

 .                           (1) 

 mc

eB
K uu




2
 .                               (2) 

where r is the FEL wavelength, u is the undulator 
period,  is the electron Lorentz factor, e is the charge of 
the electron, Bu is the peak magnetic filed in the 
undulator, m is the electron mass, and c is the speed of 
light. The target THz range in the present proposal is 0.5-
1.1 THz tuned only by changing the electron beam energy 

 
Figure 1: Schematic view of the KU-FEL facility configurations including the THz amplifier design. 

 -------------------------------------- 
#m-a-bakr@iae.kyoto-u.ac.jp               
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generated from the gun and fixing the undulator 
parameter. 

In this paper, we are going to study the feasibility of 
designing a relatively simple and compact THz-FEL 
amplifier in Kyoto University and the expected 
performance is also discussed. The paper is organized into 
two main sections. The first one will describe the THz-
FEL amplifier system principle and configuration as a 
part of Kyoto University machine. The second section 
will show a start-to-end calculation together with the 
performance test results.  

THz-FEL AMPLIFIER IN KU-FEL 

MIR-KU-FEL in Kyoto University   
Before discussing the proposal of THz-FEL amplifier in 

Kyoto University, in this paragraph we will describe 
briefly the present MIR-KU-FEL (mid infrared Kyoto 
University free electron laser) configuration which the 
THz system will be adopted in and share. The recently 
upgraded system is consisting of S band (2856 MHz) 
thermionic RF gun with 4.5 cell driven by a 10-MW 
klystron for beam energy up to 9 MeV, a 3-m accelerator 
tube driven by a 20-MW klystron to deliver electron beam 
energy ranging from 18~40 MeV, a beam transport 
system, and 1.8 m Hybrid-type undulator with 52 periods. 
Figure 1 shows a diagram of KU-FEL facility 
configuration. The main target of this machine is to 
generate (5-20) m light for energy science applications 
in Kyoto University [3,4]. 

THz-FEL Amplifier System  
It is well known that FEL facility generally needs a 

huge space and very high cost. Therefore, a compact and 
low cost THz-FEL system can make a great contribution 
to develop and maximize the usage of THz light in many 
applications. The THz-FEL amplifier proposed in this 
paper consists of a 1.6 cell photocathode RF gun, a 
solenoid magnet for emittance compensation after the 
gun, transport line, a 120 cm undulator which amplifies 
THz light, and a THz seed light generator. The electron 
beam trajectory from the gun up to the final damp in the 
system is indicated with the arrows in figure 1. In the next 
paragraphs the system details shall be described.  

The improved BNL photocathode RF gun with 1.6 cell 
[5], which manufactured in KEK, will be employed in the 
THz-FEL amplifier for electron production. The gun will 
be operated in the S band regime and will be driven from 
the same klystron used for the thermionic RF gun by 
sharing the RF power. Cesium telluride (Cs2Te) material 
has been selected as cathode material in the system for the 
following reasons: Cs2Te considered one of the highest 
materials quantum efficiency, less sensitive to gas 
exposure than other alkali semiconductors, it has 
reasonable life time compared with the available 
materials, it has a band gap energy of 3.2 eV, and electron 
affinity of 0.2 eV. Since Cs2Te is almost blind to visible 
light, a drive laser of UV (ultraviolet) wavelength is 
needed to generate photoelectrons [6, 7]. A THz-wave 

parametric generator [8] with wide tunability will be used 
as a seed light to achieve a narrower spectrum than shot 
noise amplifier. Therefore, our original design adopted a 
parametric generator driven simultaneously by the UV 
laser used for the photoemission in the system [9]. The 
proposed laser system is designed to generate 300 
bunches with micro-pulse energy of 1 J at wavelength of 
266 nm. The laser system consists of a mode-locked 
Nd:YVO4 laser as the oscillator, an acousto-optic 
modulator, a laser beam pointing stabilization system, a 
diode pumped Nd:YAG amplifier and 4th harmonic 
generation crystals (for more details see [10]).  

For beam focusing after the gun exit a solenoid magnet 
will be used to compensate the emittance growth. A 
transport line consists of achromatic dog-leg section and 
two matching triplet quadruples to adjust the beam waist 
at the undulator entrance. The angle of the bending 
magnets in the dog-leg section was selected as 15 degree. 
To realize and minimize the system size a short undulator 
of 120 cm length is assumed in the calculations. The 
undulator peak field, period length, period’s number and 
K value are assumed to be 0.30 T, 0.04-m, 30 and 1.121 
respectively. This configuration of the supposed system is 
designed based on the existing free space in the 
accelerator room for KU-FEL facility as shown in figure 
1. 

BEAM TRACKING CALCUALTION 

Electron Beam Properties  
The electron beam tracking from the photocathode RF 

gun to the undulator entrance has been done using 
Parmela simulation code [11]. During the simulation, 1 
nC/bunch are assumed for the electron bunch extracted 
from the gun by illuminating the cathode with a laser 
whose rms transverse size and pulse duration are 
respectively 1.378 mm and 6.2 ps. To simplify the 
calculation, the Gaussian shapes are assumed for both the 
transverse (1 mm cut-off) and the longitudinal (20 ps cut-
off) distribution.  

FEL with a wavelength of 150-340 μm was fixed as 
light target in this calculations, then the beam energy 
required was estimated to be 4.5~ 7.0 MeV. To optimize 
the electron beam properties generated from the gun we 
conducted a scan for the field gradient in the gun against 
the laser injection phase for 50~70 MV/m and 30~70 
degrees respectively. The results of the rms emittance, 
peak current and energy spread after the solenoid exit as a 
function of the laser injection phase at different gun fields 
are shown in figures 2 and 3 respectively.  

The peak current, the energy spread and the emittance 
are the most important parameters which control the 
interaction between the electron beam and light in the 
undulator to generate FEL efficiently. In this meaning a 
high peak current with a low energy spread and a small 
emittance is preferable. It is clear from figures 2 and 3, 
that the minimum values of the rms emittance (~1 mm 
mrad) and the energy spread less than of 2% with a high 
peak current (100-130 A) can be obtained at the laser 
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injection phase between 30~50 degree. The solenoid field 
was tuned in this calculation from 800~1600 gauss to 
optimize electron beam with low emittance. The results 
shown in this work have been done with 1247 gauss 
solenoid field.  

 

Based on the above scanning, the electric field on the 
cathode surface 70 MV/m and 40 degree laser injection 
phase satisfy the minimum requirements of electron 
beam. These values will be used in the next calculation 
step to determine the electron beam properties at the 
undulator entrance. By using a Parmela code, we 
estimated the bunch length, the peek current, the energy, 
and the energy spread at the undulator entrance to be 4.26 
ps (1.28 mm (rms)), 93.72 A, and 6.25 MeV, 0.89% 
respectively, for a bunch charge of 1.0 nC/bunch. These 
values will be used to estimate the FEL performance in 
the undulator in the next section. 

SASE Radiation  
For the interaction between the electron beam and the 

undulator field we used a 3D time-dependent simulation 

code Genesis 1.3 [12]. The electron beam parameters 
extracted from Parmela put together with the undulator 
parameters in Genesis and listed in Table 1. The entire 
power of seed light which was produced by THz-wave 
parametric generator was assumed to be 0.20 W. 

The results of the simulation for the FEL power at the 
end of the undulator together with beam current are 
shown in figures. 4. It can be seen from the temporal 
distribution of FEL power at the timing of ~20 ps, the 
FEL gain amplified around 1250% compared to the seed 
THz power, but FEL saturation couldn’t be achieved in 
present design. However, the amplification is high 
enough to perform some proof of principle experiments 
of THz-FEL amplifier. 

 
Table 1: Electron Beam and undulator Parameters Used 
i h l l i

Parameter  Value 

Beam Energy  6.25 MeV 

rms energy spread  0.87 % 

rms pulse length 4.26 ps 

Horizontal emittance x  3.16 mm mrad  

Vertical emittance  y 1.72 mm mrad 

Horizontal beam size  x 0.92 mm 

Vertical beam size  y 0.88 mm 

Twiss parameter x  1.88 

Twiss parameter y 1.19 

Peak current  93.72 A 

Resonance wavelength  185.94 m 

Undulator period length  40 mm 

Number of periods  30 

K value  1.12 

  

 
 

Figure 2:  Emittance at the exit of the solenoid. 
 

 

Figure 3: Energy spread and peak current at the solenoid 
exit. 
  

Figure 4: Temporal distribution of the FEL power and the 
beam current at the exit of undulator. 
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CONCLUSIONS AND OUTLOOK  
We have proposed and designed a relatively simple 

and compact THz-FEL amplifier. A start-to-end 
simulation has been performed to evaluate the original 
design and performance. Parmela and Genesis 1.3 
simulation codes were used to track the electron beam 
from the cathode to the undulator entrance and determine 
the interaction between the electrons beam and undulator 
field respectively. The FEL gain was calculated to be 
1250% based on the proposed design compared with the 
THz seed light. This amplification factor is high enough 
for performing some proof of principle experiments. 

Further study is needed to determine the dependency of 
FEL power on the electron bunch length for higher FEL 
gain taking in consideration the slippage effect. The study 
of introducing different bunch charge, rms transverse size 
and pulse duration for the pump laser are also foreseen. 
Study of the dark current in the proposed system is 
needed. More simple and compact THz-FEL amplifier 
design still needed for maximizes the THz-FEL 
applications.   
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Abstract
Ultrafast lasers are able to generate THz pulses with

>1MV/m field strengths, and with controllable electric

field temporal profiles. We report progress on an experi-

ment to demonstrate the use of laser generated THz pulses

to manipulate the γ-z correlation of a ∼20 MeV electron

bunch on a sub picosecond time scale. The manipulation

is achieved in free space, without external magnetic fields

or undulators, by the interaction of the bunch with the lon-

gitudinal electric field of a co-propagating THz pulse in a

TEM∗
10-like mode. We discuss the potential for arbitrary

phase space control, including the possibility of correcting

temporal jitter and driving electron beams into synchroni-

sation with the laser.

INTRODUCTION

Phase space manipulation with THz pulses has the po-

tential to bridge the time-scale between manipulation with

nanosecond period RF, and laser and harmonic manipula-

tion on the femtosecond scale. Laser-driven sources have

a demonstrated capability of > 1MV.m−1 in the THz

frequency range, rising to 100MV.m−1 for mid-infrared

wavelengths[1, 2]; the temporal profile of the THz elec-

tric field can be modified or tuned by shaping of the drive

laser temporal profile, using well established laser shaping

techniques; allowing electric field profile ranging from oc-

tave spanning quasi-unipolar pulses through to wavelength

tunable narrowband pulses[4].

Here we report progress on an experiment to demon-

strate energy modulation on a low energy (10 MeV-

25 MeV) electron beam through interaction with a co-

propagating THz pulse. The THz pulse is generated with

a TEM∗
10 like polarisation, which has a longitudinal com-

ponent to the electric field on axis. Such modes have been

considered before for laser vacuum acceleration (for exam-

ple [5, 9, 7, 8]). A common conclusion of these past studies

is the limiting role played by the faster than c phase veloc-

ity of a laser beam near the focus. For THz pulses where

the electric field oscillations are of approximately 0.5ps in

duration, this constraint is partially relaxed, allowing for an

extended interaction region even for relatively low energy

beams where it cannot be assumed that β ≈ 1

EXPERIMENT DESCRIPTION
The experimental concept is shown schematically in

Fig.1. Radially-polarised THz pulses are generated using

a large area GaAs photo-conductive antenna, and then di-

rected into the electron beam transport line of the ALICE

(Accelerator and Lasers in Combined Experiments) accel-

erator at STFC Daresbury Laboratory [3]. The THz pulse

and electron beam are combined by a mirror with a 5 mm

radius central aperture, and are free to co-propagate over a

region exceeding 2 m in length. The THz beam is focused

to a central interaction point approximately 90 cm from the

combining mirror. Downstream of the interaction point,

imaging of the beam on a YAG:Ce screen in the central dis-

persive region of the ALICE magnetic compressor is used

to characterise the bunch spectrum. The experiment aims

to observe a THz induced modulation on this projected en-

ergy spread measurement, which requires the accelerator

to be operated in a non-standard mode, without the energy

chirp needed for magnetic compression.

A YAG:Ce screen for electron bunch transverse imag-

ing, and an intra beamline ZnTe crystal/mirror assembly

for in situ electro-optic transverse and temporal THz mea-

surements, are located at the THz focal position. The THz

measurements use a laser probe split from the main laser

beam and co-propagating down the accelerator beamline

with relative THz-probe time delay set by an optical delay

line.

As discussed by by Huang et al. [8], the Guoy phase shift

of the electromagnetic wave can give rise to cancellation of

any energy gain or loss as the beam transits through the

focal region. While simulations indicate that for our quasi-

single cycle THz pulses a measurable net energy gain or

loss can be maintained, we have installed an optional aper-

ture at the focus, allowing the THz-electron beam interac-

tion to be interrupted through scattering of the THz pulse.

THz Source
For our initial experiments we are using a large area

photo-conductive antenna. Such antennae have a high con-

version efficiency from laser to THz pulse energy, although

do not have the electric-field profile shaping capability that

is possible with non-linear frequency difference mixing or

optical rectification [4] Our antenna consists of a 75 mm

diameter, 500μm thick, GaAs wafer with a radial bias field

across the surface. The bias is applied through a hemispher-.
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Figure 1: (Left) Schematic of the experimental arrangement. The laser is expanded to fill the large-area GaAs antenna,

with a (virtual) focus of the laser beam used to establish THz focusing through a phased-antenna effect. Within the

accelerator beam pipe the THz is reflected by a mirror with an aperture, and co-propagates with the electron beam. THz

and electron beam diagnostics, and an optional THz beam-block are located near the THz focus. (Right) The antenna

electrodes are arranged concentrically to give a radial bias field.

ical central electrode and a concentric annular outer elec-

trode. A radial current surge is initiated by the laser excita-

tion, and this gives rise to the transverse (radial) component

of the radiated electric field pulse,

E(x, t) =
1

4πε0

∫
d3x′

1

R

[
∇′ρ− 1

c2
∂J

∂t

]
ret

(1)

where J is the surface current on the wafer. A longitudinal

component to the electric field is required for it to satisfy

∇ ·E = 0 in free space; a longitudinal field is produced by

the net charge density ρ, which from continuity of charge

∂ρ/∂t = −∇ · J, will be non-zero in our situation of radi-

ally varying bias field and current. To focus the THz pulse

we take advantage of the known ability of the radiated THz

pulse to adopt the divergence characteristics of the excita-

tion laser pulse; an effective ‘phase array antenna’ is pro-

duced by the laser pulse front so that a focusing excitation

laser gives rise to a focusing THz pulse. Observed differ-

ences between the focussing of radial and linearly polarized

antenna are under investigation.

To a first approximation (neglecting semiconducting sat-

uration and field-dependent mobility), the radiated field

strength is linearly dependent on the applied bias field. To

maximise this applied bias, a pulsed high-voltage source is

used, and can produce up to 120 kV across the electrodes

without breakdown. The pulsed high voltage source is syn-

chronised to the ≈2 mJ per pulse, < 50 fs Ti:S laser that

switches the antenna to the conducting state. While the

laser is able to operate at 1 kHz, the voltage source lim-

its us to approximately 250 Hz. The emitted field strength

is also proportional to the laser pulse energy, although

saturation is known to occur for laser energy densities

> 100μJ.cm−2. The measured dependence of the field

strength on pulse energy confirms that our source is work-

ing below saturation. Using electro-optic detection as de-

scribed below, the peak transverse field strength of the THz

pulse has been measured at ∼ 0.4MV.m−1. We expect

significant improvements in THz field strength following

recent improvements in the pulse energy delivered by laser

system.

To allow for off-line development and characterisation

of the THz source, a secondary THz generation and de-

tection system has been constructed, closely matching the

arrangement used in the accelerator but in a more accessi-

ble laser lab environment. The THz field is measured us-

ing the electro-optic effect, where the instantaneous electric

field strength from the THz pulse creates an effective bire-

fringence in a non-linear material, which in turn modifies

the polarisation state of a synchronised sub-50 fs 800nm

probe laser pulse. For transverse THz imaging, a large

10 mmx10 mm electro-optic ZnTe crystal is used, and the

transmitted probe beam is passed through an analysing po-

lariser, and detected by a camera that is imaging the EO

crystal. The electro-optic effect is itself polarisation depen-

dent, and for a given arrangement of crystal and incident

probe polarisation, the camera imaging will be sensitive to

only one linear (transverse) polarisation component of the

THz pulse. An example of imaging the THz horizontal po-

larisation is shown in Fig. 2, where the background sub-

tracted probe intensity is proportional to the THz electric

field strength. A similar pattern, rotated by 900, is observed

for a vertical polarisation sensitive measurement. Figure 2

also shows the temporal profile of a pulse, where the two

traces refer to measurements on either side of beam center.
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The polarity reversal of the transverse field is as expected

for a TEM∗
10 mode, and is sufficient to infer the presence

of a longitudinal field component on the beam axis. Future

measurements using a alternative configuration of the EO

detection will seek to measure longitudinal fields directly

Figure 2: (Top) Imaging of the transverse electric field of

a radially polarised pulse, field near the focus of the THz

pulse. The electro-optic detection is polarisation depen-

dent, and the image shows the horizontal THz field compo-

nent, as indicated by the arrows. (Bottom) Measured tem-

poral profiles, where each trace corresponds to a probe laser

sampling the left or right lobes of the upper image.

Electron Beam and Diagnostics
The ALICE accelerator [3] is a superconducting energy

recovery linac, with typical beam energy of ≤ 30MeV,

and bunch charge of 40-80pC. The bunch timing structure

consists of macrobunch repetition rate of < 20Hz, with

each macrobunch contains from 1 to 8000 individual elec-

tron bunches occurring at a repetition rate of 81.25/n MHz,

n=1.64. The THz source is not capable of MHz repeti-

tion rates, and only interacts with a single bunch per mac-

robunch. To provide the best conditions for interaction with

the THz pulse and observing an energy modulation, a new

electron beam set-up has been implemented. First, the en-

ergy is reduced to 22.5 MeV, which is somewhat below

the standard operating energy of 26 MeV. This results in a

larger geometric emittance and relative energy spread, be-

cause of the reduced adiabatic damping, which results in a

larger beam size at the beam observation point in the chi-

cane. However, assuming that an interaction with a THz

pulse gives a fixed absolute energy modulation, the rel-

ative energy modulation is larger at lower beam energy,

which results in a larger beam size modulation. Overall,

it is found that there is some modest benefit in reducing the

beam energy; the improved stability in the beam at higher

energy argues against reducing the beam energy signifi-

cantly below 22.5 MeV. To minimise the energy spread on

the electron beam, the relative phases in each of the booster

and linac cavities need to be set precisely. The final step in

the machine set-up involves implementing a new electron

beam optics, that produces a waist in the beam size at the

THz interaction point, and also minimizes the beam size

at the observation point in the chicane. The latter is im-

portant, since any energy modulation will be most clearly

observed if the beam size is dominated by the dispersion.

A small, but significant, macro-bunch to macro-bunch

energy and energy-spread jitter has been observed in the

post-interaction beam energy diagnostic. To mitigate for

this jitter in forthcoming experiments, the energy spectra

diagnostic has been modified to allow for the measurement

of a pair of single bunch spectra, with only one bunch in-

teracting with the THz, and the second bunch separated

in time by ≈ 800 ns. This time separation is sufficient

to suppress the overlap of the scintillation from sequential

bunches on the YAG:Ce screen (the decay time was mea-

sured as ∼ 100 ns).

Simulations
We have carried out modelling the temporal and spatial

profile of the THz pulse emitted from the antenna. This

modelling includes the antenna semiconductor dynamics

when excited by the laser, and the diffractive propagation

of the pulse. The temporal profile of the pulse electric field

changes dramatically as it propagates through the focus, a

consequence of the Guoy phase shift together with the ex-

tremely broadband spectrum. For our propagation geome-

try, with no intermediate focus, diffraction gives rise to a

frequency dependent waist, further complicating the pulse

transverse profile.

In Figure 3 a simulation of the electron energy gain is

shown for a simplified case of an ideal TEM∗
10 mode trans-

verse profile, and a quasi single-cycle pulse temporal pro-

file. The peak transverse electric field is ≈ 1MV.m−1,

while the longitudinal electric field on axis reaches ≈
0.3MV.m−1 at the focus. Even for electron energies as

low as 10MeV, the evolution of the interaction is dominated

by the Guoy phase shift, with the slippage from β < 1 hav-

ing only a minor role in the dynamics. The rapid change

of polarity of the electric field near the focus switches par-

ticles from experiencing an energy loss to an energy gain.

This energy gain (or loss) is maintained by both the quasi-

single-cycle temporal profile of the pulse, and the reduction

in field strength as the pulse propagates beyond the focus.
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Laser-driven Terahertz sources have many characteris-

tics that make them attractive for phase-space manipula-

tion. The picosecond periods of Terahertz pulses match the

time scale of bunch lengths in conventional accelerators,

and allows for “bunch slicing” schemes without the few

femtosecond oscillatory smearing of optical laser bunch

slicing. Terahertz pulses generated through non-linear op-

tical frequency mixing, optical rectification, and photo-

conductive antenna may have octave spanning spectral ex-

tent, and the electric field temporal profile of these broad-

band pulses can readily be tuned and controlled through

established laser temporal shaping techniques.

FELs often strive for synchronisation with external

lasers. If the THz profile is shaped to provide a chirp to

the electron bunch, with the addition of a matched R56 af-

ter the interaction the timing errors of the bunch with re-

spect to the Terahertz pulse can be corrected. Exploiting

the intrinsic femtosecond level synchronization of the THz

electric field phase to the drive laser, Terahertz bunch ma-

nipulation has the potential to actively drive the bunch into

synchronisation with external lasers.

Figure 3: The energy modulation imposed on 10 MeV on-

axis electrons by a quasi-single cycle TEM∗
10 pulse. The

various plots are snap-shots of the electron beam energy

as it propagates towards and through the focus of the co-

propagating THz pulse. Time t = 0 corresponds to the

THz pulse at the focus, while t > 0 corresponds to when

the pulse and electron beam have propagated beyond the

focal region.

The entire experimental system has been commissioned,

and preliminary experiments aimed at observing the ex-

pected THz induced energy modulation have been under-

taken. No THz modulation has yet been observed, although

we believe improvements in the system which have been

put in place will allow us to make a successful measure-

ment during late 2012.

STATUS & OUTLOOK
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UCLA SEEDED THz FEL UNDULATOR BUNCHER DESIGN 

Stephen Gottschalk, Robert Kelly STI Optronics, Washington, USA 
Sergei Tochitsky, Chan Joshi, UCLA, California, USA 

Sven Reiche, Paul Scherrer Institute, Switzerland 

 
UCLA is planning to build a THz user facility. One is a 

seeded THz FEL tunable in the range of 0.5 - 3 THz or 
even 3-9 THz in an optical klystron configuration [1]. 
Another [2] relies on microbunching at 340 µ using a 
3.3-cm undulator or even driving the FEL with an 
electron beam from a laser-plasma accelerator. These 
FELs make use of a 2.1-m-long pre-buncher, chicane and 
shorter, 110-cm-long radiator. Chicane requirements are 
modest. A round copper waveguide with 4.8-mm ID will 
be used. We will describe the magnetic design and 
measured performance of the gap tunable undulators, 
mechanical design of the entire system, vacuum boxes, 
waveguides, and expected operational approaches. Both 
undulators have 33-mm periods and curved poles for two-
plane focusing. Discussions will be included on issues 
associated with fabricating, sorting and shimming curved 
pole undulators. A new optimization method will be 
described that was used to meet magnetic requirements 
with a minimum volume of magnetic material.  

INTRODUCTION AND BACKGROUND 
The UCLA Neptune lab and STI Optronics have 

collaborated on undulators for THz operation in the 0.5-9 
THz range as well as a potential future FEL based on 
Laser Wakefield Acceleration [1,2]. Planned first 
experiments [2] will use a ~kilowatt, 340-m seed 
generated by nonlinear difference frequency generation in 
GaAs using 10.3-m and 10.6-m CO2 lines. A round 
copper waveguide is used to preserve linear polarization.  
After passing thru a 1-m undulator, the FEL power is  
expected to be 300kW. A chicane, or a drift of 1-1.5 
meters suffice to convert energy modulation to spatial 
bunching which will be measured in an X-band RF 
deflector cavity with a resolution <200 fs. 

Future experiments in the THz regime will use an 8- to 
14-MeV electron beam from the Neptune photoinjector in 
a variety of configurations [2]. From 0.5-1.5 THz a 2-m-
long, 3.3-cm period undulator would be seeded with a ~1-
kw seed laser to reach 2- to10-MW power at saturation. 
From 1.5-3.0 THz the system would operate as an optical 
klystron where the first undulator, ~2-m long, is seeded 
with a 10-100 W laser and then the energy modulation is 
converted to spatial bunching inside a chicane prior to 
entering a 1-m long radiator. A third mode is to use 
HGHG wherein the beam is modulated at 1-3 THz inside 
a 2-m undulator and then sent into a 1-m radiator tuned to 
the 3rd harmonic to generate 3-9 THz. All of these 
situations have been modeled using Genesis 1.3 and 
confirm the feasibility of multi-MW power output [3]. 
The UCLA team has built and fully characterized a kW 
power seed source tunable in the range of 0.5-3 THz [4]. 

Undulators have been delivered to UCLA after tests at 
STI. Vacuum boxes, custom optical tables and 
waveguides have also been delivered to UCLA. 

SYSTEM OVERVIEW 
The layout for seeded FEL operation in the 1.5 to 

3.0-THz wavelength regime is shown in Fig. 1. Both 
undulators, CAD model of one of the vacuum boxes and 
kinematic feet hardware are shown. A closeup of the 
curved poles on the 2-m undulator is in the upper left 
corner. The 2.1-m long undulator is mounted on 
kinematic feet and has a motorized gap adjustment with a 
control system GUI, which is operated by a laptop 
computer. The 1-m undulator has a manually adjusted 
gap. It uses 1-m resolution half-gap micrometers.  

The round copper waveguide also has adjusters for x, y, 
z to help straighten and align the tube. STI designed the 
waveguide sub-system with UCLA guidance, review and 
approval of drawings. The UCLA machine shop 
fabricated it.   

UCLA designed the vacuum boxes and STI generated 
production drawings which were reviewed and approved 
by UCLA prior to fabrication. Vacuum boxes shown on 
the right side have vertical and differential micrometer 
translators for alignment. An off-axis paraboloid reflector 
with tip, tilt, translation adjusters is used to introduce the 
seed laser and outcouple the THz radiation. Electron 
beam passes thru a hole in the center of the paraboloid. 
Pop-in targets are moved into position with a pneumatic 
actuator and viewed thru side windows. 

MAGNETIC DESIGN 
Curved poles with sextupolar focusing [5] are used to 

minimize the possibility of synchrotron-betatron 
resonance and provide horizontal focusing in addition to 
natural vertical wiggler focusing. Unlike an earlier 
undulator, [6], these two undulators use a more standard 
approach of changing the gap rather than retracting 
magnets. For both approaches the focusing depends on 
gap. This means that the e-beam matching will need to be 
adjusted as the gap changes and the beam will be 
elliptical, rather than circular.  

When shaping the poles used in the 2-m undulator, we 
took advantage of the fact that the inner diameter of the 
round copper waveguide is 4.8 mm. This is a significant 
issue for 2-m undulator because it means that wide poles 
are not needed, modest shaping is sufficient and existing 
spare poles from CHESS could be used. Forces were 
about 2X lower, which reduced moment loads on linear 
bearings and required less motor torque. Field quality was 
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not impacted. Poles on the 2-m undulator were 25.5-mm 
(x) x 17.65 mm (y) x 5.93mm (z). CHESS poles that were 
used to make these poles were 62.24 mm (x) x 31.74 mm 
(y) x 5.93 mm (z). We made two poles from a single 
CHESS pole. The 110-cm-long undulator used APS 
Undulator A wedged poles. Its pole curvature is the same 
as the straight pole, so we only describe the straight pole 
design. 

Optimization varied pole width, height, step depth, step 
width, step polynomial coefficients, pole transverse 
chamfers, and magnet overhangs. OptiNet was used and 

custom scripts employed to shape poles, calculate 
focusing, and determine Krms. Field was maximized 
subject to constraints on deviations from sextupolar 
focusing. The original klystron design [1] was optimized 
for a period of 2.7 cm, Krms=2.015,  = 16.2 and saturation 
occurred in 1.8 m with microbunching after a drift length 
of 4 m. When the period was increased to 3.3 cm, the 
same performance was achieved with Krms=1.772.  During 
pole shaping, the minimum magnetic field at a gap of 8 
mm had Krms=1.772. Final Krms was 1.795. Deviations 

 
 

Figure 1:  UCLA Neptune THz FEL - Optical Klystron configuration shown. 

 
from analytic sextupolar fields [3] were <2% over a 
quarter period long, 4-mm diameter circular region. 

Like the earlier device [6], equal two-plane focusing 
was not possible without losing ~40% in Krms or reducing 
the gap. For the 2-m undulator equal two-plane focusing 
would require a gap of about 3 mm. The reason for such a 
small gap is simple: the flat part of the poles has a lower 
reluctance than the curved part, so as the curvature is 
increased to boost the focusing, the gap in the flat region 
must decrease disproportionately to compensate for 
leakage. Therefore, we allowed unequal sextupolar 
focusing, which is shown in the lower left part of Fig. 2. 
Genesis 1.3 simulations showed that this will not 
significantly degrade FEL performance.   

The FEA model, pole shape and focusing fields after 
optimization are shown in Fig. 2. Magnet clamping 
chamfers were added later. Upper left is an isometric 
picture of the geometry and B field. Upper right is the B 
field at the midplane. Lower left is the sextupolar B-field 
profile and the lower right is the pole profile. Sixth order 
poles achieved the best focusing. We left space between 
the waveguide and poles to allow for vacuum tube 
imperfections.  

Curved Pole Undulator Issues 
Curved poles required modifications to fabrication, 

alignment and tuning. For fabrication we used wire EDM 
and inspected 10% of the poles with CMM. The peak-to-
peak profile errors were 15 m and rms profile errors 
were 4 m. Curved poles must create very large 
sextupoles and they must precisely cancel out for every 
period or a net sextupole will be generated. On these 
devices the required sextupole was 3300 G/cm2 and the 
rms deviation was 3% or 100 G/cm2. We think that this is 
mainly a concern for ERLs, which must satisfy stringent 
beam dynamics requirements. For these seeded FELs, the 
pole-by-pole sextupole fluctuation should only change 
matching quadrupole settings. For future undulators of 
this type, random sextupole errors can be reduced.  

End fields produced the desired zero steering and zero 
entrance angle, but they were not zero sextupole. Since 
the design was anti-symmetric, this was not an issue. A 
better approach would be to change the curvature of end 
poles so that they have zero integrated sextupole after 
several periods.  
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Alignment made use of the 3D B-field shape using 
cosh(kwx) fitting for each pole. This was used to adjust 
pole alignment on multi-period modules. It agreed with 
direct mechanical measurements made with digital 
micrometers attached to the Hall probe stage.  

Trajectory and phase shimming had to deal with 
sextupoles created by shims in addition to the usual 
dipole. The approach we used was to vary the transverse 
widths of shims as well as allowing two-part shims, 
which is more commoly used for skew tuning. Sextupole 
shims were also used to simultaneously straighten off-axis 
trajectories. Special purpose spread sheets were written 
for this purpose because most undulators do not need 
normal sextupole tuning. 

PERFORMANCE 
After assembly we compared measured and predicted 

off-axis B fields. The STI scanner uses Senis YM12 
probes, which do not have planar or tensor Hall effects 
[7,8]. We confirmed this by comparing normal and skew 
multipoles off the midplane as well as examining By(y) 
for tensor Hall effects caused by the sinh(kwy)sin(kwz) 
dependence of Bz(y). The average Bx(x,y,zpole) and 
By(x,y,zpole) over central poles was compared with FEA. 
Measured and predicted magnetic field profiles agreed to 
0.1% for |x| and |y| < 2mm. Phase error was < 4.2 at all 
gaps. Genesis simulations indicate 10 is sufficient. Fig. 3 
shows 1st and 2nd integrals of the field at  
x = -1 mm, 0 mm and +1 mm. A non-zero, slowly varying 
sextupole is the most notable feature. 

 

 

 

 

 
 

Figure 2:  Curved pole design, fields and profile. 
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Figure 3:  1st and 2nd integrals for the 2-m undulator. 

 

CONCLUSION 
We have described the design and performance of 

undulators for the UCLA THz at Neptune Lab FEL. The 
undulators meet requirements. The next step is to use 
them in FEL experiments. 

This work was supported by U.S. Department of 
Energy Office of Science Grant No. DE-FG02-
06ER84487. 
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LUNEX 5 FEL LINE UNDULATORS AND MAGNETIC ELEMENTS 
C. Benabderrahmane*, M. Labat, A. Loulergue, F. Marteau, M. Valléau, M.E. Couprie, 

Synchrotron SOLEIL, St Aubin, France 
G. Le Bec, J. Chavanne, European Synchrotron Radiation Facility, Grenoble, France 

C. Evain, PhLAM/ CERLA, Lille, France. 
 

Abstract 
LUNEX 5 (free electron Laser Using a New 

accelerator for the Exploitation of X-ray radiation of 5th 
generation) aims at investigation the production of short 
intense and coherent pulses in the soft X-ray region with 
innovative schemes (such as echo and seeding with 
harmonics generated in gas) and compact design. The 
undulators of the FEL line are designed to provide high 
field short period devices: modulators are in-vacuum 
undulators with a period of 30 mm and 0.27 m long,  
radiators are in-vacuum undulators with a period of 15 
mm and 3 m long with a cryogenic option, relying on 
SOLEIL development experience of NdFeB U20 hybrid 
in-vacuum undulators and 2 m long PrFeB U18 cryogenic 
undulator operated at 77 K installed on a long straight 
section of SOLEIL, and ESRF development experience of 
many in-vacuum undulator and 2 NdFeB U18 cryogenic 
undulators operating at 150 K. In addition, the line 
comports electromagnetic quadrupoles for the beam 
focusing, chicane dipoles for the beam compression and 
an electromagnetic bending magnet for the beam dump. A 
prototype of cryo-ready radiator is under design. Variable 
permanent magnet quadrupoles are under study for the 
transport of the Laser WakeField Accelerator towards the 
undulators. 

INTRODUCTION 
LUNEX5 is a French Free Electron Laser (FEL) test 

facility project aims at investigating the production of 
short, intense, and coherent pulses in the soft x-ray region 
(4-40 nm) [1]. It consists in a Free Electron Laser (FEL) 
in the seeded configuration (High order Harmonic in Gas 
seeding and Echo Enable Harmonic Generation) with a 15 
mm period in vacuum (potentially cryogenic) undulator of 
15 and 30 mm period) [2] using a Conventional Linear 
Accelerator (CLA) of 400 MeV or a Laser WakeField 
Accelerator (LWFA) [3] ranging from 0.4 to 1 GeV. The 
undulators are used either to modulate the electron bunch 
energy at the external laser seed (modulator) or for the 
amplification and emission (radiator). The LWFA will be 
provided first by the 60 TW laser of LOA, by the 10 PW 
APOLLON laser of ILE (Institut de Lumière Extrême) 
before a dedicated laser system.  

LUNEX5 FEL LINE  
     Figure 1 presents the LUNEX5 FEL line. It is 
constituted by short period and high field undulators for 
the modulators and radiators, electromagnetic 
quadrupoles for the beam focusing, chicane dipoles for 
the beam compression and electromagnet bending magnet 

for the beam dump. Compact and high gradient 
permanent magnets quadrupoles are needed to focus the 
high diverging LWFA beam in the transfer line. 
 

 
Figure 1: LUNEX5 FEL line. 

 

UNDULATORS 

Radiator Undulator 
    In-vacuum undulator technology is widely used to 
produce short period small gap undulators. The 
permanent magnet arrays are mounted on beams inside 
the vacuum chamber to eliminate the physical limitation 
of the magnetic gap due to the vacuum chamber [4].  The 
radiator is an in vacuum undulator with a small gap of 3 
mm. The permanent magnet material is NdFeB and the 
poles material is vanadium permendur. The radiator is a 3 
m long undulator with a relatively short period of 15 mm. 
The magnetic design of the radiator is presented in Figure 
2.  

 
Figure 2: Radiator RADIA [5] model. 

 
     The peak magnetic field of the in-vacuum undulators 
can be increased while operating at cryogenic 
temperature [6]. When cooling down the NdFeB 
permanent magnets, the remanence Br increases down to 
a certain temperature at which the process is limited by 
the appearance of the Spin Reorientation Transition 
(SRT) phenomenon [7]. However, when cooling down ----------------------------------------------------- 

*chamseddine.benabderrahmane@synchrotron-soleil.fr 
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PrFeB permanent magnet, the remanence Br increases 
without being affected by the SRT phenomenon. In both 
cases, the coercivity being also enhanced at cryogenic 
temperature, the resistance to radiation is significantly 
improved. ESRF Built and install in the storage ring 2 
U18 cryogenic undulators using NdFeB cooled down at 
150 K [8] and SOLEIL built and install in the storage ring 
a cryogenic undulator using PrFeB cooled down at 77 K. 
Radiators could also be cryogenic with PrFeB permanent 
magnets enabling cooling down the magnets to the liquid 
nitrogen temperature of 77 K [9]. Figure 3 presents the 
magnetic field variation versus gap of the radiator for the 
two technologies (In-vacuum technology at 293 K and 
cryogenic technology at 77 K). Calculations are 
performed with the RADIA code.  

 

 
Figure 3: Radiator magnetic field variation versus gap for 
in vacuum and cryogenic undulator technologies. 
Calculations performed with RADIA, the remanent field 
of PrFeB (NdFeB) is 1.35 T at room temperature and 1.57 
T at 77 K (1.22 T at room temperature). 
 
    Table 1 presents the main characteristics of the radiator 
for both technologies. 
 

Table 1: Main Characteristics of Radiator Undulator 
Characteristics In-vacuum  Cryogenic  
type Hybrid Hybrid 
Br (T) 1.22 1.57 (77 K) 
Magnet NdFeB PrFeB 
Peak field (T) 1.48  1.72 
Gap  (mm) 3 3 
Period (mm) 15 15 
Length (m) 3 3 

  
    The mechanical design of the radiator will be adapted 
from SOLEIL in vacuum undulator (Figure 4-a) and 
PrFeB cryogenic undulator (Figure 4-b) designs. The 
length of the vacuum chamber and the number of rods 
will be increased and the carriage will be adapted to the 
length and the magnetic forces of the magnetic system. 
The extension of the mechanical carriage design to 
accommodate a 3 m long magnetic system will be carried. 
The issues related to the RF transitions (finger type) 
adapted to a cylindrical chambers will also be analysed, 
after further analysis of the impedance budget. Reduction 

of the length taken by these elements between radiator 
segments is crucial from a FEL point of view.  

 
                    a)                                      b) 
Figure 4: Mechanical Design, (a) in vacuum undulator, 
(b) PrFeB cryogenic undulator. 

 
    SOLEIL has a dedicated clean room for the magnetic 
and mechanical assembly of in vacuum undulators. A 5.5 
m magnetic bench performs Hall probe and rotation coil 
magnetic measurement. In case of choosing cryogenic 
undulator technology, a dedicated magnetic bench at low 
temperature should be designed to perform 3 m long.  It 
will be adapted from the present SOLEIL in vacuum 
measurement bench, which has been developed for the 
cryogenic PrFeB undulators (figure 5). 
 

 
 
Figure 5: SOLEIL PrFeB Cryogenic undulator 
mechanical design. 
 
Modulator Undulator 
    The modulator is in vacuum technology undulator with 
a small gap of 3 mm. The permanent magnet materiel is 
NdFeB and the poles material is vanadium permendur. 
The magnetic design of the modulator is presented in 
Figure 6.  

 
Figure 6: Modulator RADIA model. 

 
     Figure 7 presents the magnetic field variation versus 
gap of the modulator for in vacuum technology, using 
RADIA calculations. 
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Figure 7: Modulator magnetic field variation versus gap 
for in vacuum undulator technologies. Calculations 
performed with RADIA, with remanent field of 1.22 T.  
 
    Table 2 presents the main characteristics of the 
modulator undulator 
 

Table 2: Main Characteristics of Modulator Undulator 
Characteristics In-vacuum  
type Hybrid 
Br (T) 1.22 
Magnet NdFeB 
Peak field (T) 2.2  
Gap (mm) 3  
Period (mm) 30 
Length (m) 3 

 
MAGNETIC ELEMENTS 

Permanent Magnet Quadrupole 
    The large energy spread and large beam divergence 
make the matching, emittances and peak current 
preservation from LWFA to the undulator line very 
concerning. A way to contain these degradations is to 
place a first set of three quadrupoles (figure 8) as close as 
possible from the source with drawbacks of large 
gradient. The use of small gap permanent magnet is then 
an issue. A possible beam line with this first triplet, 
located at only 50 mm from the source and separated by 
50 mm with a maximum gradient of 130 T/m over 100 
mm bore length at 400 MeV [10]. 

 
Figure 8: Triplet of permanent magnet quadrupole close 
to the source of LWFA. 
 
    Compact permanent magnet quadrupole with high and 
variable gradient is under studies. A preliminary design 
using Halbach [11] cylinder with 10 mm bore diameter 
allows reaching a high gradient of 150 T/m (figure 9). 
 

 
Figure 9: permanent magnet quadrupôle. 

 
Quadrupôles 

     The LUNEX5 quadrupoles design is performed with 
TOSCA software [12] as shown in Figure 10. Because of 
the variable gradient in order to use different beam 
energies, the standard quadruoples are resistive magnets, 
the magnetic field being produced by four coils alimented 
by a DC current.  The variation of the DC current enables 
the variation of the magnetic field and the gradient of the 
quadrupole. The coils are mounted on four poles which 
concentrate and define the quadruople magnetic field path.  

                
Figure 10: Magnetic design of the quadrupôle using 
TOSCA software.  
 
    The quadrupole yoke is manufactured on two parts. 
Every part represents a half quadrupole. Two coils are 
mounted on each half quadrupole. The quadrupoles are 
equipped with special shims which are adjusted during 
the magnetic measurement to guaranty a good alignment 
of the magnetic centre and low harmonic components. 
The quadrupoles are air cooled to reduce the 
infrastructure cost. A dedicated rotation coil magnetic 
bench [13] will be used for the magnetic measurements of 
the quadrupoles. This bench has been developed for the 
magnetic measurements of SOLEIL storage ring 
quadrupoles. The resolution for the measurement of the 
harmonic component is less then 2.10-4 and less than 20 
µrad on the tilted angle. The magnetic measurement of 
the quadrupoles could be also performed by using the 
stretch wire bench developed by ESRF for the 
measurement of the storage ring upgrade quadrupoles 
[14]. 
 

 Chicanes 
    All the chicanes of LUNEX 5 are designed with 
RADIA software as shown in Figure 11. The chicanes are 
made by four identical dipoles. As for the quadrupôles, 
the dipoles of the chicanes are resistive. The magnetic 
field is produced with coils mounted on a C shape yoke.  
A power supply generates current and aliments the coils. 
The magnetic field of the dipole is designed for beam 
energy of 400 MeV and also allows working at 1 GeV. 
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Figure 11: RADIA model of chicane dipole. 

 
      The vertical field integral Iz along the longitdunal 
coordinate of the chicane dipole is presented in figure 12. 
The needed field integale of 95 Tmm is obtained by 
current density of 1.5 A/mm². The coils are air cooled. 

 

 
Figure 12: Field integral Iz versus dipole transverse 
position y. 

 
The dipole are made in two identical parts. Each part 
reprents half of dipole which consists of  half  a C shape 
core and a coil. The different type of chicanes are 
presented in table 3.  
 

Table 3: Different Type of Echo Chicanes 

Chicanes 
Iz 

(T.mm) 
Gap 

(mm)
Length 
(mm) 

Number of 
dipoles 

Echo 1 95 25 250 4 

Echo 2 52.5 25 150 4 

 
    The magnetic measurements of the chicane dipoles are 
performed with the Hall probe and rotation coil of 
SOLEIL insertion devices magnetic bench. The magnetic 
field is measured with a precision of 3 G and the field 
integral with a precision of 5 G. Cm. 
 

 Beam Dump Dipole  
    The LUNEX “beam dump” dipole deviate the electron 
beam from the beam line axis with an angle of 90°. This 
deviation angle needs a field integral of 2.1 Tm for an 
energy of 400 MeV. The TOSCA design of this dipole is 
presented in figure 13. The dipole is curved with 90° 
angle and generates a magnetic field of 1.6 T at 25 mm 
gap. This dipole could be made by 2 dipole of 45° 
deviation angle for each one. Additional permanent 
magnet will be prepared for radiation safety redundancy.  

 

 
Figure 13: TOSCA magnetic design of beam dump dipole. 

 

CONCLUSION 
 LUNEX5 project will investigate seeding schemes and 

prepare the path towards the 5th generation light sources.    
A 3 m cryo-ready undulator will be design and 
constructed in the next few years. We present the 
magnetic design of the undulators and magnetic elements 
of LUNEX5 FEL line. A challenging compact and high 
gradient permanent magnet quadrupole prototype will be 
design and constructed next year. 
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THE GENERATOR OF HIGH-POWER SHORT TERAHERTZ PULSES 

N. Vinokurov#, Budker INP, Novosibirsk, Russia, and KAERI, Daejeon, S. Korea 
Y. U. Jeong KAERI, Daejeon, S. Korea

Abstract 
The multi-foil cone radiator to generate high field short 

terahertz pulses with the short electron bunches is 
described. A round flat conducting foil plates with 
successively decreasing radius are stacked, comprising a 
truncated cone with axis z. The gaps between foils are 
equal and filled by some dielectric (it may be vacuum). A 
short relativistic electron bunch propagates along the z 
axis. At high enough particle energy the energy losses and 
multiple scattering do not change the bunch shape 
significantly. Then, passing through each gap between 
foils, the bunch emits some energy into the gap. After that 
the radiation pulses propagate radially. For the TEM-like 
waves with longitudinal (along the z axis) electric and 
azimuthal magnetic field there is no dispersion in these 
radial lines, therefore the radiation pulses conserve their 
shapes (time dependence). At the cone outer surface we 
have synchronous circular radiators. Their radiation field 
forms the conical wave. The cone angle may be 
optimized; moreover, the nonlinear dependence of the foil 
plates radii on their longitudinal coordinate z may be used 
for the wave front shape control. 

INTRODUCTION 
The high field short terahertz pulses may be interesting 

for different applications [1, 2]. The multi-foil cone 
radiator to generate them using the short electron bunches 

is described in this proposal. The scheme under 
consideration is shown in Fig. 1. A round flat conducting 
foil plates with successively decreasing radius are 
stacked, comprising a truncated cone with axis z. The 
gaps between foils are equal and filled by some dielectric 
(it may be vacuum). A short relativistic electron bunch 
propagates along the z axis from left to right. At high 
enough particle energy the energy losses and multiple 
scattering do not change the bunch shape significantly. 
Then, passing through each gap between foils, the bunch 
emits some energy into the gap. After that the radiation 
pulses propagates radially, as it is shown in Fig. 1a. For 
the TEM-like waves with longitudinal (along the z axis) 
electric and azimuthal magnetic field there is no 
dispersion in these radial lines, therefore the radiation 
pulses almost conserve their shape (time dependence). At 
the cone outer surface we have synchronized circular 
radiators. Their radiation field forms the conical wave 
(see Fig. 1b). 

THE SINGLE GAP EXCITATION 
Let us find the radiation field in one gap. We are 

interested only in TEM waves, having only the 
longitudinal electric Ez and the azimuthal magnetic Hα 
fields, which do not depend on z. The Maxwell equations 
for such waves are 

z

a

z

b

Figure 1: Short electron bunch passes through the conical foil stack. a – after the bunch passed a gap, the wave 
propagates radially. b – as the pulses reaches the foil boundaries, they are combined to a conical wave. 
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 is the beam current density, 

averaged over the gap length g, n is the refraction index, 
and round beam is assumed. The solution for the electric 
field Fourier transform outside the beam is 
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is the form factor, k = nω/c, the Hankel function H0
(1)(kr) 

= J0(kr) + iY0(kr) is the combination of Bessel and 
Neumann functions. Here and below we suppose the 
bunch velocity to be equal to the light velocity c. The 
form factor modulus is less than one, and at zero 
frequency it is one. For the Gaussian charge distribution  
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where 122222 ganlleff  . The corresponding 

time dependence at kr >> 1 is 
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where Ieff/Q is the inverse Fourier transform of the form 

factor Fω. For 12222 ganl   Ieff is the beam 

current. 
According to Eq. (2) the radiation spectral density is 
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Then the total radiated energy is  
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For the Gaussian bunch it gives 
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The corresponding effective average decelerating field is  
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For Q = 0.5 nC and leff = 0.1 mm it is about 2 MV/cm. 
Then for the cone height L = 2 cm the radiated energy is 2 
mJ. To have the transverse size smaller, than the bunch 
length, the beam emittance has to be less than leff

2/L = 
5·10-7 m. 

The radiated energy may be compared with the radiated 
energy of the coherent transition radiation (for a narrow 
beam, a << l) 
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where rmax depends on geometry and electron energy. The 
ratio of these energies  
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can be large. 

For 12222 ganl   the radiation field of the 

Gaussian bunch is  
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The function    
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, which describes 

the field time dependence in the units of the electron 
bunch r. m. s. duration, is shown in Fig. 2 together with 
the Gaussian bunch shape.  

Figure 2: The function    
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 (solid 

line) and Gaussian exponent exp(-x2/2) (dashed line). 

 
The maximum field is 
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and the corresponding peak power is 
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For our example it is 0.4 GW. 

THE REFRACTION AT THE CONE 
BOUNDARY 

Let us consider the wave refraction at the cone 
boundary; the cone angle is α (see Fig. 3).  

z

r

 
Figure 3: The refraction geometry. 

 
Let the gaps are much smaller than the pulse length. In 
this case the foils form the anisotropic media with the 
diagonal permittivity tensor ε = diag(i∞,i∞,n2), and the 
radiation may be considered as the Cherenkov radiation in 
it. Then inside the cone there are the waves 

 ticziikr  exp . The tangent components of the 

wave vectors of this wave and the wave in the free space 
have to coincide at the boundary 
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is the angle between the wave vector of radiation in free 
space and the z axis. The necessary condition for radiation 

  n12tan   follows from Eq. (16). 

The reflection coefficient  
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can be found from the boundary conditions  

   
EHnEHnEH

EEE

HHH












,,

cossin   (18) 

for incident (E+ and H+), reflected (E- and H-) and 
transmitted (E and H) waves. 
There is no reflection for  
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For n = 1   2721atan0  , and R < 0.1 for 10° < α < 

60°. It allows using different angles and not only cones, 
but other revolution surfaces to control the wave front 
shape. 

THE WAVE ATTENUATION 
It needs also to take into account the attenuation due to 

the finite surface impedance ζ. According to the 
Leontovich boundary condition the radial electric field at 
the foil surface is ζHα. Then the Poynting vector 
amplitude is c|Hα|

2Reζ/(4π), and the length of the e-time 
power attenuation is 

 







Re24

Re2

4

22

n

gHc

n

H
cgr  . (20) 

The known normal-incidence absorption coefficients 
4Reζ in the THz range are typically less than one percent, 
but for small gaps the attenuation may be significant. 
Therefore it needs to choose the cone angle to be less than 
the value for zero reflection, given by Eq. (19). 

THE MULTIPLE SCATTERING 
The multiple scattering of electrons on the atomic 

nuclei of foils (here we suppose the absence of matter 
between foils) increases the angle spread of electrons [3]: 
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where X0 is the radiation length of the foil cone material, 
E is the particle energy.  
The corresponding growth of the beam transverse size a is 
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where a0 is the size without multiple scattering. 
According to Eq. (5) the transverse size has to be less 
than the bunch length. Therefore  
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 .    (23) 

It may be expressed as the limitation for the electron 
energy 

0
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L
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The radiation length of graphite is about 0.2 m. Stacking 
the foils with thickness 10 micron and period 0.2 mm, one 
obtain the radiation length 4 m. Then for our example the 
minimum energy is 110 MeV. To decrease the minimum 
energy one can decrease the cone height (and radiated 
power). For example, for L = 1 cm it is 40 MeV and the 
radiated power is about 0.2 GW. 

For high peak currents the focusing by the beam 
azimuthal magnetic field may reduce the beam size 
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growth, given by Eq. (22). It makes the energy limitation 
Eq. (24) easier.  

The small holes in the foils can eliminate the multiple 
scattering. In this case one has to substitute the hole 

radius divided by 2  instead of the r. m. s. transverse 
beam size a to the effective bunch length leff.  

THE ON-AXIS FIELD 
The on-axis field can be found from Eq. (1) also. It is  

     



ZIdrrkrHrj

c
E  



111
1

0
0

12

2

)(
2

0 . (25) 

For Gaussian beam and low ( 112222  gan ) 

frequencies  
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The real part of this impedance gives the same loss as Eq. 
(7). The imaginary part is almost inductive. This 
impedance may cause an additional bunching of the 
beam. Then a higher peak power may be achieved. 
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USE OF MONOCAPILLARY X-RAY OPTICS AS A MEANS TO REDUCE
LINEWIDTH AND FLUCTUATIONS IN SASE FELS

A. Lin and G. Travish, UCLA Department of Physics & Astronomy, Los Angeles, CA 90095, USA

Abstract
The Self Amplified Spontaneous Emission (SASE) op-

eration of high-gain Free Electron Lasers (FELs) allows
for amplification from noise when no suitable seed sources
are available. While SASE FELs can achieve high pow-
ers and short radiation pulses within the X-ray region, they
are hindered by large linewidths and fluctuations in ampli-
tude and temporal profiles. Various approaches have been
proposed to clean up the spontaneous emission and pro-
duce better effective seed signals. This paper presents the
use of monocapillary X-ray optics as an alternative to cur-
rent methods to improve SASE operation. A monocapil-
lary tube placed at the beginning stages of the undulator
can reduce the bandwidth and enhance a narrow band of
the spontaneous emission amplified by the FEL. Monocap-
illary tubes guide radiation due to total external reflection,
and the critical angle of the guiding is dependent on the fre-
quency of the radiation (and indirectly on the surface pro-
file and materials). These properties allow for the selection
of desired frequencies which are reflected back towards the
axis, while all other frequencies are lost through diffrac-
tion. The effectiveness of the monocapillary tube was sim-
ulated using a simple model for the X-ray mirror. LCLS-
like parameters in the hard X-ray regions were simulated
and the results are presented.

INTRODUCTION
The radiation produced within a SASE free electron laser

is temporally and spectrally noisy, due in part to the inco-
herence of the shot noise responsible for starting the pro-
cess. It is beneficial to have the startup radiation be filtered
prior to the amplification and bunching processes within
the undulator. Current schemes, such as the HXRSS on the
Linac Coherent Light Source (LCLS) use a monochrome-
ter to clean-up the radiation after a fixed length of the un-
dulator, and then reintroduces this radiation to the electron
bunch later as an effective seeding mechanism [1]. This so-
called self seeding process is effective and does give posi-
tive results, but the process introduces additional complex-
ity, length and operational constraints. By introducing a fi-
nite monocapillary tube, placed at the start of the undulator,
it may be possible to effectively clean up the radiation with-
out the redirection of the electron beam and without the use
of chicanes. A monocapillary tube, often made of glass due
to the surface quality achievable, is a type of cylindrical
waveguide whose guiding is based on the principle of total
external reflection. The reflectivity of monocapillaries is a
function of the frequency of the radiation being guided and
the angle at which the radiation impinges on the surface of

the tube (Fig. 1). Because the energy of the radiation is de-
pendent on its frequency, the tube can be used to select and
preferentially guide certain frequencies of the spontaneous
radiation, whose bandwidth is otherwise large. In some
SASE applications, it may also be possible to use incident
angle filtering. The work presented here is a first attempt to
understand this in situ filtering and model the process using
a numerical code.

Figure 1: The reflectivity of a silica monocapillary tube
over an angular spread at 8 keV. There is a sharp dropoff
in the function at θ = 0.2 ◦, indicating the critical angle of
guiding.

MONOCAPILLARY TUBES
Reflection of an electromagnetic wave occurs at the

boundary between two regions of differing indices of re-
fraction. Total internal reflection occurs when the first
medium has a greater reflective index than the second
medium and the incident angle is greater than the critical
angle. The value of the critical angle is directly determined
from Snell′s law. Because of this, total internal reflection is
often used to guide electromagnetic radiation, as seen with
optical waveguides and fiber optic cables. However, this
method of guiding is not possible for hard X-rays since the
refractive indices of all materials are less than unity. The
Drude model provides a simple formulation:

n(ω)2 = 1−
ω2
p

ω2
(1)

where

ω2
p =

e2ne
ε0me

(2)
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The Drude model can be applied here because at X-ray
wavelengths, all materials are essentially a sea of free elec-
trons, and appear as plasmas [2]. Thus in order to guide
hard X-rays, total external reflection is used. Like total in-
ternal reflection, total external reflection occurs when radi-
ation crosses the boundary of two media, with the second
medium having a smaller index of refraction. This condi-
tion can only be fulfilled if the radiation is first traveling
through a vacuum, n = 1, and is incident on the walls of a
monocapillary tube, n < 1. The critical angle of guiding of
a monocapillary tube is small and an overestimate is given
by:

θc =
ωp

ω
= 1 (3)

More sophisticated models as well as databases of mea-
sured quantities allow for the calculation of reflectivity as
a function of the critical angle. For radiation with wave-
length of 1.5 angstrom, the critical angle is 3.75 mrad for
most materials (Fig. 1). The critical angle can be enhanced
by using bi-layered and multilayered monocapillary tubes
[3].

START-UP WITH MONOCAPILLARY
TUBES

The concept of using monocapillary tubes in SASE FELs
involves placing a monocapillary tube at the early stages of
the FEL, to allow the guiding a narrow band of the spon-
taneous emission. The radiation from this first part of the
FEL then acts a seed for the second segment of the undula-
tor, where normal high-gain amplification occurs, but now
with a filtered SASE signal (Fig. 2). In general, the emis-
sion from the first part of the undulator is both broad-band
(Eq. 4) and large-angle (Eq. 5):

∆ω

ω
∼ 1

Nu
(4)

φ ∼ 1

Nu
(5)

with Nu being the number of undulator periods. Since
monocapillary tubes guide only a narrow-band and narrow
angular spread of x-ray photons, at energies of interest (e.g.
∼<8 keV), this lensing is rather effective [4]. Thus, by in-
serting this monocapillary tube, the photon flux near and
on-axis will be enhanced for a small bandwidth. To be

Figure 2: A cartoon of an FEL amplifier showing two sec-
tions of an undulator, the first acting as a seed to the sec-
ond. Radiation within the seed undulator is emitted at a
diffraction angle θ � 1. A monocapillary tube would re-
flect radiation with θ < θc back torwards the axis of the
undulator.

effective, the tube has to have several bounces, just as in
fiber optics (Fig. 3). The crisscrossing of the X-ray signal
from multiple bounces may produce several undesired ef-
fects [5]. On the other hand, the crisscrossing helps to mix
the spatial and temporal variations from the spikes analo-
gous to reverse slippage.

Figure 3: The guiding utilized to achieve the self-seeding
is shown along with relevant geometry. Radiation within
experiences multiple bounces to increase selectivity.

There are some important areas to consider: bandwidth,
coherence, and mode competition.

Bandwidth
The FEL parameter, ρ, is typically a few times 10−3.

Diffractive and refractive X-ray optics have natural line
widths of about 10−3. This can be increased through coat-
ings, but it can also be narrowed through coatings. Still,
these numbers are similar. The impact of the altered spon-
taneous emission spectrum, even if modest, may have a
dramatic influence over the first few gain lengths as the
bunching evolution is sensitive here. The interplay between
the guided signal and the resulting bandwidth must be stud-
ied.

Coherence
For the longitudinal coherence, the capillary may not

have a strong influence on the evolution. Normally, the
longitudinal coherence builds through slippage over a co-
herence length. With a capillary there is the possibility of
“mixing” the radiation in a way not well accounted for just
by slippage (i.e. radiation from further back in the bunch
can reflect back towards further ahead of the bunch). So,
simulations may have to be used to understand the coher-
ence effects of the guided radiation.

Mode Competition
If the guided signal is not of sufficient amplitude to over-

whelm the general SASE signal, the FEL may amplify two
or more modes. Establishing the correct capillary parame-
ters to assure a large guided signal is one path to avoiding
multi-mode operation; other approaches may be possible.
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MODELING OF THE START-UP PROCESS
A monocapillary tube can be modeled as a simple

waveguide with lossy boundaries. A highly simplified case
has a perfect reflecting boundary within the critical angle
and a narrow bandwidth and zero reflectivity otherwise:

R =

{
1 θ < θc , ω = ωr ± ∆ω

ω

0 θ ≥ θc , ω 6= ωr ± ∆ω
ω

(6)

A simple condition for the tube to influence the bunching
factor of the electron beam is that the power of the guided
radiation must be large enough to overcome the effective
SASE power. Thus, the minimum length of the tube can
be estimated to be on the order of the gain length. The
diameter of the tube, though unrealistic in practice, can be
set to the electron beam diameter, to assure that the tube
interacts with the radiation.

To model the monocapillary tube and its effect on the
emitted radiation, simulations were performed in Genesis
1.3, a time-dependent three-dimensional FEL code. Gene-
sis 1.3 was selected due to its ability to study the time evo-
lution of a SASE FEL, a crucial element in FEL startup, as
well as source code availability.

Genesis 1.3 maps the electron beam distribution and the
radiative field onto a radial and Cartesian mesh, respec-
tively, and then uses computational integration methods
to solve the self-consistent FEL equations [6]. To reduce
the high memory requirements that normal time-dependent
simulations require, Genesis discretizes the electron beam
and radiation fields into slices in t, and allows for these
slices to influence subsequent slices to account for slip-
page. By modifying the behavior of the boundary con-
ditions, a monocapillary tube with prescribed angular and
energy acceptances was simulated.

The code’s calculation of the diffraction angle was mod-
ified from using the entire mesh to only including a thin
ring that represented the radiation impinging on the walls
of the tube (Fig. 4). Since the calculation of the diffrac-

Figure 4: Discretization of the tube onto the Cartesian mesh
in Genesis 1.3. The tube is centered around the radiation
field.

tion angle requires the standard deviation of all the field
points, field points that did not lie on this ring were tempo-
rally given a value of zero to remove their contributions to
the standard deviation. The values of the diffraction angle
were then stored into an array which determined the type
of boundary condition applied to the fields at each longi-
tudinal integration step. If the angle was greater than that
of the tubes acceptance, the boundary condition was set to
a Dirchelet boundary; if less, the Neumann boundary was
enforced. The Neumann boundary was calculated by sum-
ming together the field magnitudes of the points located
directly on the edges of the tube and the points located one
meshpoint prior to these edges. This reflecting boundary
condition included a loss factor which represented the fi-
nite reflectivity of the tube.

AN LCLS-LIKE CASE

The LCLS represents a challenging benchmark for this
self-seeding scheme: the high energy beam (≈14 GeV) im-
plies a low divergence angle for the radiation and the small
FEL parameter (∼ 10−3) implies a narrow line width (Ta-
ble 1).

Table 1: Simulation Parameters

Parameter Value

Undulator Type Planar
Peak Current 3400 A
Undulator Period Length 3 cm
Radiation Wavelength 1.5 Å
Simulated Undulator Length 60 m
Electron Beam Energy 13.6 GeV
RMS Diffraction Angle ∼6.8µrad

An unphysical tube (Table 2) was chosen to yield a
strong effect: a realistic tube would have to be much shorter
and have a larger diameter. The tube was chosen to be
roughly twice the power gain length (20 m), and have a
diameter equal to the beam size (34 m).

Table 2: Tube Values

Parameter Value

Width 34µm
Height 34µm
Length 20 m
Critical Angle 3.75 mrad

Using the modified Genesis 1.3 code described above,
results thus far show guiding of the radiation by the tube as
compared to the free space case (Fig 5). Little to no impact
on the FEL start-up process has been observed with this
overly simplified model. Wavelength and angle selectivity
will be implemented in future work.
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Figure 5: (Top) Guiding without the effect of the mono-
capillary tube. Simulated for 10 meters. (Bottom) Guid-
ing with the effect of the tube, simulated over 2 meters.
The radiation field is constrained by the tube. Disconti-
nuities in both graphs are errors due to missing slices in
post-processing.

FUTURE WORK
The present model of self-seeding with monocapillary

tubes is lacking in a number of aspects. Future work will
include spectral filtering; reflectivity as a function of fre-
quency; and circular geometry. In addition to a more real-
istic model, additional FEL parameter sets will be consid-
ered. Finally, an experiment will be proposed at an existing
facility.
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Abstract
We measured the transverse coherence of the SASE ra-

diation an heterodyne speckle method at the SPARC FEL

facility. The measure was done at the resonant wavelength

λR = 400 nm.

INTRODUCTION
Novel research methods in the investigation of matter

permit to reach the spatial resolution at atomic scales. The

wave front uniformity and a high degree of transverse co-

herence (TC) of the radiation are fundamental in the ap-

plications where coherence based methods [1], such as

intensity fluctuation spectroscopy, phase contrast imaging

or holography, are involved. Free-Electron Lasers (FELs)

[2, 3, 4] are among the most performing devices for produc-

ing radiation with short wavelength, high power, ultra-short

time duration and large transverse and temporal coherence.

The transverse quality of the FEL beam, which is high

also in the SASE regime and increases during the amplifi-

cation process, besides being essential for user applications

requiring tight focusing of light and intense illumination of

the target, can also be used to access information about the

FEL dynamics.

The degree of transverse coherence of the SASE FEL

radiation, calculated using the statistical theory [7, 8], can

be related to the emergence during the growth of specific

TEM modes [9].

From an experimental and quantitative point of view, the

TC of the FEL radiation has been first estimated by means

of the Young’s double slit fringes analysis through the Van

Citter-Zernicke theorem [10, 13]. Wavefront analysis us-

ing the Hartmann technique was then proposed to deter-

mine the spatial characteristics of the FEL source in single-

shot regime [11] and then demonstrated at the SCSS Test

Accelerator using a specifically designed Hartmann Wave-

front Sensor [14], and, more recently, on the FEL Fermi

at Elettra [12]. Single-shot wavefront measurements were

performed directly on the FEL permitting to retrieve infor-

mation about the FEL dynamics during the amplification,

the beam optical quality, the source characteristics and the

related instabilities from shot-to-shot.

Other methods of measuring the transverse coherence

rely on the speckles generated by a sample of Brownian

particles. After Fourier transform and proper normaliza-

tion, the visibility of the fringes provides the same infor-

mation as the traditional Young’s double slit experiment

for a continuous variation of pinhole distances. On the

LCLS FEL an evaluation of the transverse coherence in the

X ray range has been performed by measuring the homo-

dyne speckle intensity due to coherent diffraction by dis-

ordered samples in the low and wide angle configurations

(SAXS and WAXS respectively)[15]. By making assump-

tions about the shape of the beam profile, the first order

statistical properties of the speckle patterns are related to

the transverse and longitudinal coherence of the incoming

radiation field, thus allowing to determine the field corre-

lations and demonstrating the transverse coherence with a

number of modes close to 1.

An alternative and powerful technique for the charac-

terization of the two-dimensional transverse coherence has

been developed and tested at the ESRF high brilliance un-

dulator beamline ID02 and ID06 based on the measurement

of the heterodyne speckle field generated by the scattering

from a colloidal suspension of silica particles [16, 6].

In this paper we present the direct measures of the trans-

verse coherence factor of the SASE FEL radiation with the

aforementioned method in the optical range.

EXPERIMENTAL SETUP
The experiment was performed at the SPARC FEL facil-

ity [4] with an electron beam whose main parameters are

summarized in Table1 at the resonant wavelength λR =
λu

2γ2 (1 + K2/2) = 400, nm (λu being the undulator mag-

netic field period, K = eBuλu/(2πmec) its deflection pa-
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rameter and γ the Lorentz factor of the electrons).

Table 1: Main Electron Beam Parameters

Parameter Value

Beam energy EB(MeV ) 162.5±0.27

Beam charge(pC) 312±16

Energy Spread (proj.%) 0.2±0.015

Energy Spread (slice%) 0.050±0.005

Length r.m.s. (ps) 1.65±0.05

Beam current Ipeak(A) 75.63±3.5

Vertical Emittance 90% (mm mrad) 1.95±1.0

Horizontal Emittance 90%(mm mrad) 1.74±1.1

The electron bunch produced by the photoinjector with

a current of about 75 A, was driven at 162.5 MeV by the

linac and injected in the undulator system, consisting of six

sections of 75 periods each, with λu = 2.8cm [17] at the

resonant wavelength λR = 400 nm. The SASE radiation

was extracted after each undulator section and registered in

intensity and spectrum by the SPARC spectrometer (an in-

vacuum device[18] with normal incidence grating imaging

the variable entrance slit on a UV grade CCD camera, Ver-

sarray, 1300B-Princeton Instruments). A typical spectrum

at the end of the undulator is presented in Fig.1.
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Figure 1: Spectro-spatial image of the radiation at the end

of the undulator. The vertical axis on the image of the spec-

tra represents the vertical position on the input spectrome-

ter slit.

The experimental energy growths of the radiation along

the undulator and the simulation performed with the code

GENESIS 1.3 [19] are reported in Fig.2. The radia-

tion shows the characteristic behavior of the exponential

growth, with a measured gain length of about Lg = λu

4πρ =
1.31m, ρ being the Pierce parameter.

The diagnostic set-up for transverse coherence measure-

ments is very similar to the in-line holography scheme. The

FEL radiation illuminates a sample of colloidal particles in

water suspension and the interference between the trans-

mitted and the scattered field is recorded by a CCD camera

placed at a distance z=13 cm from the sample (Fig.3). The

sample is composed by a 2 mm thick optical cell containing

commercial polystyrene particles (n=1,63) with a diameter

d=2,1μm at low concentration. The CCD camera is a 14bit

PCO1600 with a resolution of 1600x1200 and a pixel size
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Figure 2: Radiation characteristics at the end of the undu-

lator, experimental (red stars) and simulated (solid lines)

(simulations by GENESIS 1.3 [19] made with parameters

as Table 1).

of dpx = 7, 4μm.

Figure 3: Speckle diagnostics set-up.

DATA ANALYSIS
The complex coherence factor (CCF) is usually in-

troduced through the second-order transverse correlation

function:

γ(r⊥,1, r⊥,2) =
< Ẽ*(r⊥,1, t)Ẽ(r⊥,2, t) >√

<
∣∣∣Ẽ(r⊥,1, t)

∣∣∣2 ><
∣∣∣Ẽ(r⊥,2, t)

∣∣∣2 >

(1)

where Ẽ is the amplitude of the amplified wave, accord-

ing to the SVEA approximation and the symbol <> de-

notes the average on time. Assuming that the random pro-

cess is stationary, Ẽ is not time-depending and γ coincides

with the transverse equal time correlation function. Fol-

lowing [9], the transverse coherence degree turns out to be

ς =

∫ |γ(r⊥,1, r⊥,2)|2I(r⊥,1)I(r⊥,2)dr⊥,1dr⊥,2

[
∫
I(r⊥,1)dr⊥,1]

2
(2)
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Figure 4: (a) Electron beam and radiation taken on a phosphorous screen after the fifth section of the undulator (b)

Transmitted pulse plus scattered field, and (c) heterodyne speckle function s(r) after background subtraction at the end of

the undulator.

where I = |Ẽ|2 is the radiation intensity. Simulations

made by GENESIS 1.3 gives a value of ς for our the source

almost equal to 1 (fully coherent beam).

Experimentally the Fourier analysis of the field scattered

by the colloidal sample brings to |γ(R)| , where R = r⊥,1-

r⊥,2 and the evaluation of the parameter ς can be done by

the direct comparison between the width of the CCF and

the beam size.

An electron beam trace taken on a phosphorous screen

after the sixth undulator is presented in Fig 4.a. The radi-

ation exiting from the SPARC undulator impinges on the

sample and it is recorded by the CCD camera. The row

signal is presented in Fig.4.b.

The intensity I recorded by the camera is given by the

interference of the transmitted wave and the field diffracted

by the suspension. It can be written as:

I(r) ≈ IFEL(r) + 2Re[EFEL ∗ (r)Es(r)] (3)

where EFEL(r) is the FEL transmitted field, IFEL the

corresponding intensity and Es(r) the wave scattered by

the sample (the asterisk indicates complex conjugation).

Since the particle concentration in very low (Es <<
EFEL) a quadratic term |Es(r)E

∗
s (r)| has been neglected.

The second term of Eq.3 represent the so called ”hetero-

dyne signal” and brings information about the coherence

properties of the radiation. In order to isolate this term a

background subtraction can be done by evaluating the dif-

ference between two images I1(r) and I2(r) taken at differ-

ent times t1−t2 = Δt. The quantity s(r) = (I1−I2) trans-

lates in: s(r) ≈ Re[EFEL ∗ (Es1 − Es2)]. Fig.4.c) shows

the quantity s(r). The typical granular pattern (speckle

field) which is the result of the stochastic interference of

the fields scattered by the particles can be seen.

Once s(r) is obtained, the two-dimensional power spec-

trum S(q) = | ∫ s(r)exp(−iq · r)dr|2 can be numerically

evaluated, where q is the scattering wave vector defined for

a small scattering angle, θ, as q = kθ (k = 2π/λ)(Fig.5).

It can be shown that:

Figure 5: Detail of the speckle field obtained at the exit of

the sample on the CCD camera and scattering geometry.

S(q) = C(q)T (q)I(q) (4)

where I(q) is the two-dimensional scattered intensity

distribution (almost flat in the q-range accessible for the

setup) and T (q) = sin2(q2z/2k) is the Talbot transfer

function that can be evaluated theoretically [16, 6]. The

complex coherence factor is given by C(R) = |γ(R)|2 af-

ter operating the rescaling R = zq/k. An example of the

speckle field and the geometry of the system are presented

in Fig. 5. One tricky step of the data analysis scheme is

represented by the choose of the time interval Δt between

the two images used for the evaluation of the quantity s(r).
In fact the power spectrum of s(r) is given by Eq.4 only

under the hypothesis that the field Es1 and Es2 are com-

pletely uncorrelated. The changing in the scattering field is

related to the changing of the particles position in the sam-

ple due to diffusion, convection or sedimentation. It turns

out that in our case the most important effect is given by

convection and a time delay of the order of 200-300 sec-

onds is enough for the complete decorrelation. The bidi-

mensional S(q) has been evaluated for the SPARC FEL

radiation. Since the the CCF reveals a rotational symme-

try, we show in Fig.6 its azimuthal average (red-blue line).

Oscillations introduced by the Talbot transfer function are

visible for low R values (which corresponds to low q vec-

tors) and disappear approximately at R=2 mm. Besides

this value, the spatial frequency of the oscillations becomes
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higher than the Nyquist frequency for our system and the

transfer function becomes flat. It is possible to point out

an unphysical behavior of the function (blue line) for very

low R values (R<1 mm) where S(q) is much higher than

1. This behavior is not connected to the coherence proper-

ties of the radiation but, rather, to beam instabilities. Due

to typical SASE instabilities or mechanical vibration, the

beam position changes slightly from shot to shot, leading

to the presence of a spurious term in S(R) essentially re-

lated to the typical fluctuation in the beam position. The

analysis of the beam positions, operated on the same set

of images used for the coherence measurement, suggests

that the effect of the beam instabilities can be neglected for

R>1 mm. In this range of values the CCF is impressively

well fitted with a Gaussian function (black line). Estimate

of ς leads to a value slightly higher than 0.8.

Figure 6: Fourier analysis of the hetherodyne speckles field

(red-blue curve) and Gaussian fit (black curve).

With a different analysis on the same set of images the

total number of modes in a single FEL pulse can be evalu-

ated. Defining W the total energy in a single pulse, for the

first order statistic holds:

ρ(W ) =
MM

Γ(M) < W >
(

W

< W >
)M−1e−M W

<W> (5)

where Γ(M) is the gamma function with argument M =
1/σ2

W , and σ2
W = (W− < W >)2/W 2 is the relative

dispersion of the radiation energy [9].

The statistical analysis made over 1200 events is shown

in Fig. 7 together with the gamma function evaluated using

the signal mean and variance with no free parameters. The

estimated number of longitudinal coherence areas, as given

by M, is 3.3, in good agreement with the fringe number

shown by the experimental spectral measurements.

CONCLUSION
The direct measure of the transverse coherence factor of

the SASE FEL radiation based on the detection and analy-

sis of the speckle field generated from the scattering from a

colloidal suspension of silica particles in the SPARC FEL

has been presented. At the end of the undulator, corre-

sponding in our case to the final stage of the exponen-

tial growth, an almost total transverse coherence has been

found, with a TC degree larger than 0.8.
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Figure 7: Fourier analysis of the hetherodyne speckles field

(red-blue curve) and Gaussian fit (black curve).
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X-RAY BASED UNDULATOR COMMISSIONING IN SACLA
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RIKEN SPring-8 Center, Koto 1-1-1, Sayo, Hyogo 679-5148, Japan

Abstract
The undulator commissioning such as the precise K

value tuning and trajectory correction is the important

step toward realization of x-ray free electron lasers. In

the SPring-8 Angstrom Compact free electron LAser

(SACLA) facility, the undulator commissioning has been

carried out by means of characterization of x-ray radiation.

The details of the commissioning methods and actual re-

sults, together with the evaluation of the achieved accuracy,

are presented.

INTRODUCTION
SACLA, the SPring-8 Angstrom Compact free electron

LAser, achieved the first lasing in June 2011 at the wave-

length of 0.12 nm, which soon got down to 0.08 nm [1].

After further beam tuning aiming at higher laser power and

more stable operation, the user operation started in March

2012.

In order to achieve FEL saturation in the angstrom-

wavelength region, 18 segments of in-vacuum undulators

(IVUs) have been installed in SACLA. Each segment is

5-m long and placed with a 1.15-m long interval to in-

stall the devices for electron diagnostics, and steering and

quadrupole magnets. Because of such a segmented struc-

ture, there exist many error sources that can lead to FEL

gain reduction even if each undulator segment is perfect.

In addition, the narrow-gap operation of IVUs can lead to

unwanted effects that reduce the FEL gain. In order to cor-

rect or compensate all these errors and effects, we have to

align or tune a number of components related to undula-

tor operation and optimize many parameters so that all the

undulator segments work coherently. Such an optimization

process is referred to as undulator commissioning.

In SACLA, the undulator commissioning has been car-

ried out based on the characterization of spontaneous or

amplified x-ray radiation. In this paper, details of the com-

missioning procedure and the achieved results are reported.

ERROR SOURCES AND THEIR
TOLERANCES

Before describing the details of the undulator commis-

sioning carried out in SACLA, let us first mention the error

sources that affect the FEL gain. We have mainly three

sources related to utilizing a long undulator composed of

more than one segment: trajectory error, K-value discrep-

ancy, and phase mismatch. In addition, the wakefield-

∗ ztanaka@spring8.or.jp

induced energy loss is another point to be concerned in

SACLA, where narrow-gap IVUs are used. In order to sup-

press the FEL gain reduction due to these error sources, re-

spective components related to undulator operation should

be finely tuned or well aligned. The tolerances specified by

a numerical study based on FEL simulations assuming the

SACLA beam parameters are summarized in Table 1. Note

that all the simulations have been performed with the FEL

simulation code SIMPLEX [2].

Table 1: Error Sources and Their Tolerances

Tuning Item Tolerance

Trajectory

BPM Center 2.2 μm

Injection Angle 0.50 μrad

K Value Total 5× 10−4

(in Gap) 1.9 μm

(in Height) 60 μm

Phase Slippage 30 degree

Undulator Taper 10−4/segment

The tolerance of the trajectory error is given in two

forms. One gives that of the center of the BPMs installed

in the drift sections and the other gives that of the injection

angle of the electron beam into undulator segments. As

explained later, the injection angle of the electron beam is

measured and corrected in SACLA by characterization of

monochromatized spontaneous radiation.

The K value deviation, which comes from the tuning er-

ror of the gap and misalignment of the undulator height,

should be less than 5 × 10−4 in total. Based on the mag-

netic measurement of the SACLA undulator, this number

is converted to the tolerances of 1.9 μm in gap and 60 μm

in height.

METHODS AND RESULTS OF
COMMISSIONING

In order to align or tune the components within the toler-

ances as listed in Table 1, characterizations of spontaneous

and SASE radiations have been carried out in SACLA. The

details are presented in the following sections.

Photon Diagnostics
The photon diagnostics system in SACLA is schemati-

cally illustrated in Fig. 1. The slit assembly placed 80 m far

from the exit of the last (18th) undulator is used for shap-

ing the photon beam, whose aperture size is variable and

Proceedings of FEL2012, Nara, Japan THOCI01

FEL Technology III: Undulators, Monitors, Beam diagnostics 543 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



selected according to the purpose of measurement. After

passing through the slit, the radiation pulse energy is mea-

sured by the photon BPM [3], which also works as a photon

intensity monitor. Then, the radiation is monochromatized

by a double-crystal monochromator and detected by a pho-

todiode to measure the photon flux, or by a 2-dimensional

x-ray profiler to measure the spatial profile.

Monochromator

Photon BPM

Photodiode

X-ray 
Profiler

Undulator

Slit

Distance from U01

190 m110 m 220 m

Figure 1: Schematic illustration of the photon diagnostics

system in SACLA.

Trajectory Correction
In SACLA, the angle of beam injection to a specific un-

dulator segment is estimated from the measurement of the

spatial profile of monochromatized spontaneous radiation,

and then corrected by a steering magnet installed in front of

the undulator. An x-ray CCD detector having a high pho-

ton counting efficiency and a high spatial resolution was

chosen as the x-ray profiler, which has been originally de-

veloped for imaging experiments at SACLA. A clear im-

age of monochromatized spontaneous radiation from a sin-

gle undulator segment has been obtained with a single-shot

measurement, as indicated in Fig. 2. Note that the slit is

fully opened in this process to take the image as wide as

possible.

The center of the mass of the measured spatial profile

reflects the injection angle of the electron beam. It is there-

fore possible to correct the trajectory error by adjusting

the injection angle so that all the spatial profiles of spon-

taneous radiation from individual undulator segments have

the identical central positions. What is important in this

procedure is the pointing stability of the monochromatized

spontaneous radiation, which have been found to be 0.22

μrad and 0.48 μrad in the horizontal and vertical directions,

respectively, being less than the tolerance of 0.50 μrad. It

is thus feasible to apply this procedure for the trajectory

correction, at least in SACLA.

K-value Tuning
It is possible to estimate the undulator K value by mea-

suring the spectrum of spontaneous radiation and detecting

the peak energy. It is well known that the spectral band-

width of undulator radiation becomes wider for a larger an-

gular acceptance. Therefore, it seems that the slit aperture

size should be as small as possible for a better resolution.

Contrary to this general approach, the slit is fully opened

to increase the angular acceptance during the K-value tun-

ing in SACLA in order to reduce the number of parameters

5μrad

Figure 2: Example of a single-shot image of monochro-
matized spontaneous radiation from the 1st undulator seg-

ment, taken by the CCD detector.

affecting the spectral measurement. For example, Figs. 3

(a) and (b) show the variations in spectrum with horizon-

tal injection angle when the slit aperture is opened to 10

mm (maximum) and 0.5 mm in both directions, respec-

tively, which have been calculated with the spontaneous

synchrotron radiation code SPECTRA [4].

The spectra with the aperture size of 10 mm are found

to be insensitive to the injection angle. This also applies

to other parameters such as the beam emittance, twiss pa-

rameters, and undulator-slit distance, i.e., when the slit is

fully opened, the resultant spectrum is insensitive to these

conditions, unlike the spectra with a small aperture. The

advantage of using a large angular acceptance is obvious

from this example.

It is well known that the undulator K value is a function

of not only the undulator gap but also the vertical offset

between the electron beam and the magnetic center. This

means that the undulator gap should be finely tuned and the

undulator height should be well aligned. In the following

sections, the detailed procedures are given.

Gap Tuning In order to tune the undulator gap, the

photon flux at a specific photon energy is measured as a

function of the gap. The higher energy edge of the spec-

tral profile (spectral edge) that corresponds to the undulator

fundamental energy ω1 is shifted from higher to lower en-

ergies when the undulator gap is closed. The resultant mea-

surement data is similar to the spectral profile as in Fig. 3

(a). The result is then analyzed to look for the optimum gap

that corresponds to some specific K value. This optimiza-

tion process is repeated for all the undulator segments and

several different K values to calibrate the relation between

the gap and K value. An example of the measurement result
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Figure 3: Example of calculated spectra of spontaneous ra-

diation emitted from the 1st segment in two different slit

aperture sizes: (a) 10 mm and (b) 0.5 mm.

is shown in Fig. 4, in which the electron energy is fixed at

7.8 GeV and the monochromator energy is fixed at 10 keV,

and thus the K value is nearly 2.1.
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Figure 4: Photon flux of spontaneous radiation from the

1 st segment measured at 10 keV as a function of the gap

(black circle). The results of fitting is also indicated (red

line).

The photon flux was found to drastically change around

the gap between 3.88 mm and 3.87 mm, which roughly cor-

responds to the K value of 2.1. In order to exactly specify

the optimum gap to give the K value of 2.1, we have intro-

duced an empirical fitting function defined as

f(g) = (a1 + a2g)erf

(
a3 − g

a4

)
+ a5, (1)

where erf is the Gauss error function and a1 ∼ a5 are the

fitting parameters, among which a3 gives the central posi-

tion of the spectral edge and thus this can be regarded to be

the optimum gap. The red line in Fig. 4 indicates the fitting

function and the optimum gap in this example was found

to be 3.8736 mm. Repeating this process, all the undula-

tor segments can be precisely tuned to have the identical K

value within some tolerance.

Height Alignment In order to align the undulator

height and to eliminate the vertical offset between the elec-

tron beam and magnetic center, the photon flux is measured

as a function of the undulator height as in the gap tuning.

The K value depends almost quadratically on the vertical

offset under realistic conditions and thus the spectral edge

is shifted from higher to lower energies when the offset in-

creases. The photon flux is thus maximized when the offset

vanishes if the gap and monochromator are set appropri-

ately.
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Figure 5: Photon flux of spontaneous radiation from the 1 st

segment measured at 10 keV as a function of the undulator

height (black square). The result of Gaussian fitting is also

indicated (red line).

Figure 5 shows an example of the photon flux measured

as a function of the undulator height. In this example, the

undulator height was found to be misaligned by 0.1 mm,

which was corrected by a remotely controlled elevation

system attached to the undulator.

Phase Matching
In order to satisfy the phase matching condition, the

spectral characteristics of spontaneous radiation emitted

from two undulator segments has been utilized. Figure 6

(a) shows the variation in spectra with the phase slippage
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between the 1st and 2nd segments, which was varied by

changing the gap of the the phase shifter installed in be-

tween. The undulator gap values of the two segments have

been set to have the identical K values of 2.1. The spectral

edge becomes steeper at the phase shifter gap of 30.4 mm,

meaning that this gap is closer to the optimum condition for

the phase matching. In order to look for the optimum phase

shifter gap, the photon flux at 9.988 keV, as indicated by the

dashed line in Fig. 6 (a), has been measured as a function

of the phase shifter gap, the result of which is shown in

Fig. 6 (b). The phase slippage has been calculated from the

magnetic measurement of the phase shifter and indicated in

the relative value with respect to the phase slippage at the

phase shifter gap of 30.4 mm. The sinusoidal oscillation

was found as expected, and the optimum phase shifter gap

was found to be 30.4 mm.

Taper Optimization
The most straightforward way to compensate the wake-

field effect is to optimize the undulator tapering so that the

SASE intensity is maximized. In order to do so, it is nec-

essary to get the SASE signal or at least the indication of

FEL amplification, which is not very promising in the early

stage of undulator commissioning. We have therefore tried

to measure the wakefield-induced energy loss by means of

measuring the variation of the spontaneous radiation spec-

trum for different wakefield conditions. For this purpose,

the K value and the gap of the 17th undulator segment were

fixed at 1.4 and 5.66 mm, while those from the 1st to the

16th undulator segments were varied to change the wake-

field condition. It is worth noting that such an operation to

vary the wakefield condition is possible only for IVUs but

not for the conventional out-vacuum devices.

The spectrum of spontaneous radiation from the 17th

segments was measured to investigate the effects due to

the wakefield. Note that the 18th segment was disabled

by fully opening the gap because of the availability at the

time of measurement. Also note that the electron beam was

intensionally kicked by the steering magnet located just in

front of the 1st undulator segment to suppress the SASE

process, in order to investigate the effects due to the wake-

field alone. The measurement results are shown in Fig 7.

The spectral edge was found to shift to lower energies

and become more gradual when the wakefield was en-

hanced by closing the gap of the upstream 16 segments,

meaning that the average electron energy decreased and en-

ergy spread increased. Using this experimental result, it is

possible to roughly estimate the undulator taper to com-

pensate the electron energy loss. For example, we need to

apply an undulator taper of −6 × 10−5/m at the K value

of 2.1, meaning that the undulator K value should be de-

creased by 3× 10−4 from segment to segment. It is worth

noting that this value is about 1/3 of the optimum taper of

−10−3/segment, which has been determined to maximize

the SASE intensity. This discrepancy may be attributable

to the difference in impact of the energy loss between the

spectrum of spontaneous radiation and intensity of SASE.
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Figure 6: Phase matching example. (a) Spectra of sponta-

neous undulator radiations for two different gap values of

the phase shifter installed in between, when the 1st and 2nd

segments have the identical K values of 2.1. (b) Photon flux

at 9.988 keV measured as a function of the relative phase

shift (blue square). The phase shifter gap corresponding to

the phase shift of nπ is indicated in the top scale. The si-

nusoidal fitting of the measured result is also shown (red

line).

EVALUATION OF ACHIEVED
ACCURACY

Now let us consider the achievable accuracies of the

alignment and tuning procedures described above. Need-

less to say, the accuracy can be in principle improved by

increasing the averaging number at each data point. On the

other hand, it is better to reduce the number of shots for

data averaging to save the time for commissioning and to

avoid the possible ambiguity due to the long-term drift of

accelerator operation. It is thus important to evaluate the

expected accuracy, when no averaging is made, i.e., only

one shot is recorded at each data point. For the trajectory

correction, it is reasonable to define the accuracy as the

pointing stability of the photon beam. For the other com-
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Figure 7: Spectra of spontaneous radiation for difference

wakefield conditions.

missioning procedures, let us define the accuracy as the de-

viation of the relevant fitting parameters in the functions to

fit the measured data, such as those indicated by red lines

in Figs. 4 and 5. By means of a numerical study based

on the statistics of the actual measurement results, the de-

viations of the fitting parameters have been estimated, the

results of which are summarized in Table 2 as the achieved

accuracy, together with the pointing stability to define the

accuracy of the trajectory correction. In any of the commis-

sioning procedures, the achieved accuracy was found to be

less than the tolerance, showing the validity of the schemes

using x-ray characterization for undulator commissioning

in SACLA.

Table 2: Required and Achieved Accuracies in the Undu-

lator Commissioning Using Characterization of Radiation.

*Requires SASE signal

Target Item Accuracy

Required Achieved

Trajectory 0.50 μrad 0.22 μrad (x)

(Injection Angle) 0.48 μrad (y)

K Value Total 5× 10−4 1.8× 10−4

Gap 1.9 μm 0.6 μm

Height 60 μm 10 μm

Phase Slippage 30 degree 15 degree

Taper* 10−4/segment 4×10−5/segment

SUMMARY
The undulator commissioning procedures based on the

x-ray characteristics measurement have been presented to-

gether with the actual results. The achieved accuracies have

been found to be within the tolerances. All of the com-

missioning processes are now routinely being carried out

in SACLA to offer the best performance to users, whose

frequencies depend on the target item. Among them, the

trajectory correction should be done most frequently, e.g.,

every two or three weeks, because the ground level of the

SACLA undulator building, which is just 3 years old, is
still moving slightly.
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OBSERVATION OF HIGH HARMONIC GENERATION FROM 6H-SiC 
IRRADIATED BY MIR-FEL 

K. Yoshida*, H. Zen, K. Okumura, K. Shimahashi, M. Shibata, T. Komai, H. Imon, H. Negm,  
M. Omer, Y. W. Choi, R. Kinjo, T. Kii, K. Masuda, H. Ohgaki 

Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 6110011, Japan

Abstract 
SiC is attractive as a high power nonlinear optical 

device [1]. For verifying the possibility of a high 
harmonic generation from a SiC irradiated by MIR-FEL, 
we observed the emission from a SiC irradiated by MIR-
FEL whose center wavelength was 12 m. Two 
measurements observing the second harmonic generation 
(SHG) and high harmonic generation (HHG) were 
conducted. As the result, we clearly observed the SHG 
whose intensity was proportional to the square of MIR-
FEL intensity. And emissions corresponding to the 
wavelength of the high harmonics (9th, 10th, and 11th) of 
the irradiated MIR-FEL (7.8 m and 8.6 m) were 
observed.  

INTRODUCTION 
Wide-gap semiconductors such as SiC, ZnO are great 

interest as they represent the next generation materials for 
power devices and photocatalyst materials. In addition, 
SiC and ZnO were attractive as nonlinear optical devices 
[2, 3]. ZnO is considered as the candidate of the thin film 
nonlinear optical device because ZnO has a high 
nonlinear optical susceptibility and an easiness of thin 
film fabrication [2]. Moreover, SiC has a high nonlinear 
optical susceptibility as well as a high resistance to the 
laser induced damage. Therefore, SiC is considered as a 
candidate of the high power nonlinear optical devices.  

In 2010, the high harmonics over 20th from solid 
material was observed for the first time by using ZnO 
single crystal [3]. However, in the case of SiC, the 
harmonics up to only second has been observed by 
irradiation of Nd-YAG laser [1, 4]. For the development 
of the high power nonlinear optical devices, verification 
of the high harmonic generation from SiC is important. 
Our objective of this paper is to present the observation of 
the high harmonics from SiC. 

For generating the harmonics from nonlinear optical 
devices, high power laser is essential. FEL is suitable as a 
light source because the feature of FEL is high power. 
However, harmonic generation from SiC by using FEL 
has not been reported.  Therefore, at first, we verified the 
SHG from a SiC irradiated by MIR-FEL. As the next step, 
we verified the HHG from SiC.  

EXPERIMENTAL SET UP 
For the verification and observation of the HHG from 

SiC, two experiments were made; one is the measurement 

of SHG and the other is the measurement of HHG. The 
experiments were performed in the atmosphere. SiC 
(semi-insulator 6H-SiC: Xlamen Powerway Advanced 
Material Co.,LTD) was used. The size was 15 mm × 15 
mm × 0.33 mm. The picture of the used SiC is shown in 
Fig. 1.  

 

 

Figure 1: The picture of the used SiC. 

 
The measurement setup for the verification of the SHG 

was shown in Fig.2. KU-FEL (Kyoto University Free 
Electron Laser) was used as the laser source. The 
specification of KU-FEL is reported in the reference [5]. 
For preventing the 2nd and 3rd harmonics inherently 
generated by the FEL, the long pass filter (cut-off 
wavelength of 9 m, LP-9000 nm, SPECTROGON) was 
used. In addition, the short pass filter (cut-off wavelength 
of 7 m, SP-7150 nm, SPECTROGON) was used to 
block the fundamental at the wavelength of 12 m. A 
Mercury Cadmium Telluride (HgCdTe, MCT) detector 
(J15D12-M204-S01M-60, Judson Technologies) was used 
for the detection of the second harmonic light. Moreover, 
to measure the intensity of the irradiated FEL, a Mercury 
Cadmium Zinc Telluride (HgCdZnTe, MCZT) detector 
(VIGO SYSTEM R005-3) was used. Confirmation of the 
SHG was done by observing the reflected light from SiC. 
The MIR-FEL whose wavelength was 12 m was 
irradiated to SiC. The repetition rate of the FEL was 1 Hz. 
The macro-pulse energy of FEL was around 2 mJ whose 
macro-pulse duration was 2 s. 
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Figure 2: Measurement setup for verification of the SHG. 

 
Next, we performed the experiment for verification of 

the HHG. The measurement setup is shown in Fig. 3. For 
the observation of the HHG, a high intensity of 
fundamental is preferable. Therefore, the wavelength of 
MIR-FEL was tuned to 7.8 m for the verification of 
HHG because we confirmed that the intensity of MIR-
FEL of the 7.8 m was the higher than that of the 12 m 
in KU-FEL. The emission from SiC was gathered to the 
optical fiber by focusing mirrors. The light in the optical 
fiber was transported to the spectrometer (Zolix Omni-
. The grating of 300  l/mm in the spectrometer was 
used. The resolution of the spectrometer was 2 nm 
(FWHM). Finally, the light was detected by an 
electrically cooled CCD array (INTEVAC Mosir 350). 
The CCD array was triggered by the master trigger of 
KU-FEL for synchronizing the timing between MIR-FEL 
irradiation and acquisition by the CCD array. The 
exposure time on CCD array was 10 ms, and the observed 
spectrum was averaged with the spectra of 200 shots. The 
repetition rate of the FEL was 1 Hz. The maximum 
macro-pulse energy was 4 mJ whose macro-pulse 
duration was 2 m. 

 

Figure 3: Measurement setup of HHG from SiC. 

VERIFICATION OF SHG FROM SiC 
The result of the observation of the SHG from SiC is 

shown in Fig. 4. It was reported the intensity of SHG 
from SiC was proportional to the square of the intensity 
of fundamental [1]. Therefore, we did the fitting with 
quadratic function to the observed points. The red line in 
Fig.4 is the fitting curve. From this result, we confirmed 
the SHG from SiC irradiated by MIR-FEL. 

 

 

Figure 4: Intensity dependence of the observed emission. 

VERIFICATION OF HHG FROM SiC 
Next, the result of the observation of HHG from SiC is 

shown in Fig. 5. In this experiment, we observed the 
emissions at those central energies of 1.29, 1.44 and 1.60 
eV. Those energies correspond to the 9th, 10th and 11th 
harmonics of incident FEL (0.159 eV, 7.8 m).  

In order to investigate the emissions, following 
experiments were performed. 

Confirmation of the Origin of the Emission 
For confirming the origin of the emissions, we covered 

SiC with aluminium film whose thickness was 12 m. 
Then, the harmonics included in the FEL it self were 
measured by the same spectrometer. The wavelength of 
irradiated MIR-FEL was 7.8 m. The result is shown as 
the blue line in Fig. 5 and no peaks were observed in this 
experiment. From this result, we confirmed the irradiation 
of MIR-FEL to SiC was essential to obtain the spectrum 
shown as the red line in Fig. 5. 

 

 

Fig 5: Emission from SiC and harmonics originally 
included in the MIR-FEL. 

Confirmation of HHG 
For confirming that the emissions observed in previous 
section were HHG from SiC irradiated by MIR-FEL, we 
performed the experiment with different wavelength of 
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MIR-FEL. The wavelength of MIR-FEL was tuned to 8.6 
m for that purpose. The result is shown in Fig. 6. In this 
experiment, the emissions having the central energy of 
1.34, 1.46, and 1.61 eV were observed. Those energies 
corresponded to the energies of 9th, 10th, and 11th 
harmonics of fundamental (0.144 eV: 8.6 m). From 
these experiments, we confirmed the observed emissions 
in Fig. 5 and Fig. 6 from SiC irradiated by MIR-FEL were 
HHG (9th, 10th, and 11th). 

 

Figure 6: Spectra of the emissions from SiC irradiated   
by MIR-FEL whose wavelength was 8.6 m. 

 

CONCLUSION AND FUTURE WORK 
We observed a second harmonic light from 6H-SiC 

irradiated by MIR-FEL. In addition, HHG up to 11th 
harmonics from 6H-SiC irradiated by MIR-FEL were 
observed. 

As the next step, we will measure the intensity of the 
high harmonics as a function of MIR-FEL intensity for 
deep understanding of the mechanism of harmonic 
generation from SiC irradiated by MIR-FEL. 
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BIO-LUMINESCENCE/SCATTERING AND ITS DYNAMICS  
IN ENCHYTRAEUS JAPONENSIS  

BY IRRADIATION OF FREE ELECTRON LASER 

F. Shishikura, School of Medicine, Nihon University, Tokyo, Japan 

Abstract 
We report on the experiment results of behaviours of 

the Enchytraeus Japonensis (EJ) which was irradiated a 
free electron laser (FEL). The focused one shot of the 
FEL (Power: 300 �J, Wavelength: 2.9 �m, Micro pulse 
width: 200 fsec) which resonated with hydroxyl stretching 
vibration was irradiated to center of the EJ body and we 
observed it by change coupled device (CCD) camera. As 
a result, the reactive products from EJ were generated by 
FEL irradiation. The reactive products were increased in a 
few milliseconds. More shot of FEL irradiations, the EJ 
body was broken and we observed emission of laser 
ablation from the EJ body. 

INTRODUCTIONS 
Earthworms are well known in whole globe which 

features are that there is the bottom of the food chain, and 
they work as the soil improvement agent. Exactly, the soil 
improvements by earthworms are reported on several 
papers [1-9]. Earthworms ingest the organic substances 

and microorganisms in the locality soil. Excretory 
products from earthworms are promoted effective use as 
plant growth and good farming land, generally. In 
addition, there are the earthworms which can ingest the 
heavy metal (Cd, Pb, Zn etc) [3-9]. These earthworms are 
expected to detoxifying source for infected soil.  

Currently, earth worms which ingested the heavy metal 
are using for assessment of soil contamination. However, 
it is required the great care because this assessment 
method needs large amount of earthworms and processes. 
To assess the soil contamination by earthworms, first, 
these earthworms are made to be powders by drying and 
gridding. After, pollution materials in the soil are analysed 
by extracted solutions from those powders.  

In order to simplify these processes, we focused on the 
laser ablation techniques [10-11]. The laser ablation is 
observed from laser irradiation area which wavelength is 
dependent on the laser irradiated materials. Moreover, 
laser irradiated materials are excited and emit 
photoluminescence. These emission spectra are used the 
qualitative analysis of laser irradiated materials. Therefore, 
we consider that it is effective method for soil 
contamination assessment to measure the emission 
spectra from the earthworm by laser irradiation. 

A free electron laser (FEL) is generated by Laboratory 
for Electron Beam Research and Application (LEBRA), 
Nihon University [12-14]. This FEL light is irradiated to 
earthworm as a laser ablation source because this laser 
wavelength can tune up with the molecular vibration of 
the chemical component in earthworm, the pulse width of 
this laser is about a few hundred of femtosecond; 
Thermally damage is less affect by laser irradiation. The 
earthworms are used Enchytraeus Japonensis (EJ) [15-16]. 

In this paper, we report the bioluminescence behaviour 
from EJ body by LEBA-FEL irradiation. 

EXPERIMENTS 
Selection of Free Electron Laser Wavelength for 
the Enchytraeus Japonensis by FT-IR 

Infrared light absorption of the EJ was measured by 
fourier transform infrared spectroscopy (FT-IR). Living 
EJs were gridded on sappier substrates. Those samples 
were annealed (Temperature: 200 degree, Time: 10 min) 
to evaporate the H2O in EJ. We conducted the FEL 
wavelength from FT-IR spectrum result. 

Free Electron Laser Irradiation to the Echytraeus
Japonensis 

Figure 1 shows the FEL irradiation system for EJ. A 
living EJ is put on the quartz substrate as a sample. This 
sample set up on the X-Y stage. The focused FEL (Power: 
300 �J, Wavelength: �����m) was irradiated to the EJ. 
Number of FEL shot was 6 shots. Interval of time 
between FEL shots was 5 second. Behaviours of laser 
irradiating EJ were observed by change coupled device 
(CCD) camera. The quality of FEL is as shown below. 
Macro pulse interval: 500 ms, Macro pulse width: 7.4 �s, 
Micro pulse interval: 350 ps, Micro pulse width: about 
200 fs. ( ). 

RESULTS 
Measurement results of Echytraeus Japonensis 
by FT-IR 

Figure 2 shows transmittance result of annealed EJ by 
FT-IR. Wavelengths about 3.42 �m and 3.50 �m showed 
clear absorption. These wavelengths were due to  
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Y. Hayakawa, K. Hayakawa, T. Tanaka,
 LEBRA, Institute of Quantum Science, Nihon University, Chiba, Japan
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CH2 vibrations (3.42��m: antisymmetric stretching, 
3.50��m: symmetric stretching). The wavelength region 
between 2.7 and 3.0 was broad absorbing. This region has 
several absorption modes such as –OH, -NH et al. We 
decided the FEL wavelength was 3.0 �m because there is 
fear that the FEL irradiation of 3.42 �m or 3.50 �m were 
destroyed the EJ body. 

FEL Irradiation to Echytraeus Japonensis 
Figures 3 show the CCD camera image of EJ which 

irradiated the one shot of FEL. We compared non laser 
irradiation sample (Pre-FEL irradiation) and 1 shot 
irradiated samples. 0 s means the moment of FEL 
irradiation. The 0 s sample observed FEL laser spot which 
size is about 50 �m. The 0.1 s sample shows there was 
different of the pigment colors in EJ. Therefore, this 
image divided two regions. One is the reactive product 
region by FEL irradiation (#1). The other is the stability 
region (#2). #1 region of 0.1 s sample was larger than that 
of the 0 s sample. Moreover, #1 region became large after 
0.1 s. Contrast, the length of #2 was shorter by laser 
irradiation. This indicated the EJ was reacted by FEL 
irradiation, and EJ was produced something around laser 
spot. 

In order to clearly the variation of #1 region, we 
calculated the areas of #1 region and all of EJ. S#1 means 
area of #1 region. Sall means all of EJ area. And S#1 was 
divided by Sall [(S#1) / (Sall)]. Figure 4 shows relationship 
between amounts of (S#1) / (Sall) and elapsed time of one 
shot of FEL. In case of from 0 s to 0.4 s, (S#1) / (Sall) 
amounts was increasing. After 0.4 s, (S#1) / (Sall) amounts  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 1: The FEL irradiation system for EJ. A 
focused  LEBRA-FEL  (Power:  300 � J, Wavelength: 
�����m, Micro pulse width: about 200 fs) was 
irradiated to the living EJ. Number of FEL shot was 6 
shots. Interval time between FEL shots was 5 second. 
Behaviours of laser i rradiating EJ were observed by 
change coupled device (CCD) camera. 
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Figure 2: Infrared  light  transmittance  of annealed  EJ 
by FT-IR. This figure shows same absorption peak 
which  due  to  the  CH2 vibrations.  Region  between  2.7 
and 3.0 was decreasing the transmittance amounts. 
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Figures 3: CCD camera image of the  LEBRA-FEL 
irradiated  EJ  (Laser  wavelength: 2.9 mm, Power:  300 
mJ). After  one  shot  of  FEL laser,  reactive productions 
were appeared (#1 region). 
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were saturated (about 0.32). These results indicated 
reactive products in EJ were not generated in a moment 
by laser irradiation, were slowly grown in a few 
millisecond. 

Figures 5 show the EJ behaviours of FEL shots by CCD 
camera. As noted previously, The 1 shot FEL irradiation 
sample had reactive production region. The 2 shot FEL 
irradiations sample observed white liquid at the edge of 
the EJ, and there was the reactive production region in 
this sample too. The 3, 4, 5 shot FEL irradiations samples 
were similar to 2 shot sample. However, the pigment 
colors of EJ body in 2, 3, 4 and 5 shots samples were 
whitely than that of the 1 shot sample. The 6 shots sample 
showed its all of body became white liquid status. This 
means number of laser irradiations could be broken the EJ 
body. Separately, red emission from the EJ was observed 
in 4 shot irradiations sample. We considered that this 
emission had possibility to study the qualitative analysis 
in the EJ. It is our future subject to measure this spectrum. 

 
CONCLUSIONS 

We investigated the behaviour of the laser irradiated EJ 
using LEBRA-FEL. One shot of FEL (wavelength: 2.9 
�m, micro pulse width: 200 fsec) irradiation was 
generated the reactive products from EJ body. The 
reactive products were observed around the FEL 
irradiated spot and increased these products in a few 
milliseconds. Emission from EJ body was observed by 4 
shots of FEL irradiated sample. More shot of FEL, the EJ 
body was broken. Our future issues are measurement of 
emission from EJ body for conducting components in this 
body. 
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Figures  5: EJ behaviours by LEBRA-FEL  irradiations. 
Over  the  2  shots  of  FEL were observed  white  liquid 
around the edge of EJ. Red emission was observed in 
the 4 shot sample. 
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PIT FORMATION ON DENTAL HARD TISSUES USING TWO DIFFERENT 
FREE ELECTRON LASER SOURCES, LEBRA-FEL AND KU-FEL 

T. Sakae, T. Kuwada, Department of Histology,  
School of Dentistry at Matsudo, Nihon University, Chiba, 271-8587, Japan 

Y. Hayakawa, T. Tanaka, K. Nakao, M. Inagaki, K. Nogami, K. Hayakawa, I. Sato,  
LEBRA, Institute of Quantum Science, Nihon University, Funabashi, 274-8501, Japan 

H. Zen, T. Kii, H. Ohgaki, Advanced Energy Generation Division, Quantum Radiation Energy 
Section, Institute of Advanced Energy, Kyoto University, Kyoto, 611-0011, Japan

Abstract 
According to the increased usage and demands of lasers 

in dentistry, research and development of the more 
reliable and functional lasers are needed. In the case of 
caries treatment, the lasers generated by commercial 
apparatus are not enough to dig the dental enamel and/or 
dentin tissues. Our previous studies showed that FEL 
generated at LEBRA has a potential to form pits on these 
dental hard tissues easily, and that the effective 
wavelength depends on the tissue types sensitively at 
about 3000 nm. To progress the FEL study on dental 
tissues, it is needed to spread the range of wavelengths 
more than that at LEBRA, between 2000 and 6000 nm. 
The newly established KU-FEL is able to generate the 
FEL of wavelength between 5000 and 13000 nm. 
Combining the two FEL sources, we found a new result 
that the dental hard tissues were easily dug by 7600 nm 
KU-FEL, which wavelength has not been presumed 
before. In the combination of LEBRA-FEL and KU-FEL, 
the wider knowledge on the FEL action on dental tissues 
will be achieved. 

INTRODUCTION 
Lasers in Dentistry 

Just after the first ruby laser was developed [1], dental 
researchers studied possible application of laser energy to 
dig dental enamel without pain [2]. Now, lasers have been 
applied in dentistry to sulcular debridemend (Curettage) 
and reduction of bacterial level, treating periodontitis, 
root planing, pain control, wound healing, diagnosis of 
caries, and hard tissue applications using a variety of laser 
systems including CO2 (10600 nm), Er:YAG (2940 nm), 
Ho:YAG (2100 nm), Nd:YAG (1064 nm), diode (810, 980 
nm), Ar (514, 488 nm).  

ADA (American Dental Ass., 2009) stated that while 

Er:YAG and Er, Cr:YSGG (2780 nm) lasers be an 
alternative method of removing enamel, dentin and caries, 
clinicians are encouraged to be cautious and to be aware 
of the benefits and risks using lasers.  

Generally, all the three emission modes (continuous, 
gated-pulsed, and true-pulsed) used in dental clinical 
lasers produces the thermal effects [3]. A limited studies 
on FEL application to dental hard tissues were reported. 
FEL irradiation, on the other hand, revealed that LEBRA-
FEL did not show any apparent heat-effects but did show 
the formed pit deepness being correlated with the output 
and wavelength [4].  

More recent studies on FEL-dental tissue interaction 
using KU-FEL showed that dental enamel was dig easily 
with the other wavelengths than the optimal, 2940 nm. 
This study aimed to clarify the FEL-dental tissue 
interaction mechanism using two different FEL sources. 

Laser-Tissue Interaction 
The principle mechanism of action of laser energy on 

tissue, known at now, is photothermal, other mechanisms 
may be secondary to this process [5]. Rapid heating of 
water molecules within enamel (ca. 96 wt% biological 
apatite, 2 wt% organic and 2 wt% water) causes rapid 
vaporization of the water and build-up of steam which 
causes an expansion that ultimately over comes the 
crystal strength of the tissue and the materials breaks, by 
exploding, this process is called ablation. Fig.1 showed 
the reported FT-IR data for water and hydroxyapatite. 
Biological apatite, which is the main inorganic component 
of bone and tooth, is a sub-family of hydroxyapatite, and 
a chief characteristics is a remarkable carbonate 
substitutions up to 8 wt% [6]. It is notable that there is a 
structural OH in the apatite crystal structure, but there is 
no remarkable absorption around 3000 cm-1 in the 
spectrum.  

 
Figure 1: FT-IR data for (left) Hydroxyapatite (RRUFF File), and (right) Water (NIST). 
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This mechanism also implies to dentin (70 wt% 
biological apatite, 20 wt% organic, 10 wt% water), bone 
(50 wt% biological apatite, 30 wt% organic, 20 wt% 
water) and the other hard tissues. Photothermal effect: 
The rate of temp. rise depends on several factors. Rise of 
tissue temp. will give severe damage. Dental tissues have 
complex composition, and the four interaction phenomena 
occur together in some degree relative to each other: 1) 
absorption, 2) transmission, 3) reflection, 4) scattering. 
Among these, 2) through 4) has no effect on the target 
tissue, but harmful to the patient and operator.  

MATERIALS AND METHODS 
The target dental tissues were human tooth enamel and 

dentin. The reported compositions for human enamel are 
ca. 96 wt% inorganic (biological apatite), 2 wt% organic 
(enamel protein) and 2 wt% water; for dentin ca. 70 wt% 
inorganic, 20 wt% organic (mainly collagen) and 10 wt% 
water. Human teeth used in this study were the extracted 
by orthodontic reasons and pooled samples before the 
ethics committee at our school was established. The tooth 
samples were made into slices using a precision diamond 
wafering saw, IsoMet, Buehler Co. Ltd.  

These sliced tooth samples were irradiated by the two 
FEL sources, LEBRA-FEL, Nihon University, and KU-
FEL, Kyoto University. The details for the specs of 
LEBRA-FEL and KU-FEL were presented at the other 
corner in this proceedings. The principle conditions used 
in this study were as follows; LEBRA-FEL: 2940 nm, 1.5 
mJ/pulse, 50 mJ/cm2, KU-FEL: 7600 nm, 0.8 mJ/pulse, 
13 mJ/cm 

RESULTS AND DISCUSSION 
Both FEL sources made apparent remarkable pit 

formation on the dental tissue surfaces (Fig. 2 and 3). Pits 
were formed on both enamel and dentin surfaces without 
apparent scar.  

LEBRA-FEL tuned at 2940 nm, the so-called optimum 
wavelength, could form pits easily both on the tooth 
enamel and dentin (Fig.2). And the previous studies using 

the tunable LEBRA-FEL revealed that the tissue 
dependent optimum wavelength for enamel and dentin. 
The other wavelengths, between from 2000 nm to 6000 
nm, using LEBRA-FEL failed to form any pits [7]. 

Contrary to expectations, KU-FEL, 7600 nm and less 
fluence, could easily form pits on both enamel and dentin 
without scars (Fig. 3). Clinically used lasers about this 
wavelength range generally show the photothermal effect 
and scars on the soft tissues and no pit formation on the 
hard tissues [8]. 

 

 

Figure 3: KU-FEL irradiation on the human tooth section 
resulted in the streaked pit formation. The streak form pit 
may be due to the not-well adjustment of the optical path 
system. 

The results obtained here are not easily explained by 
the well known principles for the dental tissues and laser 
interaction. There arose some questions to be clarified 
such as;  

Question 1: If water explosion is the main cause for the 
dental tissue destruction, why the optimum wavelength is 
differing among the tissues? 

Question 2: What is the mechanism for the dental tissue 
and FEL interaction? 

 
Figure 2: LEBRA-FEL irradiation on the human tooth section resulted in the round pit formation. 
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CONCLUSION 
The FEL irradiated pit formation on tooth surface has 

been made in the principle which is different from that 
being widely accepted “photothermal or water explosion” 
mechanism. It is suggested that the basic researches on 
application of FEL will help to develop a new horizon of 
lasers in dentistry. The FELs have a potential ability for 
dental clinical usage. 
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THE JLAB UV UNDULATOR 
Stephen Gottschalk, STI Optronics, Bellevue, WA 98004, USA 

Stephen Benson, Wesley Moore, JLAB, Newport News, VA, 23608, USA 

 
Abstract 

Recently the JLAB FEL has demonstrated 150 W at 
400 nm and 200 W at 700 nm* using a 33-mm period 
undulator designed and built by STI Optronics. This paper 
describes the undulator design and performance. Two key 
requirements were low-phase error, zero steering, and 
offset end fields and small rms trajectory errors. We will 
describe a new genetic algorithm that allowed phase error 
minimization to 1.8 degrees while exceeding 
specifications. The mechanical design, control system and 
EPICS interface and lasing results will be summarized. 

INTRODUCTION 
The UV undulator for JLAB has an interesting history. 

Originally in 2005 it used the magnetic subsystem 
consisting of magnets, poles, holders and beams for a 33-
mm period undulator built by STI in 1988 for CHESS. In 
2011 those parts were returned to CHESS and replaced by 
an APS “Undulator A” 33-mm period magnetic system 
originally built by STI in 1998 and used for LEUTL[1]. 
The LEUTL application was at a fixed gap of 9.35mm. It 
is the performance of the newer, variable gap system that 
is described in this paper.  

UNDULATOR DESIGN, PERFORMANCE, 
EPICS SUPPORT AND TUNING 

A picture of the device installed at JLAB is shown in 
Fig. 1. The magnetic design of APS Undulator A 33-mm 
period has been described elsewhere [2]. Seven poles and 
magnets were removed from each end to accommodate 
the existing JLAB vacuum tube. All original shims and 
other tuning devices were removed by APS prior to 
shipment to STI. Without shims, phase error was below 
5° but trajectory and quadrupoles needed tuning. The 
specification and performance are summarized in Table 1. 
A comparison of the original straight-pole CHESS 
wiggler field strength with the present wedged pole APS 
wiggler is shown in Fig. 2. The wedged design is 25% 
stronger and the new wiggler has half the phase error. 

The peak-to-peak trajectory error is important since it 
relates to keeping the electron beam in the middle of the 
optical mode.  When the Rayleigh range is about one third 
of the wiggler length it is important to keep the electron 
beam centered on the optical mode to get the best 
                                                           

* S. V. Benson et al., "Beam Line Commissioning of a UV/VUV FEL at 
Jefferson Lab”, presented at the 2011 FEL Conference, Shanghai, China, 
Aug. 2011 
 

overlap.  One can have a mode that has good gain with a 
plane wave but not with a tight Gaussian mode.  In this 
case we have both.  Angular errors can lead to phase 
errors but they can also compensate field errors to make 
the phase errors even smaller.   

 

 

Figure 1: UV wiggler installed at JLAB. 

The mechanical design was based on an earlier STI 
design for the JLAB IR wiggler [3]. Each beam is 
attached to two trolleys that move on linear guides. A 
total of four motors are used. A welded steel support 
frame is used for rigidity. Long bias coils provide ambient 
field compensation. The IR wiggler had a horizontal B 
field while the UV has a conventional vertical B-field. 
The UV wiggler added tilt switches and increased drive 
power since magnetic forces are larger. A Mitsubishi PLC 
was included in both systems, but it does not perform 
motion tasks. It is used as a watchdog to monitor mains, 
tilt switches, controlled stop, pause and emergency stop 
functions. The control panel is shown in Fig. 3. 

 
Figure 2: Field strengths of CHESS and APS wigglers.
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Table 1: Summary of Wiggler Performance 

Item Specification After tuning 

Number of motors 4 4 

Encoders Load and motor Load and motor 

Period 33mm 33 mm 

Gap range 11 – 100 mm 13.1 – 100.7 

Magnetic CL shift ±100 μm ±3 m 

Gap resolution <1μm 50 nm 

Gap reproducibility <20 μm <3 μm 

Cant angle variation <1 mr 0.001 mr 

Max end-to-end gap 
taper 

<15 μm 5.3 ± 13 μm at 13.1mm 
8.0 ± 29 μm at 29 mm 

Pole-to-pole length <213 cm 193 

|I1|, all gaps, both 
components 

<400 G-cm -4 to -56 G-cm normal 
-60 to -15 G-cm skew 

|I2|, all gaps <20,000 G-cm2 skew 
<10,000 G-cm2 normal 

-3900 to 2700 G-cm2 normal 
-5300 to -200 G-cm2 skew 

Entrance offset <10,000 G-cm2 +710 G-cm2 to -1060 G-cm2 

Quadrupole <50 G normal 
<50 G skew 

1.4 to 46.7 G normal 
6.8 to -17.1 skew 

Sextupole <200 G/cm normal 
<100 G/cm skew 

-73 to -25 G/cm normal 
15 to 33 G/cm skew 

Octupole <300 G/cm2 normal 
<50 G/cm2 skew 

<10 G/cm2 both 

Rolloff at 3mm <0.1% 0.005% 

Phase error <5 degs 1.8 deg at 13.1 mm gap 
1.03 deg at 29 mm gap 

Peak field variation, 
13.1 to 30mm gap 

<1% 0.43% at 13.1 mm to  
0.83% at 29mm gaps 

Trajectory straightness 
at 150 MeV 

240 (1 (0.308 ( ))rmsm B kG  -11 μm to +8 μm at 13.1mm 
-31 μm to 17 μm at 29mm 

 

 
Figure 3: IR and UV wiggler control rack. 

 
 
 
A Galil 4-axis motion controller provided closed-loop 

servo control using STI embedded firmware. Servo drives 
move Exlar linear actuators. The controller handles all 
synchronization, correction, safety, and status reporting. It 
moves all drives simultaneously. Ethernet is used for 
commands and status, RS232 is also available. Embedded 
firmware rejects unsafe movement requests such as taper 
or out-of-range gaps. During operation the controller 
accepts host ASCII commands, processes them and 
provides high-level status at 10 Hz. If needed, low-level 
UDP/IP packets can be queried up to 1 kHz. Linear 
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encoders or correction tables are used for accuracy. 
Encoder offsets are set so the system undershoots the gap 
and then moves slightly closer. For safety, there is no 
correction at minimum gap. Heidenhain metrology gages 
were used to measure half gap for each motor. Hard stops, 
limit switches as well as firmware, software, user gap 
limits, and zero-backlash fail-safe brakes provide 
additional levels of safety. During operation the drives 
can move to the requested gap, stop, engage the brakes, 
turn off and then no further motion occurs. Expert level 
GUI software was also written by STI. The operator GUI 
is an object-oriented programming, multi-tiered extension 
of the LNLS [4] and permanent magnet quadrupole [5] 
software. Galil firmware is quite similar between all these 
devices. 

EPICS Support 
Since the embedded firmware manages all closed-loop 

control, process control was not a requirement for the 
EPICS support.  However, it was essential in providing 
distributed access and control over both the IR[3] and UV 
wigglers.  Using an EDM screen, the end user can request 
positioning based on K value or desired wavelength.  This 
information along with the current energy of the electron 
beam is interpolated to determine the gap required to meet 
the request.  The calculated gap is verified to be within a 
safe range before allowing the user to issue the change in 
wiggler gap.  Changing the motor speed and monitoring 
the brake status are also provided to the user.  Exposing 
the full functionality of the firmware could have been 
easily implemented, but was not a requirement at the time 
of commissioning.  Only 18 process variables (PVs) were 
used for each wiggler, creating this basic set of controls 
and readbacks.  
     The Galil motion controller provides Ethernet and 
serial communication.  Ethernet was used to create a local 
network between a PC hosting STI’s expert control and 
the IR[3] and UV wigglers.  At that time, the EPICS 
controls were hosted on a MVME177 IOC with available 
serial ports.  Since then, COTS device servers along with 
the use of softIOCs have replaced the high-priced VME 
components. This maintains full flexibility for any future 
demands.  For example, feedback provided by the EPICS 
controls is being merged with the JLAB FEL’s laser 
safety system.   

Genetic Shimming Algorithms 
As specifications have become more stringent, earlier 

tuning approaches have been upgraded to use global 
optimizers. For short wigglers, such as the Echo-7, 
NLCTA devices [9], true global optimization using 
linear/integer programming (LP) was feasible. Because 
the number of possible shim settings on long devices such 
as this one can be very large, heuristic, “good enough” 
approaches are used. 

Rather than write a new simulated annealing code we 
used an Excel add-in Evolver from Pallisade. Population 
size was 50, crossover was 0.5, and mutation was 0.1. 

Others [6-8] have used MatLAB or Igor for this purpose. 
The advantage of a genetic approach is that it does not 
require linear or quadratic equations and allows explicit 
minimization of phase errors. For the UV wiggler we 
used both pole shims [10] and magnet shims [2]. Since 
pole shims change the local gap, they are exactly 
equivalent to “virtual shimming”. Different B-field 
signature functions were used for each type of shim. 
Additional features not used for [10] were modifying the 
thickness of existing shims; not allowing trajectory shims 
in regions with multipole shims and mixing pole and 
magnet shims. The processes of multipole, trajectory and 
end field tuning were interleaved. 

To reach a small phase error we ran a number of 
scenarios to guide shim iterations (see Fig.4, upper right). 
For each scenario the number of shims was increased and 
the phase error had an upper constraint that was always 
smaller than the prior scenario. Agreement between 
predictions and measurements was remarkably good for 
each scenario. For 16 shims with a maximum thickness of 
0.002”, the phase error was 4.27 degrees but by allowing 
up to 64 pole shims with a few 0.006” thick shims the 
phase error of 1.8 degrees was reached. The thickness 
histogram is shown in Fig.4 upper left. During 
optimization at each scenario specification driven hard 
constraints on 1st and 2nd integrals, peak-to-peak 
trajectory, peak-to-peak angle, rms trajectory, B field and 
half-period kick were imposed.  

We did note that about half the field errors did not have 
the same gap dependence as pole shims. This has been 
observed before and is why both pole and magnet shims 
are allowed. The tuning code is being upgraded to include 
multiple-gap shim signature functions. The trajectory 
calculated from the measured field is shown in the lower 
part of Fig. 4. Entrance angle and trajectory offset 
correlate (Fig. 4 lower, right) and are within 
specifications. No EM correctors were used to meet 
requirements. 

LASING RESULTS 
The UV laser was commissioned with the new 

undulator and lased with three different mirror sets.  The 
first, centered at 700 nm lased well.  During 
commissioning, lasing was achieved on a satellite peak of 
the mirror wavelength detuning curve where the losses 
were over 50% per pass.  The second set was the 400 nm 
set used in previous measurements.  The detector system 
used to measure the gain was not functioning correctly.  
The measured gain was higher than 100% but the turn-on 
and cavity length detuning curves were consistent with 
the values recorded with the previous wiggler, which 
demonstrated electronic gain of approximately 180% per 
pass.  Finally we lased with a hole coupler at 373 nm and 
delivered 10 eV third harmonic light to experiments 
studying atomic trapping of krypton.  Tuning across each 
of the mirror sets was easily achieved. 
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Figure 4: Final UV wiggler trajectory at 13.1-mm gap (lower, left), entrance condition (lower, right), shim details 
(upper). 

CONCLUSION 
We have described the design and performance of the 

JLAB UV wiggler and described steps used for tuning 
with a genetic optimizer. 
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DESIGN AND PERFORMANCE OF THE NLCTA-ECHO 7 UNDULATORS 

 
Stephen Gottschalk, Robert Kelly, Michael Offenbacker, John Zumdieck STI Optronics, Bellevue, 

WA 98004, USA

Abstract 
The Echo-enabled harmonic generation (EEHG) FEL at 

SLAC NLCTA has shown coherent radiation in the 
seventh harmonic (227 nm) of the second seed laser [2]. 
Earlier experiments demonstrated 3rd and 4th EEHG [1]. 
We describe design and performance of the 33-mm and 
55-mm period undulators built by STI Optronics and used 
for these experiments. Magnetic design of the 33-mm 
period undulator was based on an earlier curved-pole, 
two-plane focusing undulator for the UCLA seeded THz 
FEL [3]. The 55-mm undulator was identical to the JLAB 
IR FEL and APS UA U55 designs. A challenge for both 
these devices was achieving tight normal and skew 
trajectory excursions (<500 G-cm2), zero trajectory offset 
and <10 G-cm steering without end correctors over a 5-
mm diameter horizontal and vertical region with a 4-
month delivery requirement. We will also describe a new 
tuning method based on operations research linear 
programming that was used to help meet these goals over 
a 2X larger region while maintaining 1 phase errors. 

INTRODUCTION 
EEG enables seeded X-ray FELs without the shot noise 

limitation of SASE mode. The theory of EEG is 
summarized in [1] and advantages of EEG for achieving 
temporally coherent X-ray operation are described in [2]. 
The EEG FEL at the NLCTA at SLAC has demonstrated 
7th harmonic operation at 227 nm with a 120-MeV 
electron beam using 795-nm and 1590-nm seed lasers [2]. 
The experiments utilize multiple chicanes, undulators, 
and transverse rf cavities. For this project we made 
undulators U1 (10 periods, 3.3-cm period) and U2 (10 
periods, 5.5-cm period) to the specifications shown in 
Table 1. One device was a modified 33-mm period 
undulator [3] in which the two-plane sextupolar focusing 
was replaced by flat pole, one-plane focusing while the 
55-mm period device was the same as APS Undulator A, 
55 mm and JLAB IR 55 mm. Fig. 1 shows the 55-mm 
period undulator at NLCTA and the 33-mm period device 
during scanning at STI. 

 

Table 1: EEHG Undulator Performance 

Item U1 Specification U1 Actual U2 Specification U2 Actual 

Type Hybrid Hybrid Hybrid Hybrid 

Magnetic Material Not specified Vacodym 890TP 
Br = 1.164T 

Not specified Shin-etsu N32Z 
BR = 1.11T 

Gap >10 mm 10.653 mm >10 mm 25.47 mm 

Wiggle Plane Horizontal Horizontal Horizontal Horizontal 

Good Field Region 2.5-mm radius -3 mm to >5 mm 2.5-mm radius -4.5 mm to >5 mm 

Number of Full 
Strength Periods 

9.5 10.5 9.5 10.5 

Period Length 33mm 33.013 mm 55 mm 55.035 mm 

K 1.8016 1.8018 2.0724 2.0722 

Peak Field 0.5845T 0.5846T 0.4034% 0.40336 

First Integrals in 
Good Field Region 

<10 G-cm (x,y) -5.9 to -6.0 skews 
+5 to -10 normals 

<10 G-cm -3.0 to -8.0 skews 
0 to -6.0 normals 

Second Integrals in 
Good Field Region 

<1000 G-cm2 80 to -50 skews 
400 to 0 normals 

<1000 G-cm2 560 to 300 skews 
300 to 550 normals 

Transverse Rolloff <1% at 5 mm 0.7% <1% at 5 mm 0.3% 

Pole Width Not Specified 25.58 MM Not Specified 55 mm 

Phase Error <20 0.8 <20 1.1 
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Figure 1:  55 mm (left, on NLCTA) and 33 mm (right, being scanned) period undulators. 

 
MAGNETIC DESIGN 

Central and End Fields 
Both undulators used ultra-high coercivity magnets to 

maximize radiation resistance. The 33-mm period 
magnets were Vacuumschmelze Vacodym 890TP with Br 
= 1.164T, Hc,J > 1598 kA/m at 20 C, Br = 1.11T, Hc,J = 
1097 kA/m at 150 C, based on hysteresigraph data. For 
the 55-mm period undulator the magnets were Shin-Etsu 
N32EZ with Br = 1.12T at 20 C (based on Helmholtz 
coil data). Straight poles provided sufficient field strength 
and allowed re-use of earlier designs. 

End fields were standard reduced magnet height, 
reduced pole height designs [4]. Since the trajectory offset 
requirement was 100X smaller than APS UA, extra care 
was needed when setting the end pole and magnet sizes. 
Parametric mesh settings, polynomial order values and 
sensitivity analyses were used. For the 33-mm period end 
fields we used the OptiNet evolutionary optimizer from 
Infolytica Corp to run the parametric end field FEA 
analyses. Our scripts calculate wiggle averaged 1st and 2nd 
integrals and OptiNet parametrically changed magnet and 
pole sizes to achieve zero steering, zero offset, maximum 
number of full strength poles without overshoot at the 4th 
pole in an automatic manner. Typical optimizations 
require 100-300 3D FEA runs. The 33-mm period end 
field is shown in Fig. 2. 

 
Figure 2:  Calculated 33-mm period end field. 

However, we encountered difficulty with the 55-mm end 
optimization. It would have required much smaller 

nonlinear solver tolerances leading to significantly longer 
optimization times than allowed in the schedule. 
Therefore, we used a variation of Richardson’s 
extrapolation [5] for signature functions. In this approach, 
the changes in B-field caused by adjustments of pole or 
magnet heights are found for two different finite 
nonlinear solver tolerance settings. Then the B-field 
change vs. z is extrapolated to zero tolerance. A fast 
optimizer (we used the SOLVER add-in for Excel) 
quickly calculated quantities of interest and optimized the 
design. The signature functions from this extrapolation 
approach are shown in Fig. 3 along with a scaled B-field 
for reference. These signature functions also permit 
determination of sensitivity matrices. 

 
Figure 3: 55-mm period undulator end field signature 
functions. 

We found that 0.1 mm or 1% strength changes easily 
cause 1% peak field changes for the 3rd pole, 50 G-cm 
changes in the 1st integrals and 800 G-cm2 changes to the 
2nd integrals. Finally, the FEA parameters are adjusted to 
match the SOLVER estimates and the FEA model is 
solved with MagNet to confirm the results.  

Ambient Fields 
Environmental magnetic fields are modified by 

ferromagnetic material such as steel in linear guides and 
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rails, strongbacks and (for hybrid undulators) the poles. 
We have found that every undulator has a unique ambient 
field signature and per requirements, we removed our 
ambient field from the scans prior to tuning. The 
approach is to import a 3D CAD file of a half wiggler into 
Magnet, apply the appropriate boundary conditions and 
material properties and then add a uniform 1-G external 
B-field. The resulting gap dependent skew and normal 
ambient fields are then used to subtract the STI ambient 
fields. Multipoles were analysed and found to be small. 
About 15% of the skew remains (Fig. 4). The normal 
ambient signatures are more complex and show evidence 
of the linear guides. 

 
Figure 4: Ambient field signatures. 

MECHANICAL DESIGN 
While the requirements in Table 1 are at one gap, the 

magnetic field strength was specified to within 1 G, 
which implies 1.8 µ (33 mm) to 4.3 µ (55 mm) accuracy 
in the gap. We used a non-backdriving Acme screw jack 
shown in Fig. 1 and a 1-µ resolution digital micrometer to 
adjust the upper beam while the lower beam used a linear 
guide mounted stop and a spring preload. Crossed roller 
guides were used to hold each magnetic assembly. A 
safety hard stop (not visible in Fig. 1) was also included. 
The vertical and horizontal mounting plates were MIC-6 
ground aluminum with an aluminum angle bracket to 
achieve perpendicularity. Beams were aligned axially and 
transversely during assembly to minimize cant and pole 
axial and transverse skew. The horizontal plates used 
adjustable kinematic mounts (cone, V, flat). Beams used 8 
tooling balls at fiducialized locations plus redundant gage 
pad readings at 8 locations, pole scribe lines and ceramic 
gage block values for end poles. Rough alignment used 
bubble levels at reference locations plus a jig transit while 
fine alignment (few microns) used magnetic scan 
analyses. 

OPERATIONS RESEARCH TUNING 
APPROACH AND MEASURED 

PERFORMANCE 
Trajectory and phase tuning of the 33-mm period 

undulator used spreadsheets developed for APS 
Undulator A. Multipole shims were located so that the 
trajectory multipoles were tuned at the same time as the 
integrated multipoles. This requirement is becoming more 
typical for FEL’s which need to maintain optical beam 
overlap. Performance is shown in the upper part of Fig. 5. 
The sextupole for the undulators was the result of the 
symmetric B-field specification coupled with the natural 
sextupole of the finite width poles. This was larger on the 
33mm period device because it had smaller poles. 

For the 55-mm period undulator we developed a tuning 
algorithm based on operations research integer 
programming. Global optimization falls into two broad 
categories: exact methods for small problems and “good 
enough” heuristic methods (simulated annealing, 
evolutionary, genetic, ANT) for large problems. Short 
undulators like these fall into the small problem category. 
For optimization with linear objectives but continuous 
variables the Simplex algorithm [5] is a good choice for 
small problems while integer programming using branch 
and bound [6] is the preferred method with discrete 
variables. As noted in [6] for some integer programming 
problems, a rounding of continuous variable approach 
generates poor or even infeasible optimization results. 
Shim thicknesses are discrete and we found on NISUS [7] 
that rounding continuous shim thicknesses introduced 
errors that required further iteration.  

An additional subtlety for short undulators is that 
because of end effects, shim signature functions are not 
shift-invariant. They are different for each shim. Field 
changes were a convolution of individual shim signatures 
functions for every location in the undulator. 

Finally, the symmetric design did not cancel 
quadrupoles caused by small cant angles, so normal 
quadrupole shimming was needed.  

We used the commercial integer programming package 
What’s Best (www.lindo.com). An Excel spreadsheet was 
used to predict performance when arbitrary shim 
thicknesses are used. The optimizer adjusted thicknesses 
subject to positive total shim thickness, I1 and I2 
constraints while minimizing trajectory fluctuations. 
Trajectory shimming was interleaved with normal and 
skew multipole shimming to meet the requirements in 
Table 1. Results are shown in the lower plots of Fig. 5. 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

0 5 10 15 20

B
(g

au
ss

)

z/lw

Bx_33(gauss)
By_33(gauss)
Bx_55(gauss)
By_55(gauss)

55mm

33mm

Proceedings of FEL2012, Nara, Japan THPD12

FEL Technology III: Undulators, Monitors, Beam diagnostics 573 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 5:  33 and 55mm period performance. 

 

CONCLUSION 
We have described approaches used to achieve the 

requirements of the Echo-7 undulators. End field and 
tuning algorithms have been discussed which are 
generally applicable to FEL undulators.  
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DESIGN AND PERFORMANCE OF THE WEDGED POLE HYBRID 
UNDULATOR FOR THE FRITZ-HABER-INSTITUT IR FEL 

S.C. Gottschalk, T.E. DeHart, R.N. Kelly, M.A. Offenbacker, A.S. Valla, STI, Washington, USA 
H. Bluem, D. Dowell, J. Rathke, A. M.M. Todd, AES, Princeton, New Yersey, USA 

S. Gewinnner, H. Junkes, G. Meijer, W. Schöllkopf, W.Q. Zhang, FHI, Berlin, Germany 
U. Lehnert, HZDR, Dresden, Germany

ABSTRACT 
An IR and THz FEL with a design wavelength range 

from 4 to 500 µm has been commissioned at the Fritz-
Haber-Institut (FHI) in Berlin, Germany. Lasing at 28 
MeV and a wavelength of 16 µm was achieved in 
February 2012 [1]. We describe the performance of the 
undulator built and installed at FHI by STI Optronics for 
use in the mid-IR range (<50 µm) and 15- to 50-MeV 
beam energy. The undulator was a high-field-strength 
wedged-pole hybrid (WPH) with 40-mm period, 2.0-m 
long, and minimum gap 16.5 mm. A new improvement 
was including radiation resistance in the magnetic design. 
We will discuss the measured magnetic and mechanical 
performance, central and zero steering/offset end-field 
magnetic designs, key features of the mechanical design 
and gap adjustment system, genetic shimming algorithms, 
and control system.  

INTRODUCTION 
The FHI undulator [1] is shown in Fig. 1. FHI chose a 

hybrid design because they are more radiation resistant 
than PPM [6] and wedged poles provide higher field 
strength. Using NdFeB magnetic material does allow 
repair of magnets damaged by radiation [3] whereas 
Sm2Co17 magnetic material must be replaced [13]. Magnet 
homogeneity data was measured and used for sorting. 
Tuning used a genetic optimizer [4] to satisfy a number of 
nonlinear, non-smooth constraints. Mechanics and control 
systems are based on earlier devices [2]. Performance is 
summarized in Table 1. Factory acceptance testing was 
completed in 9 months after start of contract.  

RADIATION RESISTANT MAGNETIC 
DESIGN 

Radiation has damaged undulators, [3]. The region 
damaged operated in the 3rd quadrant. In the 1980s, FEL 
undulators used SmCo5 magnetic material, then as NdFeB 
improved and synchrotron radiation rings came online in 
the 1990’s, undulators used NdFeB. Since e-beam 
emittance is larger on FEL’s than storage rings, new 
facilities like FHI are requesting better radiation 

resistance. The FHI FEL has some energy collimation 
from the bend but the undulator is the limiting aperture.  

Experiments by Bizen [5,6] confirm that coercivity and 
permeance (B/0H) are important. Studies with open 
circuit magnets (room temperature or cryogenic) do not 
reflect the more challenging undulator magnetic 
environment. For example, in [6] the lowest permeance 
was 0.74 but no part of any undulator magnet operates 
above a permeance of 0.2. Moderators in front of magnets 
change the particle and energy spectrum as well as the 
dose pattern making extrapolation to undulators in FEL’s 
questionable.  

 

 
Figure 1: FHI undulator being scanned at minimum gap. 

A review of magnet domain theory [9,10] shows that 
the only mechanism for change of magnetism without 
melting, baking to Curie temperature or pulverizing 
magnets is heating above the safe operating temperature 
for the local permeance. This temperature depends on the 
anisotropy coefficients for the particular grade and is not 
directly related to the Curie temperature. When heated, 
the lowest energy state for the domain becomes a reversed 
spin orientation [11]. In nucleation magnets like NdFeB, 
grains enclose domains. Bloch wall energies are 
sufficiently low that if one domain inside a grain reverses 
then all domains reverse. Domain sizes range from 5nm to 
10 nm and grain sizes are 5-10 µm. 
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Table 1: 

Quantity Specification Measured 

Type Hybrid-Steel or Permendur poles Hybrid-Permendur poles 

Length 2.04 m 2.04 m 

Number of periods 50 50 

Period 40 mm 40 mm 

Krms 1.5 - 0.5 1.62 - 0.5 

Peak field at 16.5-mm gap 0.568 T 0.614 T 

Gap range 16.5-75 mm 16.5-155 mm 

Magnetic material Sm2Co17 or NdFeB NdFeB Vacodym 890TP, Br=1.174T 

Beam height 1.2 m ±25 mm 

0.1-mm precision 

1.2 m±25 mm 

0.025-mm precision 

Gap resolution < 1 µm 10-nm linear, 1.85-nm rotary 

Gap setting repeatability 0.01mm <30 nm (using linear encoders) 

Gap bi-directional backlash 1 µm <1 µm 

First integral |I1| < 100 G-cm 13 G-cm at Krms=1.5 

-37 G-cm at Krms = 0.5 

Second Integral |I2| < 2600 G-cm2 1620 G-cm2 at Krms = 1.5 

0 G-cm2 at Krms = 0.5 

Peak-to-peak Trajectory Deviation -2600 < I2(z) < 2600 G-cm2 -1300 < I2(z)<  2000 G-cm2 all gaps 

Phase error all gaps < 5° 4° at Krms=1.5 

1.9° at Krms = 0.5 

Transverse rolloff at 10mm < 1% at Krms = 1.5 

< 5% at Krms = 0.5 

0.7% at Krms = 1.5 

1.6% at Krms = 0.5 

 
Radiation heats domains by inelastic collisions [12]. An 

electron slowing down from 0.5 MeV to 60 keV 
undergoes about 100,000 collisions with most occurring 
at low energies. Excitation deposits 10-30 eV/collision but 
ionization can deposit several hundred eV. High-energy 
electrons have ranges much longer than grain sizes, for 
example a 1-MeV electron has a range of about 1 mm. As 
more collisions occur, the scattered electron energy falls 
below a keV leading to domain heating that can exceed 
the safe operating temperature. 

If the permeance is low, then the magnet will be more 
sensitive to heating, even if a high coercivity grade is 
chosen. At zero permeance Sm2Co17 starts losing strength 
at a temperature of 140 C while the grade of NdFeB we 
used operates up to 170 C [13]. At a 3rd quadrant 
operating point of 1.25Hc,B[19] the safe temperature is 25 
C lower than the zero permeance value for all grades. 
Domain permeance decreases during heating because the 
struck domain is biased in a background field imposed by 
the surrounding domains, which remain at ambient 
temperature. It is a small effect for room temperature 
undulators but potentially large for cryogenic undulators 

operating below 100 °K, especially because heat capacity, 
Cp, decreases rapidly with temperature [14]. 

The approach chosen for this undulator was to use the 
highest coercivity magnets and operate entirely in the 2nd 
quadrant. We employed a wedged pole hybrid and 
permitted quite low permeability, ~60. Safe operating 
temperature is 170 C vs. 60 C for APS U33 [19]. 

Appropriate codes for detailed Monte-Carlo analyses of 
domain heating are PENELOPE [7] and Geant4 [8].  

Central and End Field Magnetic Design 

 
Figure 2: Quarter period FEA and end field for FHI. 
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The undulator achieves 2nd quadrant operation by 
aggressive design of magnet and pole shapes near the e-
beam. OptiNet was used with a parametric wedged pole 
model. Initial design used 2D FEA. Next, 3D FEA was 
used to adjust the magnet overhangs and fine tune the pole 
height for ease of manufacturing and assembly without 
changing radiation resistance. The final design is shown 
in Fig. 2. Overall, improving radiation resistance reduced 
field strength 8% relative to APS U33 [19]. 

The end field design was extended to adjust end magnet 
and pole heights to explicitly achieve zero entrance offset 
and angle at multiple gaps. Reducing the height of the 1st 
and 2nd magnet also protects them from radiation showers 
if the e-beam hits the 1st pole. Ambient fields were 
analysed and removed during scanning. 

Magnet Homogeneity Mapping 
As noted earlier, pole permeability was reduced for 

radiation resistance. This increased sensitivity to magnet 
angle errors and homogeneity [15]. A testing method used 
on early pure permanent magnet undulators (PPM) was to 
scan By(0,g/2,z) [16]. Later, Bahrdt, et al at BESSY [17], 
moved a magnet past a vertical stretched wire to measure 
line integrals but the FHI magnets were too large for that 
device. Horizontal wires sag which compromises 
accuracy. We used scans of Bx(x,g/2,z) and By(x,g/2,z).  

The STI scanner was used to acquire sets of 21 
transverse scans from x= ± 2cm over a length of 1m. Both 
Bx and By were measured at peak scan speeds of 
300mm/sec. Hall probes were Senis YM12 which do not 
have planar or tensor Hall effects [2]. Scans took 5 
minutes/magnet. It ran in parallel with other magnet QA 
steps so did not add any time to production. The skew to 
normal multipole correlation plot is shown in Fig. 3 and 
agrees with open circuit FEA calculations. The few 
magnets that did not correlate were not used. While our 
Helmholtz coil has a resolution of 0.01% and correlates 
with supplier data (R2>0.9, N>20,000), there was poor 
correlation (R2=0.3, N=200) between normal dipoles and 
Helmholtz vertical angles and R2 was 0.6 for the skews.  

 

 
 

Figure 3:  Correlation of skew dipole with normal 
quadrupole, which matches FEA. 

Magnet and Pole Sorting Algorithms 
Simulated annealing magnet sorting algorithms use 

homogeneity scan data as well as Helmholtz strengths. 
Magnet cost function is a weighted sum 29 factors. Most 
important were RMS peak fields, half period kicks, I1, I2, 
dipole, quadrupole, sextupole, rms trajectory error, and 
rms angle error. Weights are set by device specifications.  
Pole sorting (virtual shimming) codes include entrance 
angles and offsets, quadrupoles, internal trajectory, angle 
deviations and phase errors. Worst case magnet sorting 
used open circuit models. 

KEY FEATURES OF THE MECHANICAL 
DESIGN AND GAP ADJUSTMENT 

SYSTEM 
Adjustable taper was not a requirement so a single 

servo motor was used to set the gap. The mechanics are 
very similar to [2]. Linear encoders were added to set gap 
in addition to a motor rotary encoder. Their read heads are 
located as far away from the e-beam as possible. 

Tooling balls, scribe lines and optical alignment targets 
were the same as [2].  The kinematic feet [2] with pitch, 
roll, yaw, x, y, z adjustments were used. 

Three corrector coils were included: entrance and exit 
one pole “kickers” and a long ambient field corrector. The 
ambient field corrector is currently off. 

Four redundant, 5-nm resolution, Renishaw Resolute 
BiSS absolute linear encoders measure upstream and 
downstream half gaps. The servo motor uses a BiSS 
absolute rotary encoder and drives ballscrews via non-
backdriving worm gear boxes. Brakes are not needed. 
Servos are turned off after the gap is reached.  

Bi-directional gap repeatability was independently 
checked using inboard and outboard digital micrometers. 
It was <1 µ. Limit switches have certified 2-µ bi-
directional hysteresis. Maximum gap opening speed was 
set to 1 mm/sec.  

GENETIC SHIMMING ALGORITHMS 
The algorithm and citations to other work are in [4]. 

The FHI undulator was the first device that we had tuned 
with this method. Shimming did not need any iteration.  

Standard shimming places shims on magnets but for the 
FHI undulator the radiation resistant design had an 
unexpected side effect: 3D effects made magnet shims 6X 
less effective. In fact they would have needed to be so 
thick that they could change radiation resistance. We 
adopted pole shims instead [18]. 

Analyses showed that one 0.001”, ten 0.002” and two 
0.003” trajectory shims sufficed. Skew quadrupole shims 
were also added to improve off-axis performance, 
although this was not a requirement. Measured and wiggle 
averaged trajectories are shown in Fig. 4. Trajectory 
deviations decreased as the gap opened. While it is always 
possible to further improve trajectories, requirements 
were exceeded so no further adjustments were made.  
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Figure 4: Trajectory at Krms=1.62. 

CONTROL SYSTEM 
The rack mounted Ethernet control system is used to 

change gap, provide status, safety and allow local and 
remote operation. The system consists of a Galil 
DMC4040 motion controller, Kollmorgen AKD servo 
drive for the AKM servo motor. The Galil embedded 
firmware, safety system, interlocks and GUI are described 
elsewhere [4]. Each corrector has its own pre-set current 
vs. gap table burned into the Galil EEPROM, which can 
be bypassed by EPICS. Corrector supplies are bipolar 
Kepco BOP models set using 20-bit resolution DAC’s 
inside the Galil controller. 

Local control with a laptop was used at STI and prior to 
EPICS integration at FHI. A multi-tiered, object oriented, 
VB.NET GUI similar to [4] was used. Source codes for 
the Galil and VB.NET codes were supplied.  

EPICS software was written and tested by FHI. A more 
detailed discussion can be found in [20]. 

CONCLUSION 
We have summarized the design and performance of a 

radiation resistant wedged pole hybrid undulator for FHI. 
All requirements were met. 
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TUNING AND TESTING OF THE PROTOTYPE UNDULATOR 
FOR THE EUROPEAN XFEL 

U. Englisch, Y.H. Li, J. Pflueger, 
European XFEL, Notkestr 85, 22607 Hamburg, Germany 

Abstract 
The European X-ray Free Electron Laser (EXFEL) uses 

three undulator systems with a total magnetic length of 
455 meters. There are 91 undulator segments each 5m 
long. They are gap variable use planar hybrid undulator 
technology. They are currently in production. During the 
next 2.5 years they will be measured and tuned so that 
their field complies with the EXFEL specifications. 

In order to meet the tight schedule and to reach the high 
specifications, fast and reliable measurement methods and 
fine tuning algorithms have been developed and tested so 
that they can be used for the mass production. In this 
paper a short description is given. First results of the 
magnetic tuning preformed on some of the pre-series 
undulator prototypes, which were built during the past 18 
months are given. It is shown that the field quality 
satisfies all the specifications of the European XFEL. It is 
also shown that the measurement and tuning process is 
fairly fast and straightforward to apply. 

INTRODUCTION 
The European XFEL is currently under construction 

[1]. It uses the principle of Self-Amplified-Spontaneous-
Emission, (SASE), [2, 3]. Three systems will be built: 
SASE1 and SASE2 will operate in the hard X-ray regime 
from 0.05 to 0.2nm. SASE3 can be operated in the soft X-
ray regime from 0.4 to 5.2 nm. 

SASE FELs need long undulator systems: SASE1/2 will 
each use 35 segments and have a total length of 215m. 
SASE3 requires 21 segments comprising a total length of 
128m. In total, 91 segments will be produced. 

Due to the short wavelengths, the magnetic fields of the 
EXFEL undulator segments need to fulfil demanding 
specifications in order to provide longitudinal phase 
synchronization and transverse overlap over the whole 
length of an undulator system. Since the undulators are 
gap-tuneable the specifications must be fulfilled over the 
whole operational gap range. Tuning of the 91 undulator 
segments is a big challenge. The EXFEL time schedule 
requires all undulator segments to be finished by the end 
of 2014. 

DESIGN AND SPECIFICATIONS 

Two types of magnet structures will be used in EXFEL. 
The U40 with 40mm period length will be used for the 
hard X-Ray FELs SASE1 and SASE2. The U68 with a 
period length of 68 mm is used for the soft X-ray FEL 
SASE3. All undulator segments are planar hybrid devices 
using NdFeB magnet material and CoFe soft iron poles. 
Six so-called pre-series prototypes, four U40s and two 

U68s were built in 2011 to test the whole production 
cycle. All devices were tuned following the EXFEL 
procedures. Two representative devices, one U40 and one 
U68 are described here.  

 
Figure 1: The EXFEL undulator. 

All EXFEL magnetic structures have odd symmetry. 
The end structures have the configuration:  ½, -1, 1, …,-1, 
1, -½. The sign denotes to the orientation of the 
magnetization. Due to the opposite signs on the ends 
systematic gap dependent kicks are self-compensating. 
There is a small offset in the 2nd field integral, which is, 
however, below specifications, see Table 1. This 
configuration has a simple end design, maximizing the 
number of good poles, and in addition has low gap 
dependence. 

A standardized mechanical support system is used 
throughout the EXFEL (see Fig. 1). It provides a standard 
mechanical interface to accommodate either a U40 or an 
U68 magnet structure. More details are found in [1].  

The transverse e--beam size of the EXFEL in the 
undulator sections is about 25 microns, smaller than that 
in storage rings. The required good field regime is 
therefore more moderate. In addition, e--beam passes 
undulator only once in EXFEL. Consequently it makes a 
big difference to undulators used in storage rings.  
   For a radiation wavelength of 0.1nm and a normalized 
emittance of 1.4m careful studies using Genesis 1.3 [4] 
have been made to establish tolerable magnetic field 
errors [5,6]. In these studies the phase jitter is used as a 
measure of the longitudinal matching of the micro-
bunched electron beam with the laser field, and the 
transverse overlap is calculated to optimize the 
interaction. Tolerances were determined in such a way 
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that the resulting loss in FEL power does not exceed 10%. 
Table 1 gives the tolerances that concluded from these 
studies [5, 6].  
 

Table 1: The Specifications for EXFEL Undulators 
1st Field 

Integral Error 
(Tmm) 

Tolerable end  
End Kick 
(Tmm) 

RMS 2nd field 
integral error 

(Tmm2) 
RMS Phase 

Jitter (degree) 

±0.004 ±0.1 116 8.5 

 
The specifications listed in Table 1 have to be met over 

the operational gap range: 10-20mm for U40 and 10-
23mm for the U68. The tolerable 1st field integral errors 
are too small for passive end correctors over the whole 
range of operational gaps. For high precision control of 
the entrance and exit angle of the electron trajectory, two 
pairs of horizontal/vertical air coils will be used on either 
end of the undulator. With the help of these coils the 
specifications on the magnet structures can be relaxed to a 
practical level of about ±0.1Tmm. Smaller values can be 
achieved by applying gap-dependent correction currents, 
which may be based either on magnetic measurement in 
the lab or later on in-situ measurements using beam based 
diagnostics. Small gap adjustment is straight forwardly 
implemented in the control system. The investigation in 
Ref. [6] shows that the RMS beam wander for SASE 1 
should be smaller than 2μm, which corresponds to a RMS 
of the 2nd field integral smaller than 116 Tmm2.  

RESULTS OF MAGNETIC 
MEASUREMENTS 

On delivery from the vendors an undulator segment 
does not yet fulfil the specifications listed in Table 1. 
After delivery and final assembly it needs to undergo 
magnetic measurement and tuning. It is measured on one 
of the three magnetic measurement benches, which have 
been set up for the tuning of the EXFEL undulator 
segments. They are identical and use the same hardware, 
software and techniques. For magnetic measurements all 
use hybrid sensors, a combination of a Hall-probe for the 
vertical field and a sensor coil with a large winding area 
for the horizontal field.  

This hybrid probe is supported by a handle with 5 
degrees of freedom, which is explained in more detail 
below. It is mounted on the platform of the bench, which 
is guided by air bearings and driven by a linear motor. 
This system provides a positioning accuracy ±1m. The 
measured position jitter of the bench amounts to 2.3µm. 
The field accuracy measured by Hall probe is about 30µT. 
In order to increase accuracy an average over 5 scans is 
taken. Measurements are controlled by LabWindows 
control software [7].  

First, the undulator needs to be aligned to the scanning 
axis of the bench using its adjustors and alignment 
screws. For the magnetic alignment the hybrid sensor 
scanning axis as determined by the bench is aligned to the 
undulator axis. This is done by scanning the field along 
the longitudinal (x-), vertical transverse (y-) and 

horizontal transverse (z-) direction. Transverse scans of 
By are performed at the pole locations.  

The hybrid sensor is mounted on a goniometer head, 
which is supported by a 360° circle so that it can be 
rotated around the horizontal transverse direction. There 
are 5 degrees of freedom. They are used to align the 
hybrid sensor in such a way that its magnetic centre is 
kept unchanged when the probe is rotated between 0 and 
180°. This allows for taking the difference of two Hall 
probe measurements done at 0° and 180°: = ( °) ( °)

 .      (1) 

   Taking this difference eliminates all non-linear 
contributions of even orders in the Hall probe calibration 
and thus allows for higher precision in the evaluation of 
field integrals. All Hall-probe data are treated this way. 

For fine tuning of the fields the pole height tuning 
method already used for FLASH [8] has been refined [9]. 
Now in addition to pole height tuning, which changes the 
local gap the poles can be tilted by about ±4mrad. If top 
and bottom poles are tuned symmetrically by the same 
angle the vertical field stays unchanged, but the horizontal 
field component can be tuned. Also the poles near the 
ends, which in FLASH could not be tuned, are now 
tuneable. In principle at the reference gap all field errors 
can be tuned tolerance levels within on tuning step. 

A tuning program has been developed to calculate the 
required shift and tilt for each pole based on two criteria: 
for the vertical field the local K parameter is kept constant 
for each half period. For the horizontal field the second 
field integral is kept at zero. Pole height and tilt 
adjustments can be superimposed, so that both tuning 
steps can be combined to single one. 

Field Harmonics 
Hybrid undulators usually show odd field harmonics, 

which increase if the ratio of undulator gap and period 
gets smaller. A Cos-function is used to fit the high 
harmonic coefficient: ( ) = ∑ cos

λ
,                    (2) 

where  is odd and denotes to the harmonic number and 
 is the amplitude of the nth harmonic component. 

Table.2 lists the 1st, 3rd and 5th harmonics at gap 10mm 
and 12mm for the U40 and U68. It can be seen that for 
the longer period length the higher harmonics get stronger 
and they get weaker with increasing gap. 
 
Table 2: Field Harmonics of U40 and U68 at 10 and 
12mm Gap 

Gap 10mm 12mm 

Harm. 1st 3rd 5th 1st 3rd 5th 

U40 1.061 0.070 -0.001 0.890 0.042 -0.001 

U68 1.425 0.228 0.020 1.277 0.168 0.011 
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Final Status of U40 
The undulator U40-X002-K002 is described here to 

demonstrate the tuning results for the U40s. The peak 
field as a function of gap is shown in Fig. 2. The inset in 
Fig. 2 gives the fitting parameters a, b, and c and their 
errors to the function: = exp	[a + b + c(g/λ ) ] .             (3) 

 
Figure 2: Peak field as function of the gap for the U40-
X002-K002. 

The K parameter and RMS phase jitter under different 
gaps are shown in Fig. 3. The working gap for the U40 is 
from 10 mm up to 20 mm. The K parameter varies from 
3.96 to 1.31. The reference gap for fine tuning was chosen 
at 14mm approximately in the middle of the working gap 
range, in order to minimize the RMS phase jitter over the 
whole range. The local minimum at 14mm is only 1.5 
degrees and the maximum excursion is 4.2 degree at 
10mm. At the largest working gap, 20mm, the rms phase 
jitter is 2.7 degree. The RMS phase jitter fulfils the 
specification listed in Table.1 for all gaps. 

 
Figure 3: K parameter (black) and the RMS phase jitter 
(blue) of the undulator U40-X002-K002. The gap is 
shown on a logarithmic scale.  

Figure 4 shows the second field integral for gaps of 10mm, 
14mm, 18mm and 23mm. The corresponding RMS values 
are 36, 29, 39 and 32 Tmm2, respectively. The entrance 
and exit kicks visible in Fig. 4 are illustrated in more 

detail in Fig. 5. Here, the entrance and exit kicks 
multiplied by -1 are shown as a function of gap. These are 
the corrections on vertical field, which need to be applied 
by the air coil correctors. They will be used on either end 
of an undulator segment. The required strengths are in the 
range of ±0.1Tmm. 

 
Figure 4: Second field integrals of U40-X002-K002 for 
four gaps. 

 
Figure 5: Compensation required by the air coil correctors 
for the undulator U40-X002-K002. The black squares are 
for the entrance coil and the red circles are for the exit 
coil. 

Final Status of U68 
    The undulator U68-X003-N001 is described here as an 
example of the U68 devices. Due to the longer period the 
peak fields and K parameters are larger. The operational 
gap range of an U68 extends from 10mm to 23mm. 

Figure 6 shows the peak field of U68-X003-N001 as a 
function of gap. The maximum peak reaches 1.66T at 
10mm gap. The coefficients following Eq. (3) are given in 
the inset.  

Figure 7 shows the K value and RMS phase jitter of U68-
X003-N001. It is seen that the maximum K value reaches 
9.06 at 10mm gap. The reference gap for tuning was again 
14mm. Here the smallest RMS phase jitter is of 1.74°. At 
10mm and 22 mm the jitter is 4.13° and 5.78°, 
respectively. The main influence on the gap dependent 
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change of phase jitter is girder deformation by enormous 
magnetic forces of up to about 170kN. However it is 
shown by Fig. 8, that in the operational range it stays well 
within 6° the specifications.  

 
Figure 6: The peak field of U68-X003-N001 as a function 
of gap. 

 
Figure 7: The K parameter (black) and the RMS phase 
jitter (blue) of the undulator U68-X003-N001. The gap is 
shown on a logarithmic scale. 

 
Figure 8: The second field integrals of U68-X003-N001 
for four representative gaps. 

The second field integral as a function of gap of U68-
X003-N001 is shown in Fig. 8. The RMS values are 110, 

90, 75, 66 Tmm2. As can be seen in Fig. 8 the values 
mainly originate in the oscillation of the trajectory 
thereby trajectory errors are small.  

Figure 9 illustrates the kicking compensation needed from 
the air coils on vertical field. It is seen that all values are 
within the specification ±0.1Tmm.  

 
Figure 9: The compensation required from the air coils for 
the undulator U68-X003-N001. The black squares are for 
the entrance coil and the red circles are for the exit coil. 

CONCLUSION  
The European XFEL needs a large amount of undulator 

segments for the three SASE beam lines. Representative 
results of magnetic measurements made on two out of six 
pre-series devices are presented. Fast tuning and 
measuring procedure has been set up which results in 
good field qualities that fulfil the specifications for the 
hard x-ray FELs. Measurement systems and tuning 
algorithms are ready for the mass production of undulator 
segments. 
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TECHNICAL OVERVIEW OF THE SWISSFEL UNDULATOR LINE 

R. Ganter, M. Aiba, H.-H. Braun, M. Calvi, A. Fuchs, P. Heimgartner, E. Hohmann, R. Ischebeck, 
H. Joehri, B. Keil, N. Milas, M. Negrazus, S. Reiche, S. Sanfilippo, T. Schmidt, S. Sidorov,  

P. Wiegand, PSI, Villigen, Switzerland 

Abstract 
SwissFEL [1] is a hard X-ray FEL facility currently 

being designed at PSI. It uses a photocathode gun, S-band 
injector and C-band main linac to drive a hard X-ray 
undulator line with 100 Hz repetition rate. Beam 
commissioning of the hard X-ray undulator line called 
Aramis is scheduled to start in 2016. The Aramis line 
extends over a length of 177 m, from an energy collimator 
after the main linac to the electron beam dump. Electrons 
enter the Aramis line with a maximum energy of 5.8 GeV, 
a normalized slice emittance below 0.43 μm and a peak 
current of 3 kA at 200 pC bunch charge. A prototype of an 
in-vacuum undulator (U15) is currently being assembled. 
Most of the other beamline components have been 
designed and for some of them prototypes are already 
ordered. This paper describes the main beamline 
components of Aramis (quadrupoles, phase shifters, 
alignment quadrupoles, mechanical supports, safety 
components) with particular emphasis on constraints like 
temperature drifts, stray magnetic field, wakefields and 
costs. Undulators are however described in details in a 
companion paper [2]. 

ENERGY COLLIMATOR AND BEAM 
STOPPER 

At the entrance of Aramis, the electron bunch has a 
momentum spread of 350 keV for the 200 pC normal 
operation mode of SwissFEL [1]. The repetition rate is 
100 Hz. In order to protect the undulator from beam 
losses, the electron bunch will pass through an energy 
collimator (at z= 454 m) having an energy acceptance of 2 
% peak to peak. Downstream of the energy collimator 
chicane the electrons will go through a matching section, 
where the electron bunch transverse profile is checked 
with a screen and a wire scanner. During the tuning of the 
machine the beam is deflected horizontally towards a 
beam stopper upstream of the 1st undulator (z = 501 m).  

Electron beam axis

Permanent Dipole on his translation stage

Beam Stopper Shielding

Cu

Pb

Fe

Concrete

Figure 2: Beam stopper layout assembly: the 5.8 GeV 
beam is deflected by 0.7 º when the dipole is inserted. 

Figure 3: Permanent dipole field profile along axis (left) 
and transverse stray field at Z=150 mm; Y=0 (right). 

This deflection is generated with a permanent dipole 
magnet. This magnet (which slides transversally) can be 
moved remotely into the beamline (Fig. 2). When the 
dipole is retracted 400 mm out of axis the remaining 
dipole field on axis is less than 0.5 G (Fig. 3), so that the 
electrons can continue straight to the undulators, with 
perturbations on the earth magnetic field level. Using an 
electromagnet instead of a permanent one would have 
required more space as well as a degauss procedure. 

 

Linac 3

C band Structures (2 m)
28.5 MV/m, 0 º

Quadrupole: QFF
Leff=0.08 m; |kFODO |=1.88 m-2

Aramis Line

Beam Dump:
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Figure 1: The Aramis hard X-ray SwissFEL undulator line.  
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The beam stopper shielding can absorb up to 9 μC / 
hour of beam at 7 GeV. This corresponds to a dose rate 
below 0.25 mSv/h on shielding surface, as shown by 
FLUKA simulation on Figure 4 (purple contour line). The 
electrons are stopped by a copper block surrounded by 0.5 
m of lead followed by iron and concrete.  

10-110-210-310-4 100 101 102 103mSv/h

 

2500 mm

25
00

 m
m

Lead

Fe

Concrete

 

Figure 4: Dose rate distribution (mSv/h) around the beam 
stopper shielding. 

UNDULATORS U15 
The Aramis line has 12 in-vacuum undulator magnets 

called U15 with a period of λU= 15 mm (Fig. 5).  

Figure 5: U15 undulator with in-vacuum magnets and gap 
adjustment mechanics based on wedge systems. 

The U15 gap can be adjusted during operation via a 
precise wedge system [2]. The nominal gap is 4.7 mm 
corresponding to a K value of 1.2. Wavelength tuning 
from 7 to 1 Å is achieved by varying the electron beam 
energy from 2.2 to 5.8 GeV. Only small, but fast, 
wavelength scans within a few percents will be done by 
changing K. The undulator frame sits on 4 eccentric cam 

shaft movers for adjustment of the undulator position 
relative to the electron beam axis. 

INTER-UNDULATOR SECTION 
The beam trajectory in the Aramis line should not 

deviate from an ideal straight line by more than a few 
micrometers. This is achieved by beam based alignment 
of the FODO quadrupoles that have motorised supports 
(Fig. 6) [3]. The alignment of each undulator segment on 
this straight line is done with the so called alignment 
quadrupoles (QAl) (Fig. 7).  

  

Figure 6: Inter-segment girder with (from left to right, 
electron direction): Alignment quadrupole (QAl); phase 
shifter; BPM pickup; FODO quadrupole; gate valve and 
QAl. 
 

Figure 7: Alignment quadrupole QAl (retractable) and the 
corresponding stray dipole field when retracted. 

Two QAl are attached at each extremity of the undulator 
module frame. The magnetic axis of the QAl is aligned to 
the undulator magnetic axis in the laboratory before the 
installation in tunnel. The QAl is then used as a beam 
finder with 10 μm resolution. The complete undulator 
frame is moved until both QAl at each extremity are 
aligned to the beam corresponding to the steering free 
position. The QAl are made from permanent magnets with 
an integrated gradient (G.L) of 0.44 T [4]. After 
alignment, the QAl are pneumatically retracted by 150 mm 
and the remaining stray field By,tail is then less than 0.1 G 
(Fig. 7, left). 

Phase shifter 
Phase shifters between the undulator segments are used 

to synchronise the electrons with the phase of the FEL 
light at the entrance of each undulator segment. The 
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magnet array of the phase shifter is shown in Figure 8 [5]. 
By changing the gap of the phase shifter one can control 
the phase delay with typically 0.2 degree / μm. The end 
magnets (C & D) minimize the kick angle and transverse 
offset of the out coming beam. 
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Figure 8: Phase shifter support with adjustable gap and 
the corresponding magnet array design. 

- 100 - 50 0 50 100
- 0.4

- 0.2

0.0

0.2

0.4

0.6

Y @mmD

Bz
@TD

Z [mm]

B
y 

[T
]

 

Figure 9: Magnetic longitudinal field profile in the phase 
shifter (gap = 14 mm; 5.8 GeV; Br=0.95; X=Y=0) with 
magnet D (red curve) without (blue curve). 

Magnet D also limits longitudinally the leaking stray 
field which could perturb adjacent components. 

FODO Quadrupole 
The FODO quadrupole (Fig. 10) has an aperture of 12 

mm which allows to reach a maximum gradient of 50 T/m 
with only 10 A of current. The coils are air cooled, thus 
reducing infrastructure costs in comparison to a water 
cooled magnet. The magnet is 8 cm long, and the 
quadrupole function is combined with vertical and 
horizontal steerers to minimize space requirement 
between undulators. One drawback of this combination is 
the presence of a sextupole field component which has 
however negligible effect due to the small beam diameter 
(20 μm). The coupling between steerers and quadrupole 
through the yoke is limited thanks to a small pole tip field 
(0.3 T) and thanks to a special low hysteresis losses steel 
material (M270) for the magnet yoke. The yoke is 

laminated with 0.5 mm thick foils in order to limit eddy 
currents and allow fast beam orbit feedback. 

 

Figure 10: FODO quadrupole of the Aramis line 
combining steering and quadrupole functions. 

At 1 kHz, the steering field is attenuated by 50% which 
fulfills the requirement of SwissFEL.  

Y support plane   10 m

YQP, top plane   20m

YQP support table   1 m

20

10

15

5

Units: µm
0

Figure 11: Mechanical deformation due to dilatation when 
magnet goes from 0 to 6 A (aluminium support). 

One drawback of the air cooled quadrupole is the 
related heat up of the magnet coils (16 W of heat 
dissipation at nominal current of 6 A) and the related 
mechanical dilatation. Simulations of these effects have 
been carried out taking into account heat transfer through 
the air and through the aluminium support (Fig. 11). The 
results show that the axis of the quadrupole moves up to 
10 μm vertically when changing the magnet current from 
0 to 6 A [6]. The steady state is reached after 8 hours. 
Although such slow drifts could be compensated by beam 
based orbit feedbacks, the deformation will be reduced 
via a thermal insulating layer located between the 
quadrupole and the support to avoid temperature gradient 
along the support. In addition, the quadrupole current 
stays almost constant during SwissFEL operation. 

Longitudinal Geometric Wakefields 
In the Aramis vacuum chamber, the wakefield potential 

due to geometric transitions can deteriorate the 
longitudinal phase space of the bunch, which directly 
affects the FEL performance. Therefore the geometrical 
wakefield was quantified for each transition in order to 
determine the necessity of RF shielding. Geometric 
wakefields cumulated between two consecutive undulator 
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segments have been simulated with ECHO [7] taking into 
account the different transition depicted in Fig. 12. 
Assuming a Gaussian beam profile with 6 μm rms bunch 
length, a peak wakefield of about 1200 V/pC (Fig. 13) 
was obtained where 90% are caused by the step-out 
transition. This wakefield amplitude is less than 1/3 of the 
resistive wall wakefield and roughness wakefield 
cumulated in the undulator gap [1]. 

Figure 12: Geometrical transitions in the inter undulator 
section.  
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Figure 13: Longitudinal wakefield potential when an 
electron bunch (Gaussian profile, 6 μm) crosses the 
complete inter-segment section of Fig. 12. 

To efficiently reduce the wakefield at the step out 
transition from undulator gap (nominal 4.7 mm) to round 
beam pipe (8 mm diameter), one would need a tapering 
transition with a slope smaller than 2.5 mrad. However 
this would almost double the distance between 
consecutive undulator segments, resulting in a large cost 
impact and negative effect on the beam – radiation 
overlap. The influence of the bellows, vacuum flange 
transitions and gate valve slots are all negligible, therefore 
no RF shielding that would increase costs and design 
complexity is required.  

Finally, the simulation of Fig. 13 shows that the energy 
spread of the bunch will increase by less than 1.6 MeV 
leading to a relative energy spread of up to 0.03% which 
is still less than the FEL bandwidth of 0.05%.  

BEAM DUMP AND SPECTROMETER 

Aramis Beam Dump Spectrometer 
An important function of the beam dump deflection 

arm is the electron bunch momentum and momentum 
spread characterisation. At position z = 584 m, the 
electron beam is deviated vertically down with an angle 
of 8 degrees.  

Electron beam 

Cu Target
(0.5*0.5*0.5m)

2.5 m

3
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5 
m

3 
m

Steel Heavy 
Concrete
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Figure 14: Beam dump shielding layout (top) and FLUKA 
simulation of 560 W of electrons at 7 GeV impacting the 
SwissFEL beam dump (bottom). 

As shown in Fig. 1, a strong quadrupole (GL = 15 T) is 
located just after the dump dipole, thus avoiding a too 
large transverse beam size before the dump shielding by 
reducing the dispersion. In particular, one mode of 
operation of SwissFEL, the so-called large bandwidth 
mode with a relative momentum spread of about > 1% 
would lead to a too large beam size without this 
quadrupole magnet. The minimum resolution requirement 
for the spectrometer is 90 keV to be measured with both 
screens and BPMs. The electron bunches at SwissFEL 
will eventually hit a cubic copper target block (0.5 m side 
length) surrounded by 190 tons of steel and heavy 
concrete blocks as shown in Fig. 14. The shielding is 
design for a maximum of 288 μC per hour at 7 GeV. With 
this beam power the dose rate in the tunnel at photon 
beam height (ie. 3.2 m above the impact point) is below 
500 μSv/h and below 0.5 μSv/h in the public zone outside 
tunnel (6.7 m above impact point).  
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ORIGIN OF SHIFT DEPENDENT MULTIPOLES IN APPLE-II
UNDULATORS

M. Kokole, T. Milharčič, M. Zambelli, KYMA TEHNOLOGIJA, Sežna, Slovenia
B. Diviacco, ELETTRA, Basovizza, Italy

G. Soregaroli, M. Tedeschi , EUROMISURE, Pieve S. Giacomo, Italy

Abstract
APPLE-II insertion devices are very flexible devices for

production of variably polarized photons. This devices in-

herently suffer from shift dependent integrated field mul-

tipoles that can reach values which can seriously deterio-

rate quality of the electron beam. Since there is no really

effective shimming method for correction of this errors,

it is important to understand where they originate. Paper

presents a study of integrated field multipoles shift depen-

dency based on deformation of magnetic array due to mag-

netic forces. We have modeled separately deformations of

each magnet keeper in the magnetic array. Model calcu-

lations have shown that most of integrated field multipole

dependency on the shift is due to mechanical deformation

in combination with magnetic effects.

INTRODUCTION
Insertion device should have minimal influence on the

electron beam in all modes of operation, consequently re-

quiring a tight control of the integrated magnetic field over

the length of the device. Both second and first field inte-

grals should be as close to zero as possible in all operational

modes. Also the field integrals mutipoles should be as low

as possible and should change as little between different

operational modes.

For this reason a lot of design effort was put in the magnetic

structure, specifically on the end field terminations [1]. But

all this efforts do not solve all the possible errors. It has

been shown in multiple cases [2, 3, 4] that mechanical de-

formations play a critical role in the performance of this

devices. Most notably shift dependent multipoles have

been observed in the EPUs for FEL-1 and FEL-2 line at

FERMI@Elettra [5, 6] and also at other light sources [2].

For these reasons a study of the origin of shift dependent

multipoles was prompted.

Even in ideal case it is not possible to keep all the multi-

poles at zero at all operational modes of an APPLE-II inser-

tion device. Normal dipole is generated in the symmetric

field device by default and changes with the shift due to the

non zero permeability of magnetic material. Sextupole and

its change is also generated by the non zero permeability of

the magnetic material. It is possible to limit this changes

by proper design of the end field terminations [1].

On the other hand it is not possible to generate the

quadrupoles both normal and skew in ideal device. Hence

it is believed that they arise for the mechanical deforma-

tions. For example a rotation of the horizontally magne-

tized block around vertical axis [4] can give a rise to a skew

quadrupole, which is the most notably observed shift de-

pendent multipole [2, 5, 6]. In the 55 mm periods EPUs for

FEL-1 for FERMI@Elettra a large shift dependent skew

quadrupole was observed. Largest change of about 400 G

was observed at minimum 10 mm gap. Values of multi-

poles decrease with increasing gap.

To understand which deformations will generate different

multipoles and how they change with shift, it is necessary

to make a model that includes also deformations for the

ideal structure. Following paragraphs contain description

and results from such a model.

MAGNETIC MODEL WITH
STRUCTURAL DEFORMATIONS DUE TO

MAGNETIC FORCES
In order to study how mechanical deformation influence

the magnetic performance of the insertion device a spe-

cial RADIA code was developed without any symmetries

allowing a movement and rotation of each magnet block.

This code generates an APPLE-II magnetic structure and

applies deformations to the structure by displacement and

rotation of each block. It is possible to either enter defor-

mations from external files, produced by the mechanical

Finite Element Analysis (FEA) of the mechanical structure

or the code can also calculate simplified deformations due

to magnetic forces.

Magnetic forces
First part of the code will calculate magnetic forces and

torques on each magnet block, hence giving an input for

the FEA mechanical calculations. For this calculation per-

meability of material was not taken into account since it

does not effect the forces significantly. The largest force

is exerted in vertical direction for both horizontally and

vertically magnetized block. This force is mostly due to

the neighbors in the array. Horizontal and transverse force

change with the shift due to the changing neighbors.

At the moment no available computer is able to compute

a complete mechanical structure applying forces on each

magnet separately. So it is necessary to apply some as-

sumptions. Hence a series of steps were studied in order

to get a complete picture. By applying only the deforma-

tions from frame and girders no change in multipoles is

observed. From this it can be concluded that the multipoles

must have an origin in different displacement of each mag-

net block.

Since FEA can not calculate deformation in a complete

mechanical structure for each block separately a approxi-

mation approach was taken. Magnetic forces and torques

on each magnet were calculated and from this an isotropic
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Figure 1: Calculated change of forces with the shift in a

vertically and horizontally polarized magnetic block.

deformation, translation and rotation, was calculated by

simple multiplication of deformation coefficient. Figure 2

show a small model with deformed structure, deformations

are exaggerated 100x. For each configuration of gap/shift

a new calculation of forces is required, therefore very long

calculations are required to achieve a clear picture.
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Figure 2: Short 3D model of a deformed APPLE-II mag-

netic structure. Deformation are amplified 100 x for clarity.

Non deformed case
First let us examine a non deformed case. Figure 3 shows

the transverse change of normal and skew field integrals are

minimum gap and shift of 10 mm. As it can be seen there

is no change in the skew field integral. If we look at the

shift dependency of integrated multipoles we see that only

vertical dipole and sextupole change with the shift. This is

due to non unit permeability of magnetic material. We must

note here that it is not possible to generate quadrupoles in

a non deformed APPLE-II magnetic structure.

To understand whether multipoles are generated in the end

field termination or are cumulative through the magnetic

structure we need to look at the change of multipoles with

increasing number of periods. Only very small changes in
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Figure 3: Calculated shift dependency of integrated mul-

tipoles for non deformed magnetic structure. Dipole and

sextupole changes are due to non zero magnetic permeabil-

ity of magnetic blocks. Quadrupoles can not be generated

in such a structure.

the integrated multipoles are observed so we can conclude

that integrated multipoles are generated in the end field ter-

mination and are not cumulative trough the magnetic struc-

ture. Here we keep in mind that this is only valid for our

model where deformations are isotropic and only due to

magnetic forces.
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Figure 4: Calculated change of integrated multipoles with

number of periods. It is evident that multipoles are mostly

generated in the end field section and in close proximity to

them.

Deformed case
A detailed study of influences of displacement in dif-

ferent directions and rotations around different axes has

shown that only rotation round longitudinal axis can gen-

erate a significant skew quadrupole. On the other hand

sextupole, specifically normal sextupole can be generated

almost in all cases of translations and rotations. From

this we can conclude that most important contribution to

quadrupole generation is from rotation around longitudi-

nal axis. Again this only applies for isotropic deformation

from magnetic forces only and when deformations are ap-

plied to all magnetic blocks in a structure. As noted before

also rotation around vertical axis of the longitudinally mag-

netized block generate a skew quadrupole behavior, but this

is only true if we do not rotate all the blocks in the magnetic

THPD24 Proceedings of FEL2012, Nara, Japan

588C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology III: Undulators, Monitors, Beam diagnostics



structure.

-200

-100

0

100

200

In
te

gr
at

ed
 M

ul
tip

ol
es

 [G
cm

, G
, G

/c
m

]

-20 -10 0 10 20
Shift [mm]

 V. Dip.
 V. Quad.
 V. Sex.
 H. Dip.
 H. Quad.
 H. Sex.

Figure 5: Calculated shift dependency of integrated multi-

poles on a deformed model. Quadrupoles are generated by

rotation around longitudinal axis.

Attempts to reproduce the shift dependency of skew

quadrupole as measured in the FERMI undulators have

failed, as it is apparently not possible to reproduce such

an error by applying translations and rotations according to

magnetic forces and torques on single magnets only. Mag-

net displacements (translations and rotations) along differ-

ent degrees of freedom will not occur with the same de-

formation constants, since they are held by a holder that

breaks the symmetry. For a reproducible description of the

shift dependency a detailed finite element analysis (FEA)

of magnet deformations and their application to the entire

magnetic structure is needed.

However measurements of an EPU for Pohang Light

Source II (PLS2), which has different improved mechan-

ical design of a magnet holder, give much better accor-

dance with the model. Figure 6 shows comparison of a

change of integrated skew quadrupole with the shift change

for a model magnetic structure and measurements of a 70

mm period EPU for PLS2. We can see that in this case

the model describes well the behavior of integrated skew

quadrupole.

CONCLUSIONS
We have presented a model of APPLE-II device that in-

cludes deformation of magnetic structure due to magnetic

forces. As it can be seen in some cases where deforma-

tions can be described as isotropic and only due to mag-

netic forces, we get good results when comparing simula-

tion and real measurements. But when deformations are

not isotropic we need to do real FEA modeling of com-

plete magnetic structure applying appropriate forces on

each magnet block. At the moment such calculation is

beyond capability of a normal personal computer and we

have to apply some simplifications. Such a model with

anisotropic deformations is currently under development.
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FEASIBILITY OF DIAGNOSTICS UNDULATOR STUDIES AT ASTA* 

A.H. Lumpkin# and M. Wendt, Fermi National Accelerator Laboratory, Batavia, IL 60510 USA 
J.M. Byrd, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 USA 

 
Abstract 
  The Advanced Superconducting Test Accelerator 
(ASTA) facility is currently under construction at 
Fermilab. With a 1-ms macropulse composed of up to 
3000 micropulses and with beam energies projected from 
45 to 800 MeV, the need for non-intercepting diagnostics 
for beam size, position, energy, and bunch length is clear. 
In addition to the rf BPMs, optical synchrotron radiation 
(OSR), and optical diffraction radiation (ODR) techniques 
already planned, we propose the use of undulator 
radiation from a dedicated device for diagnostics. with a 
nominal period of 4-5 cm, a tunable field parameter K, 
and a length of several meters. The feasibility of 
extending such techniques in the visible regime at a beam 
energy of 125 MeV into the UV and VUV regimes with 
beam energies of 250 and 500 MeV will be presented.  
 

INTRODUCTION 
 One of the challenges of the present-day and proposed 

superconducting linear accelerators with concomitant 
high-power beams is the non-intercepting diagnostics of 
the beam size, energy, bunch length, and phase. The 
acquisition of a comprehensive set of electron beam 
properties from a linear accelerator based on undulator 
radiation emitted from a 5-m long device was 
demonstrated over two decades ago on a visible 
wavelength free-electron laser (FEL) [1] driven by a pulse 
train of 100-µs extent. The high-power electron beams for 
the Advanced Superconducting Test Accelerator (ASTA) 
facility involve up to 3000 micropulses with up to 3.2 nC 
per micropulse in a 1-ms macropulse [2]. With beam 
energies projected from 45 to 800 MeV the need for non-
intercepting diagnostics is clear.    Besides the rf BPMs, 
optical synchrotron radiation (OSR), and optical 
diffraction radiation (ODR) techniques already 
considered, we propose the use of the properties of 
undulator radiation (UR) from a dedicated device for 
diagnostics with a nominal period of 4-5 cm, a tunable 
field parameter K, and a length of several meters. We 
propose time resolving the e-beam properties within the 
macropulse by viewing the UR with standard electronic-
shuttered CCDs or gated ICCD’s (size and position) and a 
synchroscan streak camera coupled to an optical 
spectrometer (energy, bunch length, and phase).  
   Initial tests could begin at an beam energy of 100-125 
MeV with UR in the visible regime and could be extended 
into the UV and VUV regimes with beam energies of 250 
and 500 MeV. 

 
              FACILITY ASPECTS 

   
   The ASTA linac with photocathode (PC) rf gun, two 
booster L-band SCRF accelerators (CC1 and CC2), and 
beamline is schematically shown in Fig. 1. The L-band 
accelerating sections will provide 40- to 50-MeV beams 
before the chicane, and an additional acceleration 
capability up to a total of 800 MeV will eventually be 
installed in the form of three cryomodules after the 
chicane with eight 9-cell cavities with highest possible 
average gradient (up to ~30 MV/m). The phase of the 
CC2 section can be adjusted to energy chirp the beam 
entering the chicane to vary bunch-length compression. 
Maximizing the far infrared (FIR) coherent transition 
radiation (CTR) in a detector after the chicane will be 
used as the signature of generating the shortest bunch 
lengths. Micropulse charges of 20 to 3200 pC will be used 
typically as indicated in Table 1. The nominal micropulse 
format is 3 MHz for 1 ms. This aspect is unique for test 
facilities in the USA and highly relevant to the next 
generation of FELs. The macropulse repetition rate will 
be 5 Hz. 
   Signal strengths should allow tracking of a subset of the 
micropulses with standard imaging. The UR pulse length 
will be measured with the Hamamatsu UV-visible C5680 
streak camera, and this length should be correlated with 
the electron beam bunch length subject to some narrowing 
when there is SASE gain. The synchroscan streak camera 
will also allow tracking of the relative phase within the 
macropulse of sets of micropulses to about 200 fs. At this 
time we anticipate one would   provide optical transport 
for the signals to the high-energy -end laser lab where a 
small diagnostics suite of CCD camera, ICCD camera, 
streak camera, and optical spectrometer would be 
available on an optics table for characterizing the UR 
properties and then the deduced electron beam properties. 
Initial detection could be in the tunnel with local camera 
stations.  

Table 1: Summary of Electron Beam Properties at ASTA 

Parameter Units   Values 

Bunch charge pC   20-3200 

Emittance, norm mm mrad   1-3 

Bunch length, rms ps   3-1 

 Micropulse Number    1-3000  ___________________________________________  

# lumpkin@fnal.gov 
*Work supported under Contract No. DE-AC02-07CH11359 with the
United States Department of Energy. 
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             CONCEPTUAL ASPECTS of UR 
 
   The propagation of the electron beam through the 
alternating static magnetic fields of an undulator  results 
in the generation of photons. This is initiated through the 
spontaneous emission radiation (SER) process, but under 
resonance conditions a favorable instability evolves as the 
electron beam co-propagates with the photon fields and 
the electron beam is microbunched at the resonant 
wavelength leading to a self-amplified spontaneous 
emission (SASE) free-electron laser (FEL). For a planar 
undulator, the radiation generation process on axis is 
governed by the resonance condition:  
   
                       λ = λu (1 + K2/2)/2nγ2,                          (1) 
 
where λ is the UR wavelength, λu is the undulator period, 
K is the undulator field strength parameter, n is the 
harmonic number, and γ is the relativistic Lorentz factor 
[3].  
     We will use the UR properties for deducing time–
resolved electron beam properties. The base image size 
and position will be seen in the UR spot size and 
transverse position (although the size will have depth-of-
focus issues to address). A telescope with limited depth of 
focus may be used to emphasize a shorter z length within 
the undulator’s 4.5 m length. The central wavelength of 
the emission is directly correlated with electron-beam 
energy, and the bandwidth from the UR will be about 
1/nN, where N is the number of periods, or 1% for 100 
periods in the fundamental. 
   

PROPOSED UR STUDIES 
 

   It is proposed to start the UR studies with the 
commissioning of the first cryomodule at a beam energy 
of 125 MeV. As shown in Table 2 with a 5.0-cm period 
undulator and the gap adjusted for K=1.2, the fundamental 
UR would be at 680 nm with a third harmonic at 226 nm.  
One could track the beam at higher energies by reducing 
the gap and increasing the K value so that the resonance 
condition remains in the visible–UV regime to simplify 
the early tests. One can also consider 150-, 200-, and 250-

MeV cases as given in the table. The Phase numbers 1-4 
are basically related to the number of installed 
cryomodules with up to 250 MeV beam accelerating 
capability per cryomodule. 
 
Table 2: Summary of possible SER/UR wavelengths 
generated with a 5.0-cm period undulator at ASTA 
starting at 125-MeV e-beam energy. The last case is for a 
SC undulator with shorter period built in England for the 
ILC R&D program [4]. 

 
    At 150 MeV the beam will be shared with the injection 
task for the Integrable Optics Test Accelerator (IOTA) 
tests in a parasitic mode. The configuration is shown in 
Fig. 2 (top view) where the diagnostics undulator is in the 
straight-ahead AARD area, and IOTA is reached 
through the transport line to the right. At these 
wavelengths and for the expected beam quality the gain 
length should be sub-m so sufficient SASE-induced 
microbunching should also occur in the 4.5-m length that 
could be accessed through coherent optical  transition 
radiation (COTR) techniques [5,6]. In the past these have 
allowed evaluation and adjusting of the critical electron-
beam-photon-beam overlap. 
 

 

 
Figure 1: Schematic of the injector for the ASTA facili ty showing PC rf gun, booster accelerators, and beamlines. 
(courtesy of M. Church). 

Phase 
No. 

Beam 
Energy 
(MeV)

Und. 
Fundamental 

(nm) 

Period 
(cm), K 

Undulator 
Radiation 

Harmonics 
(nm) 3, 5 

1 125 680 5.0,1.2 226 

1 
150 
200 

472 
265 

5.0,1.2 
5.0,1.2 

157        
88 

1 
1 

250 
250 

170 
262 

5.0,1.2 
5.0,1.8 

57 
87 

2 
3 
4 

500 
800 
900 

42 
13.4 

3 

5.0,1.2 
5.0,0.9 
1.1,0.9 

14, 8.3 
4.5 
-- 
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VUV-XUV FEL OSCILLATOR 

   Following single-pass tests of beam through the 
undulator, the 3-MHz micropulse repetition rate for 1 ms 
could enable FEL oscillator tests over a broad range of 
wavelengths in the vacuum ultraviolet (VUV) and for the 
first time to the extreme ultraviolet (XUV). Rough 
estimates using on-axis cavity mirrors of MgF2 coated Al 
for wavelengths from 180 to 120 nm show promise. In 
addition,  preliminary calculations by M. Reinsch (LBNL) 
using both a 1-D oscillator code and the GINGER 3-D 
simulation code for cases at ~ 13.4 nm show feasiblity [7] 
when invoking  the new generation of multilayer metal 
mirrors with 68% reflectance at 90 degree incidence to the 
surface [8]. The FEL output results calculated by 
GINGER for 800 A peak current, 4.5-m undulator length, 
and the base e-beam parameters in Table 1 are shown in 
Fig. 3. Saturation is reached after 300 passes with 
potentially another 900 µsec at that level subject to heat 
loads.  Other optical resonator configurations and mirror 
cooling may be needed to address the heat loading and 
consequent thermal distortions of the mirror surfaces.   
 
 
                 PRACTICAL CONSIDERATIONS 
 
   There is an option for the U5.0 device [9] that is being 
retired from the ALS storage ring in January 2013 to be 
transferred to FNAL. There are some practical 
considerations, however, mostly driven by the labeled 
weight of 47,000 lbs which is close to the ASTA facility  
crane’s 25-ton capacity. The undulator has a 5.0-cm 
period, 4.5-m magnetic structure length, a maximum field 
strength of 0.87 T with 1.4-cm gap, and a remotely 
controlled adjustable gap from 1.4 to 21.4 cm leading to a 
range of K values. The strong back and the specification 

to have the device’s gap constant to about 58 µm over the 
4.5-m length leads to the very substantial support 
structure. Its total height is 2.4 m as compared to the 

        
 
Figure 3: Initial GINGER simulations for output power 
saturation at the fundamental 13.4-nm wavelength for a 
concentric cavity with multilayer mirrors and peak current 
of 800 A at 800 MeV. The output power growth with pass 
number is shown. (courtesy of M. Reinsch [7]) 
 
ASTA tunnel height of 3.2 m (10.5 ft).  The vacuum 
chamber is 5.1 m flange to flange and has an 
antechamber. As staged at ALS, the beamline centerline is 
at ~55 inches, higher than the ASTA beamline center of 
48 inches. There appears in reference [9] to be a baseplate 
under the frame of about 15 in. height that might be 

Figure 2: Schematic of the diagnostics undulator located in one high energy test area at ASTA. The output UR is 
accessed with an in-vacuum mirror/transport after the next dipole. The location of the IOTA ring is also indicated.
(courtesy of M. Church, revised). 

 

Undulator 

UR 
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shortened. These should be evaluated for modification, or 
we have to shift the beam trajectory upward with a dogleg 
in this area. A photograph of the device in situ is shown in 
Fig. 4. Initial device characterizations were previously 
reported [10]. 
 

 
 

Figure 4: Photograph of the ALS U5.0 Undulator in the 
storage ring in April 2012. (photo by M. Wendt). 

SUMMARY 
   In summary, we have described a possible application at 
ASTA of a 5-cm period undulator with 4.5-m length for  
non-intercepting e-beam diagnostics during beam 
commissioning of the first cryomodule and subsequent 
installations of the other cryomodules. In addition, the 
undulator could be the basis of unique tests of VUV-XUV 
FEL oscillator configurations. A more comprehensive 
study of this latter topic is underway. 
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STATUS OF PAL-XFEL UNDULATOR SYSTEM 
D.E. Kim, H.S. Han, Y.G Jung, H.G Lee, W.W. Lee, K.H. Park, H.S. Suh, 

 J.Y. Huang, I.S. Ko, M.H. Cho 
Pohang Accelerator Laboratory, Pohang, Kyungbuk 790-784, KOREA 

Abstract 
Pohang Accelerator Laboratory (PAL) is developing 10 

GeV, 0.1 nm SASE based FEL for high power, short pulse 
X-ray coherent photon sources named PAL-XFEL. At the 
first stage PAL-XFEL needs two undulator lines for 
photon source. PAL is developing undulator magnetic 
structure based on EU-XFEL design. The hard X-ray 
undulator features 7.2 mm min magnetic gap, and 5.0 m 
magnetic length with maximum effective magnetic field 
larger than 0.908 T to achieve 0.1nm radiation at 10 GeV 
electron energy. Soft X-ray undulator system has 8.3 mm 
undulator gap with 33.4 mm magnetic period. In this 
report, the status of the undulator project including 
mechanical design, magnetic design, are summarized. 

INTRODUCTION 
The Pohang Accelerator Laboratory (PAL) has been 

developing SASE based light sources since 2011. The key 
features are 0.1nm class SASE radiation, and 10 GeV 
class S-band linear accelerator, low emittance (0.5 um) 
photo cathode RF gun, and EU-XFEL style out vacuum 
undulator system[1]. It’s targeting 60Hz operation with 
optional 120 Hz operation. In addition to this, 1.0nm~3.0 
nm VUV SASE line is also planned. The total length of 
the PAL-XFEL building will reach 1,100 m including 
about 120m undulator lines. 22 undulators for X-ray line 
and 14 undulators for Soft X-ray line is expected. The 
schematic layout of the linear accelerator and undulator 
line is shown in Fig. 1. The major parameters of the X-ray 
FEL and undulator line are shown in Table 1.  
 

Table 1: Major Parameters of the PAL-XFEL Undulator 

Symbol Unit Min gap Max gap 

E GeV 10.000 10.000 
g mm 7.20 9.90 

mm 24.4 24.4 

Lund 5 5.0 5.0 

λr nm 0.1000 0.0600 

Beff Tesla 0.9076 0.5833 

K  2.0683 1.3293 

Lg m 2.88 5.34 

Lg/Lg1D  1.36 1.98 

Pbeam TWatt 30.0 30.0 

Psat GWatt 13.7 5.1 

Lsat m 52.8 92.4 

Lg m 2.88 5.34 

Lg/Lg1D  1.36 1.98 

 
 

Figure 1: Schematic layout of the PAL-XFEL and 
undulator line. 

EU-FEL UNDULATOR 
The key features of the EU-XFEL undulator design are 

an economic design using standardization and 
optimization suited for mass serial production [2]. The 
generator structure of the PAL-XFEL undulator design is 
shown in Fig. 2 and it is benchmarking the conceptual 
details of EU-XFEL undulator. It features (a) 4 
independent spindle movement for the gap control using 
easily accessible commercial parts. These 4 motors are 
electronically synchronized by a control system. (b) 
strong girder system designed for the worst case magnetic 
load that can be used for all other cases. (c) unique pole 
tuning system. The poles can be tuned and locked using 
tuning studs and notches in the poles. This scheme 
simplifies the tuning procedure and a big improvement 
compared to the usual copper shims which are clumsy in 
nature and tuning range is discrete. With this unique 
tuning scheme, the supplier can manufacture the 
undulator meeting the requirements. The detailed tuning 
and spectrum shimming can be done in house. In this 
way, the cost can be lowered. 

 
 

Figure 2: Schematic structure of PAL-XFEL undulator 
system. 

λ
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MAGNETIC STRUCTURE 
PAL-XFEL undulator magnetic structure is mostly 

based on the EU-XFEL undulator design. But since the 
magnetic period, and minimum working gap are different, 
customized design is needed. As usual, FE-Co pole 
material which has a saturation magnetization larger than 
2.3 Tesla is used to achieve higher effective field at a 
given geometry. For magnetic material, NdFeB rare earth 
magnet having remanence bigger than 1.25 Tesla, and 
coercivity 11.9 kOe is adopted. To minimize the long-
term radiation damage by high electron bombardment, 
high intrinsic coercivity of 25 kOe are required [3]. 
Analysis of the periodic part of the undulator was done 
using commercial finite element (FEM) program ANSYS 
[4]. Using symmetry of the problem 1/4 period is 
analyzed. The thickness of the pole and blocks are 
optimized to get a higher effective peak field. As usual, 
the effective field is defined by the Fourier component of 
the vertical field:  
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Here we set the origin at the center of the longitudinally 
asymmetric undulator, and z is the longitudinal coordinate 
and u is the undulator period. In Fig. 3, the dependence 
of the peak field and effective field on the pole thickness 
is shown. As expected, the content of the higher harmonic 
increases as pole thickness gets thinner and the difference 
between the effective field and peak field becomes larger. 
The effective field reaches a maximum when the pole 
thickness is about 3.6 mm. However, the transverse roll-
off was compared for 7.2 mm and 9.9 mm (which is the 
maximum expected working gap), and the good field 
region was smaller at 9.9 mm due to excessive saturation. 
To solve this problem, The pole thickness was increase to 
4.4 mm slightly compromising the effective field. At this 
thickness the transverse roll-off is shown at Fig. 4.  

TRANSITION PARTS 
For the transition calculations, Radia is used [5]. Since 

Radia is not sensitive to boundary conditions it’s useful 
for transition sequence while ANSYS is more accurate for 
well defined boundary conditions. In Fig. 5 we compare 
the results of ANSYS and Radia calculation for 1/4 
period. Same magnetic materials are applied including the 
parallel permeability of 1.06 and perpendicular 
permiablity of 1.17. But there is small difference of about 
1.0% in the calculate field. It may be attributed to the 
different character of the programs and different element 
numbers. The transition parts are designed using the 
adjustment of vertical position of the end magnet and 
controlling the thickness of the next magnet. In this way, 
the initial kick can be control to achieve parallel orbit for 
most of the working gaps. 
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Figure 3: The dependence of the peak field and effective 
field on the pole thickness. 
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Figure 4: Transverse roll-off at minimum working gap 
and at maximum working gap. 
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Figure 5: The comparison of the ANSYS calculation and 
RADIA calculation. 
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The shortened Radia model is shown in Fig. 6 and the 
small end magnet can be seen. The control thickness of 
the next magnet is from 0.0mm to 0.2 mm which is too 
thin to be visible. The calculation results are shown in 
Fig. 7 where orbits are calculated for several depth of the 
tuning magnets.  
  

Figure 6: Shortened RADIA model of the undulator. 
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Figure 7: The calculated orbit for 3 different tuning block 
depth. 

 

Figure 8: Tuning scheme. (a) shows the tuning studs and 
locking studs for the pole. (b) shows the correction 
scheme for skew dipole  (c) shows the correction scheme 
for normal quadrupole (d) shows the correction scheme 
for dipole or orbit. 

 

Movable tuning magnets at the end regions are shown 
in Fig. 8 the tuning scheme utilizing the tuning and 
locking screws is shown. Actually (b) type tuning can 
correct the skew dipole component and (c) type tuning 
can correct normal quadrupole component and (d) type 
tuning can correct the normal dipole or correct the orbit. 
This kind of tuning scheme is already successfully 
applied and tested for PLS-II in vacuum undulators using 
discrete copper shims. 

SUMMARY 
In this report, the status of the PAL-XFEL undulator 

system is described. The undulator system is 
benchmarking EU-XFEL undulator which is successfully 
manufactured and applied to FLASH and DESY. We 
need to customize magnetic structures for PAL-XFEL 
pole gap and magnetic period. The periodic structure and 
the transition parts are optimized using ANSYS and 
Radia. The calculated results from ANSYS and Radia 
showed about maximum 1.0% difference. Also the tuning 
schemes of the EU-XFEL undulator is summarized which 
is applied successfully to PLS-II in vacuum undulator 
system using discrete copper shims.  
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BEAM DIAGNOSTIC SYSTEM FOR PAL-XFEL 

Changbum Kim*, Hyojin Choi, Jae-Young Choi, Jung Yun Huang, Heung-Sik Kang, Do Tae Kim, 
Byung-Joon Lee, Chang-Ki Min, PAL, Pohang, Korea

Abstract 
The XFEL project in Pohang Accelerator Laboratory 

(PAL) requires low beam-emittance, ultra-short bunch 
length, high peak current, high stability of beam energy, 
and measurement and steering of beam trajectory within 
micrometers. Therefore, beam diagnostics for the self-
amplified stimulated emission (SASE) XFEL should be, 
focused on attaining femto-second precision in the 
measurement of temporal beam parameters, and sub-
micrometer precision in beam position measurement. 
Charge measurement and energy measurement are 
important as well. In this work, technical concepts 
regarding the diagnostic monitors will be summarized and 
present status of them will be described.  

INTRODUCTION 
The XFEL[1,2,3,4] is based on the principle of SASE 

that occurs due to on the generation, acceleration, and 
transport of unprecedently low-emittance, mono-energetic, 
high peak current electron bunches through the undulating 
magnetic field of an undulator array. When the XFEL 
beam parameters are well matched with XFEL conditions 
during the electron beam passes through the undulating 
magnetic field of undulator, the single XFEL mode 
among the spontaneous emission of synchrotron radiation 
gains exponential amplification along the undulator 
magnets. The SASE process is extremely sensitive to the 
electron beam parameters, so precise beam monitoring 
and feedback control of the beam parameters are very 
important in the operation of the XFEL machine. The 
proposed XFEL project in Pohang Accelerator Laboratory 
(PAL) requires low beam-emittance (< 1 μm·rad), ultra-
short bunch length (~ 50 fs), high peak current (~ 4 kA), 
high stability of beam energy (< 0.01%), and 
measurement and steering of beam trajectory within 
micrometers (< 2 μm) [5]. 

Therefore, beam diagnostics for SASE XFEL should be, 
focused on attaining femto-second precision in the 
measurement of temporal beam parameters, and sub-
micrometer precision in beam position measurement. 
Several beam measurement techniques have been 
developed for XFEL diagnostics in advanced XFEL study 
projects. Femtosecond bunch-by-bunch length 
measurement can be realized using a transverse deflecting 
cavity. Shot-to-shot variation of bunch length can also be 
monitored by measuring the coherent synchrotron 
radiation intensity radiated by femto-second electron 
bunches. Synchronization between the pump and probe 
beam for the pump-probe experiments can be achieved 
with femto-second precision by electro-optic detection of 
the beam arrival time. For the sub-micrometer beam 

position measurement, the nanometer beam position 
monitors (BPMs) developed for the international linear 
collider (ILC) can be utilized. 
For the success of the PAL XFEL project, bunch-by-
bunch measurements and control of electron and photon 
beam parameters must be obtained at critical locations - 
such as the low energy beam injector, bunch compressors 
- to achieve optimal tuning of the XFEL. For detailed 
understanding of the XFEL, beam emittance and beam 
energy spread should also be measured slice-by-slice 
along the bunch length. However, the existing diagnostics 
techniques used for the existing PLS machine, such as 
single bunch charge measurement, wire scanners, and 
optical transition radiators for beam size measurement, 
are also excellent diagnostic tools for the measurements 
of basic beam parameters in PAL XFEL.  

DIAGNOSTICS SYSTEMS 

Beam Position 
Preservation of beam quality during beam transport, 

and lasing of the XFEL radiation through the undulator 
are guaranteed only when the electron beam trajectory is 
well aligned within the specified tolerance, which is about 
10% of the beam size in the undulator. In PAL XFEL, 
trajectory alignment should be more precise because of 
the narrow gap (~ 5 mm) in-vacuum undulator. Beam 
trajectory must be maintained within 10 μm in the linear 
accelerator and within 2 μm in the undulator array. 

The transverse position of the beam in the XFEL can be 
measured using two different types of BPM: a pickup 
electrode (stripline or button) BPM, or a cavity BPM. A 
stripline BPM has a wide dynamic rage with a good 
resolution and suitable for the use of beam position 
monitoring in a linac. A cavity BPM has an excellent 
resolution in a small dynamic range and is widely used in 
the undulator area. A prototype stripline BPM was 
developed for the test and installed in the PLS linac. 

In the undulator line, because of the tight resolution 
requirements, cavity BPMs will be used together with the 
stripline BPM. Cavity BPM has been intensively studied 
for nanometer beam position measurement for the future 
International Linear Collider (ILC) [6]. In a cavity BPM, 
the amplitude of the TM110 mode, excited in the cavity 
by an off-centered beam, yields a signal proportional to 
the beam displacement and the bunch charge. Sub-
micrometer resolution of the cavity BPM can be 
achievable, although the measurable range of the cavity 
BPM is very narrow, typically less than 500 μm.  

A prototype cavity BPM has been developed for the 
ILC (KEK ATF) and XFEL in PAL [7]. A prototype cavity 
BPM installed in KEK ATF extraction beamline for the 
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test. The sensitivity and isolation of the cavity BPM were 
measured with the signal processing electronics. Real 
beam position was checked with two stripline BPMs 
installed upstream and downstream of the test cavity 
BPM. Beam intensity of 0.8×1010 e/bunch was measured 
by an integrating current transformer (ICT) installed at 
the end of the extraction beamline, and the nominal ATF 
bunch length is 8 mm. Sensitivity of the cavity BPM was 
measured to be 0.8 V/mm when the two port signals are 
combined. Isolation was better than 40 dB with real beam 
measurements. By comparing the correlation between 
output signals from two opposite ports of the cavity, the 
100 nm resolution of position measurement was proved 
within the dynamic range of ± 50 μm [8]. 

Bunch Charge 
An integrating current transformer can be used for the 

bunch-by-bunch charge measurement. In the linac section, 
a commercial integrating current transformer (e.g., 
Bergoz ICT) [9] will be used. This transformer measures 
bunch-by-bunch charge with 5 pC accuracy in a 
measurable range of 2 nC. For some non-critical 
applications, sum signal from each BPM can be used for 
the bunch charge measurement after appropriate 
calibration. 

Transverse Beam Profile and Emittance 
For the XFEL, the beam emittance should satisfy the 

diffraction limited beam relation [10]. Thus an accurate 
beam emittance measurement is an essential diagnostics 
to determine machine performance and provide corrective 
feedback. The emittance is correlated with beam size, so 
accurate beam size measurement is needed to infer beam 
emittance. For the beam size measurement, thin 
fluorescence crystals such as YAG(Ce), and CsI(Tl) are 
used to image the beam. Optical transition radiation 
(OTR) that is produced when a charged particle passes 
through a boundary of two materials having different 
dielectric constants, can be also used to measure the size 
of projected beam. 

Because the OTR has sub-picosecond response time, 
femto-second bunch-by-bunch structures can be observed 
using OTR. Beam emittance is measured with OTR 
screen and a quadrupole magnet located in a non-
dispersive section. 

For the practical reasons that the quadrupole scanning 
method needs change of quadrupole strengths, which 
affects the stability of accelerator optics, and that each 
scan takes a long time, we will use four screens installed 
in a FODO lattice section to avoid changing quadrupole 
strengths during operation, and will measure beam 
emittance in a single pass of the beam. A wire scanner 
was fabricated for PAL XFEL study based on the KEK 
ATF design and a preliminary test conducted using a laser 
beam to simulate the electron beam showed good 
performance. 

Because the XFEL performance depends on slice 
emittance of the bunch, so the diagnostic equipment must 
be capable of measuring the slice beam profile along the 

bunch. Slice emittance can be measured with the same 
setup used in the bunch length measurements system by 
combining an RF deflector and an OTR screen. The slice 
beam profile can be also measured by zero-phasing the 
accelerating column and passing the electron beam 
through an analyzing magnet in the dispersive sections 
[11]. As the energy is modified linearly along bunch 
length in the zero-phasing scheme, each slice of electron 
bunch makes an image on the OTR screen after passing 
the analyzing magnet. 

Longitudinal Beam Profile 
 In the PAL XFEL, the electron bunch length at the 

photocathode will be ~ 10 ps, but will become shorter by 
the time it reaches the end of focusing solenoid coils. 
After the first accelerating column, it is compressed to ~5 
ps. It is further compressed in the first bunch compressor 
(BC1) to 1.3 ps and finally to ~ 50 fs after the third bunch 
compressor (BC3). Because the bunch length varies along 
the accelerator components, an appropriate bunch length 
measurement tool should be selected at critical locations. 
A commercial streak camera, such as the Hamamatsu 
Fesca streak camera has a temporal resolution of < 200 fs, 
so it is a useful instrument for the measurement of spatio-
temporal structure of electron bunch. SR or OTR [12] can 
be used for direct bunch length measurement using as 
streak camera. Because the resolution of the streak 
camera is limited to ~200 fs, alternative methods for 
bunch measurement should be used after the first bunch 
compressor. For the time-domain sub-picoseconds bunch 
length diagnostics, a transverse RF deflecting cavity 
(TCAV) will be used [13]. The RF deflector generates a 
transverse electric field to accelerate the beam in a 
vertical direction while the beam passes through the 
deflecting cavity. After leaving the cavity, the beam drifts 
further to the OTR target for imaging. At the OTR target, 
bunch length converts to vertical height and measured 
beam size shows bunch length. This kind of RF deflector 
is used for the diagnostics of sub-picosecond bunch 
length in TTF [2]. 

Autocorrelation of coherent synchrotron radiation 
(CSR) from a dipole magnet, or coherent transition 
radiation (CTR) from a metal foil target can be used for 
the bunch length measurement [14]. When the micro-
bunching instability increases, the CSR or CTR amplitude 
increases quadratically in the spectrum with respect to 
bunch charge. This characteristic can be utilized as an on-
line bunch length monitoring device by monitoring the 
intensity of the CSR using a pyro-electric detector during 
operation. 

Recent progress on electro-optical (EO) bunch 
measurement technology using electro-optic crystals like 
LiNbO3, TiNbO3, ZnTe has been very successful [15]. As 
the electric field of a relativistic bunch propagates parallel 
with the electron bunch, high electric field from the 
electron bunch modifies the refractive index of the EO 
crystal. Bunch structure can thus be detected using a 
polarized laser as a probe pulse, and detecting the 
modification of polarization while the laser beam passes 
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through the EO crystal. Although the resolution of this 
technology is limited by the dispersion of the laser light 
through the EO crystal, bunch-by-bunch single-shot 
measurement is possible without intercepting the beam. 
The beam signal detected by EO is a very important 
timing signal in measurement of the timing jitter, and in 
the synchronization of electron beam with the laser light 
and FEL radiation within a few femto-second precision. 
One type of electron beam arrival time jitter measurement 
depends on whether the laser beam incident on the EO 
crystal is ahead of or behind the beam. The ahead part or 
behind part of the laser beam experiences polarization 
modulation that can be detected by the optical analysing 
system, and the spatial variation of the detected signal is 
converted to the absolute time jitter. Measurement of 30 
fs rms beam jitter has been achieved using the EO 
detection scheme [16]. Fine improvement of electro-optic 
measurement technique is one of the major research 
activities in FEL diagnostics. A balanced detection 
scheme using a ZnTe electro-optic crystal is under 
development for PAL XFEL. The vertical and horizontal 
polarization beam intensities of laser beam that impinges 
on the ZnTe crystal are changed due to the birefringence 
of the crystal induced from the transverse electric field 
generated by relativistic electron bunch.  

Beam Energy and Energy Spread 
The beam energy variation can be monitored with an 

OTR screen in the dispersive section. A larger OTR 
screen will be needed in the low-energy dispersive parts 
such as BC1, because the spread of the beam image will 
be large in the dipole magnets at low energy. As the XFEL 
performance depends on the slice parameters, so slice 
energy spread measurement is also very important. Slice 
energy spread and bunch length can be measured 
simultaneously by using the analyzing magnet to bend the 
RF-deflected bunch in the perpendicular direction. 
Separate beam analyzing stations will be installed for the 
beam energy and energy spread measurements during 
machine operation. 

Undulator Diagnostics 
In the PAL XFEL, tens of undulators will be installed to 

obtain saturated FEL radiation, so that their alignment is 
one of the critical issues. For the alignment, diagnostics 
module can be installed in-between two undulators.  The 
alignment process is done as in the following. First, BPM, 
beam finding wire and OTR screen on a diagnostics 
module are aligned, and the synchrotron radiation from 
the align undulator is sent to downstream of undulator 
line. Next, the whole diagnostic module is moved to 
transverse direction and let the radiation place on the 
centre of OTR target, then the diagnostic module is align 
to the synchrotron radiation from the align undulator. Last, 
the electron beam orbit can be aligned to make 
overlapping between the electron beam and the 
synchrotron radiation by using two corrector magnets. 

Important undulator parameters such as gain length and 
the intensity of the X-ray must also be measured along the 

undulator. Thus, beam diagnostics in the undulator line 
includes beam position monitors, bunch charge monitors, 
beam profile monitors and an X-ray profile and intensity 
monitor. FEL intensity can be measured using an 
appropriate photon beam pick-up like a thin metal wire or 
a crystal diffractor in the path of the electron and photon 
beam. Several ideas for precise characterization of XFEL 
radiation have been proposed and are being studied in the 
on-going XFEL projects [1,2,3,4]. Further developments 
of undulator radiation diagnostics for the PAL XFEL are 
also going. 

SUMMARY 
General descriptions on the special diagnostic techniques 
for the proposed PAL XFEL have been introduced. 
Development of methods to reliably and accurately 
measure sub-micrometer beam position measurement and 
sub-picosecond bunch length measurements is ongoing. 
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FAST, ABSOLUTE BUNCH LENGTH MEASUREMENTS IN A LINAC 
USING AN IMPROVED RF-PHASING METHOD 

P. Emma, H. Loos, SLAC, Stanford, CA 94309, USA 
C. Behrens, DESY, 22607 Hamburg, Germany

Abstract 
There is great demand for a fast, accurate method to 

measure the absolute bunch length of an electron beam in 
a linac.  Many ideas are available, with one of the most 
attractive based on the transverse RF deflector [1].  Since 
this specialized technology can be costly and unavailable, 
we revive an old method using accelerating RF, but with 
the same robust characteristics of the transverse deflector 
(fast, accurate, and absolute).  The method is based on the 
standard “RF zero-phasing” scheme [2], but includes 
several significant improvements based on experience 
with the RF deflector method. 

INTRODUCTION 
Electron bunch length measurements using transverse 

RF deflectors have become standard in FEL applications 
and are now quite routine at the FLASH [3] and LCLS [4] 
FEL facilities.  Although there are actually two separate 
deflectors at LCLS, one before the first bunch compressor 
(BC1) and one after the second compressor (BC2), there 
is no deflector between compressors, leaving the 
intermediate bunch length rarely measured.  Similarly, at 
FLASH there is only one deflector at the end of the 
machine, and future FELs are planning multiple 
deflectors.  In lieu of this costly option, or as a backup 
method to cover more of the machine, we present a simple 
method requiring no new hardware, using the existing 
accelerating RF, and providing a fast (~1 minute), 
accurate measurement.  It is easily calibrated using beam 
screen data and only the RF frequency needs to be known. 

Using a section of linac with nominal off-crest RF 
phase (standard with bunch compression), the method is 
first calibrated by fitting the linear slope of beam position, 
measured on a screen at a dispersive location after the 
linac, versus small RF phase variations.  The dispersed 
beam size is then measured on the same screen at the 
nominal off-crest RF phase, then again at nominal, but 
opposite sign phase, and finally again at crest phase.  A 
parabola is fitted to these three data points and the bunch 
length is extracted from one of the three fitted parabolic 
coefficients, using the calibration coefficient. 

METHOD 
The energy of each electron, E(z), as a function of the 

bunch length coordinate, z, after a section of linac with 
peak accelerating voltage V0 and RF phase ��(with � = 0 
defined at the crest phase), is 

  , (1) 

where Ei is the initial electron energy prior to the linac 
section, k (= 2�/�rf) is the RF wave number, h is the final 

linear energy chirp along the bunch, and e is the electron 
charge.  The chirp, h, is the additional linear energy-z 
correlation (measured in m�1) along the bunch due to the 
initial correlation (prior to the linac section) and also 
encompasses any wakefield-induced linear chirp over the 
linac section.  The nominal energy, E0, after the linac 
section is 

 �  , (2) 

with �� as the nominal (reference) RF phase. 
Defining the relative energy deviation as 	 = (E –

 E0)/E0, using Eq. (1) and (2) and assuming k|z| << 1 (i.e., 
a short bunch compared to �rf), we have 

 .  (3) 

At this point it is useful to express these results in terms 
of a more directly measured quantity, namely the 
transverse beam position at a dispersive location (i.e., 
after a bend magnet) following the linac section.  Such a 
location is usually easily identified, since a bunch 
compressor chicane or other bend system commonly 
follows such a linac section.  The transverse dispersion is 
defined as 
 and the transverse position, y, of each on-axis 
electron is then: y = 
	. 

Measuring the centroid of the ensemble of particles and 
using �z� = 0, the transverse position centroid as a function 
of the variable RF phase, �, taken from Eq. (3) is 

  . (4) 

A voltage calibration can then easily be done by 
measuring the sensitivity of the position centroid, �y�, 
using small variations of the RF phase, � (note that �� is 
the reference phase and is not variable)�

  (5) 

Here the calibration slope, a, is defined (see Fig. 1). 
Now we express the position of each particle, using the 

calibration slope, a, at the nominal phase by setting � = �0 
in Eq. (3) and again using y = 
	 

  (6) 

With �y = �y2�1/2 and �z = �z2�1/2 it is clear that the rms 
transverse beam size, �y, is linearly dependent on the rms 
bunch length, �z, as 

  , (7) 

where the chirp, h, is unknown and we introduce �y0 as 
the non-dispersed (minimum) beam size at the screen. 

To eliminate the unknown chirp we note that the sign of 
a follows the sign of �, and introduce x as the sign of 
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��(i.e., x = �1, x = �1, or x = 0 corresponding to ��= ��, 
��= ���, and ��= 0), resulting in a → |a|x. 

  (8) 

This form is now that of a simple parabola, such as 

  , (9) 

with A = a2k2�z
2, B = |
|h/|ak|, and C = �y0

2. 
If the rms beam size squared, �y

2, is measured at � = �0 
(i.e., x = �1), � = ��0 (x = �1), and � = 0 (x = 0), these 
three data point pairs can then be linearly fit to the 
parabola of Eq. (9) resulting in numerical best-fit values 
for A, B, and C, with the rms bunch length calculated 
easily using: �z = A1/2/|ak|, with a as the calibration slope. 

SIMULATIONS 
LCLS particle tracking simulations with LiTrack [5], 

including longitudinal wakefields of 330 meters of SLAC-
type S-band RF accelerating structures prior to the BC2 
chicane at 4.3 GeV, are used to more realistically verify 
the method.  A simulated LCLS calibration is shown in 
Fig. 1 as described in Eq. (5) with a = 4.377 mm/deg. 

The rms beam size measurements are simulated in 
Fig. 2 with the parabolic fit repeated 25 times with 
random 5% rms errors applied to each beam size.  The 
average rms bunch length from the fit is 106 ± 3 �m, with 
the “true” value (from simulation) as 107 �m. 

Tracking results are in Fig. 3 where longitudinal phase 
space is shown at the three pre-BC2 RF phase settings of 
the measurement (� = �0, � = 0, and � = ��0, where �0 = 
�36.2 deg here).  The bunch charge is 250 pC and the 
beam energy in the BC2 chicane is 4.3 GeV. 

For shorter bunches, Fig. 4 and Fig. 5 show the method 
for ten bunch lengths (by varying the RF phase, �1, of the 
1st compressor stage) from 107 �m to <7 �m rms.  Results 
are precise up to ~15 �m rms for under-compression 
(�1 > �26°), and eventually limited by the wakefield-
induced chirp (increased with shorter bunches), and also 
the dispersed beam size sensitivity (decreased with shorter 
bunches).  A faster, 2-point measurement is also possible, 
ignoring the crest phase beam size if it is much smaller 
than the other two.  In that case:  �z ≈ (�y1 + �y2)/|2ak|. 

 
Figure 1:   Simulated calibration curve as described in Eq. (5) 
with a = 4.377 mm/deg (or 250.8 mm/rad). 

 
Figure 2:  Twenty-five simulated bunch length measurements 
with parabolic fits (�y, not �y

2 shown) with 5% rms random 
errors on each beam size measurement resulting in an average 
rms bunch length of 106 ± 3 �m (‘true’ value is 107 �m). 

 

 

Figure 3:   Tracking simulations for � = �36.2° (top row, 
nominal), � = 0 (center row), and � = �36.2° (bottom row), at 
4.3 GeV in LCLS BC2 at 0.25 nC (�z = 107 �m).  Bunch head is 
at z < 0 here. 

 
Figure 4:   Simulations of bunch length measurements for 10 
bunch lengths (color coded w.r.t. Fig. 5 phase).  Over-
compressed cases (dashed lines) are too linear due to the large 
chirp, h, and do not produce precise results. 
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Figure 5:   Simulations of Fig. 4 with red curve as tracking 
results (i.e., ‘true’ �z), blue circles as parabolic measurement 
simulations (which agree well), and green squares as 2-point 
measurement simulations, which agree only at �1 > �26°.  Error 
bars, based on 5% rms beam size resolution, show the method 
diverges for strongly- or over-compressed bunches (��1 < �26°). 

MEASUREMENTS 
This refined RF phasing method has been tested at 

LCLS in the injector at 20 pC and the results are compared 
to those of the transverse deflector. 

 
Figure 6:  Measured calibration scan where the beam position 
on the BC1 screen is plotted against the RF phase setting 
scanned around its �25-degS nominal phase. 

An actual calibration plot (as simulated in Fig. 1) is 
shown in Fig. 6 where the horizontal beam position on the 
BC1 chicane OTR screen is plotted vs. the pre-BC1 
accelerating RF (L1S) phase setting, scanned around its 
nominal value of �25 degS (degrees of S-band RF). 

Figure 7 shows an injector bunch length measurement 
at 20 pC, where the rms beam size (on an OTR screen at 
135 MeV just after the first “TCAV0” RF deflector) is 
plotted versus the RF deflector’s phase (left plot), and 
also the rms beam size (on at OTR screen at 250 MeV at 
the center of the BC1 chicane) versus the pre-BC1 RF 
(L1S) accelerating phase (right plot).  The left-side plot is 
the ‘standard’ method using an RF deflector, while the 
right-side plot is the RF phasing scheme. The two 
independent rms bunch length measurements agree to 
within 5% here.  Figure 8 shows this same measurement, 
but now at 40 pC, and again with 5% agreement.  The 
asymmetry in these plots (right side only) is due to the X-
band RF linearizer, which is constant at �160 deg here. 

 
Figure 7:   Measured rms beam sizes in LCLS injector at 20 pC 
vs. RF phase (transverse cavity phase at left, and pre-BC1 
accelerating phase, L1S, at right).  The two independent bunch 
length measurements agree to within 5% here. 

 
Figure 8:   Bunch length measurements in LCLS injector exactly 
as shown in Fig. 7, but now at 40 pC. 

The method has also been tested downstream of the 
LCLS BC1 compressor.  Figure 9 shows this measurement 
at 20 pC, but with no accompanying transverse RF 
confirmation made here yet.  The BC2 dispersion OTR 
screen and the pre-BC2 RF phase (L2) are used here. 

Finally, Fig. 10 shows the temporal beam profile 
measured using the RF phasing method in BC2 (same 
data as right-side plot of Fig. 9), where some micro-
structure also appears.  Here the beam size on the crest 
phase is very small and not critical for bunch length 
measurements (i.e., a 2-point measurement is sufficient). 

 
Figure 9:   Measured bunch length (RF phasing method in both 
cases) in LCLS just prior to BC2 at 20 pC (left) and 40 pC 
(right).  The transverse RF deflector has not yet been used to 
confirm this.  The rms bunch length values are 38 �m and 49 
�m, respectively, and the scale of the beam size data suggests 
that much smaller values can be measured as well. 
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Figure 10:   Measured temporal profiles for an L2 RF phase of 
�33º (top), zero (middle), and +33º (bottom) at 40 pC in the BC2 
chicane (same data as shown at right in Fig. 9).  The temporal 
shape is revealed at top and bottom using the nominal (�33º) and 
flipped (�33º) RF phases prior to BC2.  A 2-point measurement 
is more than adequate here. 

COMMENTS 
This method requires no new hardware and uses the off-

crest RF phasing typical in a linac-based FEL, with no 
need to shift the phase to the “RF zero-crossing”, which 
otherwise requires a large energy change and linac magnet 
strength rescaling.  Its application requires a simple 
calibration (see Fig. 1 and Fig. 6), which takes about one 
minute and eliminates the need for knowledge of the RF 
voltage, the scale of the screen, or the dispersion value at 
the screen.  Only the RF frequency needs to be known, 
and the calibration is required only occasionally. 

A bunch length measurement requires just 2-3 beam 
size measurements on the screen at a dispersive location 
where the dispersion nominally dominates the beam size.  
The three measurements are done at: 1) the nominal RF 
phase setting (e.g., � = �36°); 2) a flipped-sign nominal 
phase setting (e.g., � = �36°), preserving the electron 
energy; and possibly 3) the crest phase (� = �), requiring 
a voltage reduction.  In most cases the crest phase setting 
is not required (see Figs. 5, 9, and 10), allowing very fast 
and convenient measurements.  Finally, precise RF phase 
knowledge is not needed since it is part of the calibration, 
and the actual RF phase flip can be guided by keeping the 
beam centered on the screen.  Several similar schemes 
(e.g., tomography) have been published as well [6, 7, 8], 
but are not as well targeted towards the fast, convenient, 
and absolute bunch length measurements described here. 
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SUB-FEMTOSECOND HARD X-RAY PULSE FROM VERY LOW
CHARGE BEAM AT LCLS

V. Wacker∗, University of Hamburg, Hamburg, Germany
Y. Ding, J. Frisch, Z. Huang, C. Pellegrini and F. Zhou, SLAC, CA 94025, USA

Abstract
The Linac Coherent Light Source (LCLS) is an x-ray

free-electron laser (FEL) at SLAC National Accelerator

Laboratory, supporting a wide range of scientific research

with an x-ray pulse length varying from a few to several

hundred femtoseconds. There is also a large interest in even

shorter, single-spike x-ray pulses, which will allow the in-

vestigation of matter at the atomic length (Å) and time scale

(fs). In this paper, we investigate the FEL performance

using 1 pC and 3 pC electron bunches at LCLS, based on

the start-to-end simulations. With an optimization of the

machine set up, simulations show that single spike, sub-fs,

hard x-ray pulses are achievable at such a low charge.

INTRODUCTION
Self-amplified spontaneous emission (SASE) FELs pro-

vide tunable, high-power, coherent light sources in the x-

ray wavelength range. Several FEL projects worldwide

[1, 2, 3] provide users with high peak power, femtosec-

ond long pulses. Nevertheless, a growing interest in even

shorter, single-spike pulses with a full longitudinal coher-

ence is evolving within the FEL user community. These

ultra-short pulses could open undreamed-of possibilities

for experiments in physics and other domains of science.

The generation of single-spike x-ray pulses in SASE mode

can be obtained with very short electron bunches, pro-

duced by reducing the beam charge, or with using a laser

or emittance-spoiling foil to manipulate the long electron

bunches [4]. Reducing the bunch charge from nC to pC

level is a simple way, as first studied in [5, 6]. At LCLS, a

systematic study has been performed with 20 pC [7], and it

works very well for providing users of x-ray pulses below

10 fs. In this operation mode, the x-ray pulses typically

have a few spikes. It is possilbe to further optimize the

machine set up, or to combine the emittance-spoiling foil

and taper schemes to achieve a single-spike SASE FEL x-

ray pulse at this 20pC charge [8], but the collective effects

have to be carefully considered.

In this paper, we study the possibilities of further reduc-

ing the charge from 20 pC to 1pC/3pC for producing sub-

femtosecond, hard x-ray pulses at LCLS, based on start-to-

end simulations. However, the beam diagnostics for such

small, low charged bunches are currently challenging top-

ics at LCLS. At such a low charge, the collective effects

from the space charge force, the coherent synchrotron radi-

ation, and wake fields are expected to be much smaller. A

schematic layout of the LCLS machine is shown in Fig.

∗violetta.wacker@desy.de

The compression in the second bunch compressor (BC2)

determines the final electron bunch length. By tuning the

phase of the L2 linac the compression ratio was adjusted.

The start-to-end simulations were made using IMPACT [9]

and ELEGANT [10] codes for the tracking of the electron

bunch from the photocathode to the beginning of the undu-

lator. From there on the FEL radiation was simulated with

GENESIS 1.3 [11]. IMPACT covers the tracking of one

million macro-particles from the photocathode to the end of

the first dog-leg (DL1) at 135 MeV. The code includes 3D

space charge forces allowing detailed modeling at low en-

ergies. To reduce the high-frequency numerical noise in the

following ELEGANT simulations, the particle output from

IMPACT was smoothed in longitudinal dimension [12].

ELEGANT includes a 1D model of incoherent and coher-

ent synchrotron radiation (ISR, CSR) as well as longitudi-

nal space charge (LSC) effects. The generation of the FEL

radiation was simulated using GENESIS. This FEL simu-

lation includes LSC effects in the undulator chamber. The

influence of resistive wall-wakes is negligible and was not

considered.

Our results show that a single-spike pulse with 5 GW peak

power and 0.2 fs fwhm is achievable using a bunch charge

of 1 pC. The simulations for a bunch charge of 3 pC re-

sulted in about two spikes.

ELECTRON BEAM OPTIMIZATION
In this section the required machine set up for single-

spike operation at LCLS is studied. From the photoinjector

down to the undulator, we aim for the shortest bunch, the

highest current and the smallest transverse emittance pos-

sible. In this manner, we obtain high electron beam bright-

ness, the key requirement for FELs.

The condition for the rms bunch length σz under which the

SASE FEL produces a single-spike pulse was found to be

σz ≤ 2Lcoop [6]. In case of LCLS, the cooperation length

Lcoop is approximately 25 nm, dictating a rms bunch length

σz ≤ 50 nm. (1)

To obtain such a short bunch, shorter bunch length in the

injector and almost full-compression in the linac and com-

pression system have been applied, as discussed in the fol-

lowing sections.

Electron Beam Optimization for 1 pC
The photoinjector set up was obtained by IMPACT sim-

ulations using one million particles and a bunch charge of

1 pC. The optimized bunch was achieved using a Gaussian

1.
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Figure 1: Schematic layout of the LCLS machine.

Table 1: LCLS Machine Parameters for 1 pC and 3 pC

Parameter Value

Cathod laser length 1.5 ps fwhm

Cathod laser iris 0.3 (1pC), 0.4 (3pC) mm

Gun rf phase -5 ◦

L1 phase -22 ◦

LX phase -160 ◦

BC1 R56 -45.5 mm

L2 phase -32.1◦ (1pC), -32.4◦ (3pC)

BC2 R56 -24.7 mm

L3 phase on crest

shaped UV laser pulse with a fwhm pulse length of 1.5 ps,

an iris of 0.3 mm and a gun RF phase of -5◦. These val-

ues are realizable at LCLS. At the end of DL1 the electron

bunch produced has a rms bunch length of σz = 66μm and

a normalized, transverse emittance of εn = 0.067μm.

The parameters used for the ELEGANT simulations are

listed in table 1. The values for the L1 and L2 phase

were optimized based on LiTrack [13] simulations. The

L2 phase was tuned to adjust the compression, while the

BC2 R56 was fixed. To generate a reasonable short elec-

tron beam with a sufficiently high peak current, the opti-

mized L2 phase is -32.1◦, which corresponds to the full

Figure 2: Longitudinal phase space distribution and current

profile after BC2 (left) and at the beginning of the undula-

tor (right), for full compression (L2 phase of -32.1◦) and a

bunch charge of 1 pC.

compressed bunch. The resulting electron beam after BC2

is 85 nm long (rms) and has a peak current of 1.2 kA (see

the left plots in Fig. 2). After BC2 the bunch passes L3,

accelerating it to 13.6 GeV. The longitudinal space charge

effects in L3 stretch the bunch and generate a time-energy

chirp with higher energy on the bunch head. Subsequently,

a small positive R56 within DL2 rotates the bunch and fur-

ther compresses it. These effects lead to a final peak current

of 3.2 kA and a rms bunch length of 38 nm (see the right

plots in Fig. 2), which meets the requirement given by eq.

(1). The vertical and horizontal normalized emittance are

εn,y = 0.07μm and εn,x = 0.14μm, allowing to oper-

ate the FEL at full compression for single-spike generation

though the slice energy spread is 5 MeV.

Other than nearly full-compression, operating at under or

over-compression it only gets peak current in the range of

∼100 A with 1pC charge, which is insufficient for FELs.

Collective Effects in BC2

At BC2 we observed a broadening of the longitudinal

phase space distribution for all compressions schemes in-

vestigated. This energy spread gain is mainly caused by the

incoherent synchrotron radiation (ISR) effect. In this sec-

tion we discuss the collective effects in BC2 by means of

an under-compression scheme. For a full compression case

the broadening due to the ISR effect is even stronger.

Figure 3 shows the longitudinal phase space distribution

before and after BC2 for an under compression case ob-

tained with a L2 phase of -29.8◦. The bunch is compressed

from 11.9μm (rms) by a factor of 13 to 0.89μm (rms).

However, the slice energy spread increases from 5 keV by

a factor of 44 to 220 keV. This discrepancy is caused by

Figure 3: The longitudinal phase space distribution be-

fore (left) and after BC2 (right) for under compression (L2

phase of -29.8◦) with a bunch charge of 1 pC. The phase

space distribution is blown up due to ISR effects.

Simulations for Single-spike Generation
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ISR. The effect can be estimated roughly with

σEISR
=

1

LB

√
(4.13 ∗ 10−11)E7|θ3B | = 12.5 keV/BM,

where LB = 0.549m is the length of each bending magnet

(BM) and θB = 0.0347 rad is the bending angle. The beam

energy E = 4.3GeV at BC2. The ISR contribution to the

energy spread of 12.5 keV per bending magnet is amplified

by the compression process

σi = CBMi

√
σ2
i−1 + 12.52 keV,

where CBMi is the compression factor of the BM. There-

fore, the slice energy spread at the end of BC2 is approx-

imately 252 keV. The result is slightly overestimated, be-

cause the approach neglects that the compression and the

energy spread gain take place simultaneously. Neverthe-

less, it is well explained why the growth of the energy

spread is much larger than the compression factor.

The coherent synchrotron radiation (CSR) effect is very

small in comparison. The largest CSR contribution from

the fourth bending magnet acounts about 20 keV.

FEL PERFOMANCE
In this section we discuss the GENESIS simulations. We

used the LCLS-I undulator line for the simulations. The

line consists of 33 fixed gap, planar permanent magnet hy-

brid undulators and is ∼130 m long including breaks. Each

of the 3.4 m long undulator segments has a period length of

30 mm and a magnetic gap size of 6.8 mm. The effective K

value is 3.5. The undulator magnet poles have canted an-

gles to allow small adjustment of the field K for FEL gain

optimization.

In order to use theELEGANT output file for theGENESIS

simulations, the α- and β-function had to be matched to the

beginning of the undulator based on the lattice file, and we

used an average beta function of 30 m inside the undulator.

To include LSC in the undulator we added an external en-

ergy loss of the electron beam to the beam file in FEL sim-

ulations. The loss is given by the derivative of the cur-

rent profile. This model predicts a maximal energy loss of

150 keV/m due to LSC at this full-compression mode with

1pC charge.

Figure 4: The total energy of the FEL pulse as a function of

the distance along the undulator z, one typical case (left).

Power profiles at 50 m for four different shot noises (right).

FEL Simulations for 1 pC
Figure 4 shows the result of the simulations for the 1 pC

bunch charge, full compression case. The left plot shows

the total energy of the x-ray pulses as a function of the

distance along the undulator z. Saturation is reached at

around 50 m. After saturation the total energy rises again,

because a second spike is generated. Hence, the undulator

section has to end after 50 m for single-spike generation.

At LCLS this could be realized by moving undulators out

of the beamline. However, this would require a compre-

hensive study. The right plot in Fig. 4 shows the power

profiles at saturation using four different initial shot noises.

They all consist of a single spike. The average peak power

is approximately 5 GW. The fwhm pulse length is about

0.2 fs.

SIMULATIONS FOR 3 PC
One possibility to achieve a higher peak power is to

increase the bunch charge. Therefore, we increased the

charge to 3 pC and repeated the proceedings used for the

1 pC study.

Electron Beam Optimization for 3 pC
The photoinjector set up was again optimized with 1 mil-

lion macro-particles using IMPACT. The shortest bunch

was generated for a Gaussian shaped photo-injector laser

pulse with a fwhm pulse length of 1.5 ps, an iris of 0.4 mm

and an RF phase of -5◦. Only the size of the iris was

changed compared to the set up for 1 pC. The electron

bunch produced has a rms bunch length of σz = 96μm
and a normalized transverse emittance of εn = 0.095μm
at the end of DL1. The parameters for the subsequent EL-

EGANT simulation are listed in table 1.

For a L2 phase of -32.4◦ the electron bunch is fully com-

pressed in BC2. The resulting electron bunch is 1 fs fwhm

long and has a peak current of ∼3 kA. As discussed for

the 1 pC bunch, LSC in L3 and the positive R56 in DL2

lead to a shorter electron bunch with a higher peak current.

Thus, we achieve a peak current of 8.9 kA and a rms bunch

length of 34 nm at the beginning of the undulator (see Fig.

5). The vertical and horizontal normalized emittance are

Figure 5: Longitudinal phase space disturbition (left) and

current profile (right) at the beginning of the undulator for a

full compression (L2 phase of -32.4◦) with a bunch charge

of 3 pC.
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εn,y = 0.09μm and εn,x = 0.4μm. This high peak cur-

rent and small transverse emittance can compensate for the

large slice energy spread of 10-14 MeV.

FEL Simulations for 3 pC
The GENESIS simulations for the 3 pC bunch charge,

full compression case were made using the same undulator

line and simulation parameters as for the 1 pC case. We

included the impact of LSC in the simulations as done for

1 pC. For a bunch charge of 3 pC, the model predicts a max-

imal energy loss of 300keV/m due to LSC effects in the un-

dulator.

The results of the GENESIS simulations are shown in Fig.

6. The left plot shows the total energy as a function of

the distance along the undulator. After ∼40 m a second

spike is generated. From there the energy rises strongly un-

til saturation is reached between 60 m and 80 m. At about

∼80 m the whole radiation pulse completely slipped out of

the bunch. Hence, no deep saturation interaction is visible

[6]. The right plot shows the power profile for four differ-

ent shot noises at 60 m. The second spike is clearly visible.

The average peak power is ∼10 GW, twice as much as for

the 1 pC bunch charge simulations.

Figure 6: The total energy of the FEL pulse (left) as a func-

tion of the distance along the undulator z for three different

shot noises. The power profiles (right) at 60 m for four dif-

ferent shot noises with a clear second spike.

In other GENESIS simulations we intentionally neglected

the LSC effects to check the FEL performance. Those re-

sults show a sub-femtosecond (fwhm) single-spike pulse

for a bunch charge of 3 pC with a peak power in the 10 GW

range. Using a tapered undulator, which can compensate

for LSC effects, it is expected to help generating a single-

spike pulse for a 3 pC bunch charge [14]. However, this

needs further study in the future.

SUMMARY AND OUTLOOK
Based on start-to-end simulations we investigated the

possibility of producing single-spike pulses at LCLS with

1 pC and 3 pC bunches, by operating the bunch at a full-

compression mode.

Using a1pC bunch, we achieved a∼0.3 fs long bunch with

a peak current of ∼3 kA. The GENESIS simulation showed

that this bunch can generate ∼0.2 fs fwhm long single-

spike pulses with a peak power of ∼5 GW. A phase jitter

in L2 of ±0.1◦ still gives reasonable FEL performance.

In order to obtain more peak power we repeated our study

for 3 pC bunch charge. The production of a ∼0.3 fs fwhm

long bunch with a peak current of ∼9 kA is possible with

a 3 pC bunch. Simplified GENESIS simulations neglecting

LSC in the undulator chamber show a sub-fs long (fwhm)

single-spike pulse with ∼10 GW peak power. However, in

simulations including LSC a second spike was clearly vis-

ible.

Future work could include the optimization of the initial

bunch parameters. Furthermore, a tapered undulator could

be helpful to enhance the FEL performance for the 1 pC

bunch and to suppress the second spike in the 3 pC case.

The LSC model in Elegant is a simplified 1-D model, and

more detailed studies using other codes would benefit to

more understanding of this effect.
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Juliane Rönsch-Schulenburg† , Hamburg University and CFEL, Hamburg, Germany
Eugen Hass, Alexander Kuhl, Tim Plath, Marie Rehders,
Jörg Rossbach, Hamburg University, Hamburg, Germany

Nicoleta Baboi, Marie Kristin Bock, Michael Bousonville, Christopher Gerth, Karsten Klose,
Torsten Limberg, Uros Mavric, Holger Schlarb, Bernhard Schmidt, Siegfried Schreiber, Bernd
Steffen, Cezary Sydlo, Stephan Wesch, Silke Vilcins-Czvitkovits, DESY, Hamburg, Germany

Aleksandar Angelovski, Rolf Jakoby, Andreas Penirschke,
Thomas Weiland, TU Darmstadt, Darmstadt, Germany
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Abstract
In order to produce radiation pulses of a few femtosec-

onds at FELs like FLASH, different concepts have been

proposed. Probably the most robust method is to create an

electron bunch, which is in the most extreme case as short

as one longitudinal optical mode. For FLASH this trans-

lates into a bunch length of a few micrometers only and

thus in order to mitigate space charge effects, the bunch

charge needs to be about 20 pC. The technical requirements

to achieve this goal are discussed. This includes beam dy-

namics studies to optimize the injection and compression

of small charge electron bunches. A reduced photo in-

jector laser pulse duration helps to relax the RF tolerance

which scales linear with the compression factor. A new

photo injector laser with sub-picosecond pulse duration in

combination with a stretcher is used to optimize the initial

bunch length. The commissioning of the new laser sys-

tem and first experiments are described. Limitations of the

presently available electron beam diagnostics at FLASH

for short, low charge bunches are analyzed. Improvements

of the longitudinal phase space diagnostics and the com-

missioning of a more sensitive bunch arrival time monitor

are described.

INTRODUCTION
The users of free-electron lasers (FELs) show a rising

interest in very short vacuum ultraviolet (VUV), extreme

ultraviolet (XUV) and X-ray pulses in order to study fast

process in different areas of science. At FLASH for in-

stance about a quarter of the scheduled user shifts request

for pulses with durations below 50 fs (FWHM) [1]. Thus

the idea to create electron bunches with lengths of one lon-

gitudinal optical mode to create the so-called single spike

SASE pulses [2, 3] attracts the interest of several FEL fa-

cilities [4, 5, 6]. Such a single spike SASE pulse is band-

width limited, longitudinally coherent and compared to

other concepts (e.g. seeding) no long background signal

disturbs the signal. The usage of short pulses also pre-

vents damage of the studied object, since most applications

∗The project is supported by the Federal Ministry of Education and Re-

search of Germany (BMBF) under contract No. 05K10GU2 and FSP301
† juliane.roensch@desy.de

of short-pulses rely on a high photon count [7]. The re-

quired electron bunch length (σb) has to fulfill the condition

σb ≤ 2πLcoop [2, 3], with Lcoop the cooperation length.

SINGLE SPIKE OPERATION OF FLASH
FLASH [8] is a single-pass high-gain Self Amplified

Spontaneous Emission free-electron laser (SASE-FEL),

which operates in a wavelength range from 4.12 to

45 nm. At FLASH typically FEL pulse durations down to

50 fs (FWHM) are generated and bunch charges down to

200 pC are used [8]. A single spike operation at FLASH

requires an electron bunch with a duration of a few fs only.

In order to create such a short bunch it is mandatory to

reduce the charge to avoid the elongation of the bunch

by space charge forces. Figure 1 shows as an example a

Figure 1: Genesis simulation of the longitudinal distribu-

tion of a SASE pulse at FLASH at a wavelength of about

13 nm when applying an electron bunch with a rms bunch

length of 10 and 1μm.

comparison of the longitudinal distribution simulated us-

ing Genesis for electron bunches with an rms bunch length

of 10μm and 1μm. An rms electron bunch length of about

10μm is about the minimum length which can be achieved

during FLASH standard operation when using a charge of

200 pC[9]. This temporal distribution of the SASE-pulse
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still contains several spikes and has a duration of 15.3 fs

FWHM. Reducing the rms electron bunch length by a fac-

tor of 10 while keeping the peak current constant reduces

the duration of the SASE-pulse to about 1.8 fs. This single

spike was reached before the end of the undulator and be-

fore saturation is reached, but a further propagation would

excites additional modes, therefore the power of the single

spike is lower. In [11] it is discussed how the properties

of the electron bunch have to be chosen, that the radiation

pulse does not slip out of the bunch before the end of the

undulator section and a preliminary start-to-end simulation

for single spike operation at FLASH at a wavelength of

13 nm using a bunch charge of 20 pC is presented. The

usage of such a small charge induces less variation of the

electron beam parameters along the bunch, a smaller trans-

verse emittance, a reduction of the curvature of the longitu-

dinal phase space distribution by the RF-field and a reduc-

tion of coherent synchrotron radiation in bunch compres-

sors and of wakefields.

NEW PHOTO-INJECTOR LASER
The RF tolerance scales linear with the compression fac-

tor and thus a large compression factor (≈1000) demands a

high stability of the accelerator. Therefore, it should be

avoided to compress the bunch too strongly and as dis-

cussed in detail in [12] it is useful for the generation of

a short electron bunch at FLASH to reduce the photo-

injector laser pulse duration compared to the standard oper-

ation. Since the available photo-injector laser does not of-

fer the opportunity to shorten the duration a further photo-

injector laser was installed at FLASH. This laser allows

to choose a shorter electron bunch duration directly at the

photocathode to reach an optimized single spike operation

and a very strong compression which can cause instabil-

ities in the SASE performance can be avoided. Figure 2

Figure 2: Schema of the new photo-injector laser including

the fourth harmonic stage and the pulse stretcher.

shows the schematical layout of the laser system. The laser

system contains a commercial SESAM1-based laser as a

1semiconductor saturable absorber mirror

seed2, which produces infrared (IR) pulses with a wave-

length of 1030 nm, a power of 260 mW with a repetition

rate of 54 MHz and a duration of 400 fs. Two commer-

cial InnoSlab amplifier [10] stages3 increases the power to

10 W at 1 MHz with a pulse duration below 800 fs. The las

er oscillator is synchronized to the RF master-oscillator. An

acousto-optic modulator is used as a pulse picker where the

pulse structure can be chosen and thus the required number

of electron bunches can be chosen. The remaining elec-

tron bunches are dumped, while the chosen IR-pulses of

10μJ are converted into ultra-violet pulses with a wave-

length of 257.5 nm using a BBO forth harmonic stage4.

The expected pulse energy in the ultra-violet is 1μJ. In or-

der to optimize the bunch parameter the length of the injec-

tor pulse can be adjusted by a stretcher consisting of two

transmission gratings and a periscope. The second grating

and the periscope are mounted on a linear stage. This re-

duces the laser pulse energy by about 50%. The transverse

laser beam size at the photocathode is determined by a so-

called beam shaping aperture (BSA) (an iris) which is im-

aged onto the cathode. Behind this aperture the laser pulse

is induced in the optical transmission line of the standard

photo-cathode laser at FLASH. Expecting 75% losses at

the BSA and in the optical transmission line and a quantum

efficiency larger than 0.5% a bunch charge above 125 pC

is expected.

First Operation with the New Photo-Injector
Laser

During the first measurement using the new injector

laser, it did not yet fulfill the specification completely, but

since the quantum efficiency of the photo-cathode was high

during the commissioning of the laser a bunch charge of

200 pC was observed in a measurement without stretcher

and BSA. The usage of a BSA with a diameter of 0.8 mm

reduced the charge to 80 pC. This bunch could be trans-

ported through FLASH without losses and bunch length

measurements of this bunch have been performed. Figure

3 shows the result of the bunch length measurement, which

will be discussed in the following section. Probably due to

the fact that the laser is not yet running in saturation a laser

energy stability of only about 20 % could be reached. The

phase stability during the measurement was about 2◦. After

fixing the energy of the injector laser the stability should be

strongly improved.

DIAGNOSTICS
The beam diagnostics installed at FLASH (for the mea-

surement of bunch length, the bunch arrival time, trans-

verse beam position and size, including transverse emit-

tance, beam energy and bunch charge) is optimized for 1 nC

so it has to be checked if the available diagnostics is able

2”Origami 10”, manufactured by company OneFive
3manufactured by Amphos
4LG450, manufactured by Solar Laser Systems
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Figure 3: Bunch length measurement using THz spectroscopy. Measured longitudinal form factor as a function of the

wavelength for an electron bunch of 80 pC (left) and the resulting reconstructed temporal distribution of the electron bunch

(right).

to work at small charges and shorter bunches as well, oth-

erwise it has to be adapted.

Transverse Beam Properties
The beam position monitors available at FLASH are not

able to determine the beam position of 20 pC bunches. But

the beam position and sizes can be determined using wire-

scanners and OTR screens. Wire scanners are also available

between the undulators and thus the position of the bunch

can be adjusted. Also an emittance measurement using four

screens and bunches of 70 pC charge could be performed in

a test. The OTR and the YAG screens showed a signal at

a charge of only 8 pC and one bunch. But the optics of the

screen-stations has to be optimized for the smaller beam

sizes produced by bunches with low charges.

Bunch Charge
FLASH-type toroids give a resolution of about 3 pC. The

dark current monitor installed at FLASH is able to deter-

mine charges in the sub-pC regime [14]. Thus an exact de-

termination of the charge is possible.

Bunch Length Measurement
At FLASH the compressed bunches are typically mea-

sured by the transverse deflecting cavity and / or a broad-

band spectrometer for coherent transition radiation emit-

ted by electron bunches [15]. Figure 3 shows a measure-

ment using the spectrometer of an 80 pC electron bunch.

A bunch duration of 16 fs FWHM could be achieved, but

this measurement is just above the noise level of the de-

tectors additionally and the threshold of the lowest measur-

able bunch duration is reached, because the limit of the dy-

namic range of the spectrometer is reached [15]. This also

means this 80 pC bunch is only measurable due to its high

peak current and 80 pC bunches with a duration above 67 fs

are also not measurable, because the signal of the pyro-

detectors relies on the charge density. Generally spoken,

this means for low charge bunches the usable range is very

narrow. Therefore this spectrometer has to be redesigned

for short bunch length and low charges, because the wave-

length range changes and the pyro-electric detectors are not

sensitive enough when a smaller charge is used.

High Bandwidth Bunch Arrival Time Monitor

An important beam parameter is the arrival time of the

electron bunch, because only a bunch with stable arrival

time is usable for user-experiments. The Bunch Arrival

Time Monitors (BAMs) currently used at FLASH achieved

a time resolution better than 10 fs for bunch charges of

above 500 pC [16]. But since the design is bandwidth lim-

ited by 10 GHz for charges below 200 pC [16] the achiev-

able time resolution degrades fast and thus, they are not

useable for a charge of 20 pC. Hence a new high band-

width pickup for the new BAM has been designed [17] and

a vacuum tight prototype has been installed at FLASH. As

a next step the performance of the pickups will be tested,

the 40 GHz readout electronics will be installed and first ar-

rival time measurements with the BAM prototype are fore-

seen in the end of this year.
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SUMMARY AND OUTLOOK
A new photo-injector laser was taken into operation and

a bunch charge up to 200 pC could be achieved. The instal-

lation and commissioning of different diagnostics for a de-

tailed analysis of the properties of the new photo-injector

laser is under progress. This includes transverse, spec-

tral and longitudinal distribution, pulse energy and stabil-

ity of these properties. Also the analysis of the influence

of different components on the stability is foreseen. After

recommissioning the laser a detailed comparisons of mea-

surements with start-to-end simulations will be performed

to approve the simulation results presented in [11, 12]. An

upgrade of the THz-spectrometer is under development and

a high bandwidth BAM was installed at FLASH and will be

commissioned in the end of this year.
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BEAM DYNAMIC STUDIES FOR THE GENERATION OF SHORT SASE
∗

M. Rehders† , J. Rossbach, Hamburg University, Germany
J. Rönsch-Schulenburg, Hamburg University and CFEL, Hamburg, Germany

H. Schlarb, S. Schreiber, DESY, Hamburg, Germany

Abstract
Many users at FLASH work on pump-probe experi-

ments, where time resolution is determined by the dura-

tion of the SASE pulses. Therefore users have expressed

the strong wish for shorter XUV pulses. The shortest pos-

sible pulse is a single longitudinal optical mode of the

SASE radiation. The most direct way to realize this at

FLASH would be to reduce the electron bunch length to

only a few μm at the entrance of the undulator section. A

bunch charge of 20 pC is sufficient for the generation of

such short bunches. Such a small bunch charge reduces

space charge in the injector area drastically and thus makes

it possible to shorten the bunch duration directly at the

photo-cathode [1]. This in turn helps to overcome techni-

cal limitations of the bunch compression due to RF induced

non-linearities and minimizes collective effects during the

compression process. Beam dynamic studies are being per-

formed to optimize the parameters of the photo injector

laser, of the accelerating modules, and of the bunch com-

pression. This includes particle tracking starting from the

cathode through the accelerating modules with the ASTRA

code and through the dipole chicanes using CSRtrack. The

expected SASE pulses are being simulated with the Gene-

sis code.

INTRODUCTION
FLASH is a Free Electron Laser user facility in the

XUV regime that offers SASE pulses within a wavelength

range from 4.1 to 45 nm. At FLASH standard operation,

electron bunches with a charge of 0.1 to 1.5 nC produce

SASE pulses with pulse durations between 50 and 200 fs

(FWHM) [2]. These SASE pulses consist of many optical

modes, resulting in a spiky spectrum and temporal distri-

bution.

The time-resolution of pump-probe experiments is deter-

mined by the duration of the radiation pulses. Thus in order

to be able to time resolve even faster physical and biologi-

cal processes, one needs to go to shorter SASE pulses. The

shortest possible SASE pulse would be of the length of a

single longitudinal optical mode. At FLASH this length is

in the scale of a few μm. Beam dynamic studies are being

done to find out the parameters needed for single spike op-

eration. This paper focusses on a preliminary start-to-end

simulation as a starting point for further optimization.

For more information on the progress towards single

spike operation at FLASH see also [3].

∗The project is supported by the Federal Ministry of Education and Re-

search of Germany (BMBF) under contract No. 05K10GU2 and FSP301.
† marie.rehders@desy.de

SINGLE SPIKE CONDITION
The length of a longitudinal optical mode is determined

by the cooperation length Lc [4, 5, 6]. It is the distance

spanned by the emitted radiation in its slippage over the

electron bunch over one gain length,

Lc =
λr

4π
√
3ρ

∗ (1 + η) (1)

where λr is the wavelength of the emitted radiation, given

by

λr
∼= λu

2γ2
(1 + K2) (2)

and η is a degradation factor that takes into account 3D ef-

fects like radiation diffraction, beam emittance and energy

spread, as first introduced by M. Xie [6]. The 1D parame-

ter ρ is the FEL gain parameter, which is a measure of the

beam quality. It is defined as

ρ =

[
JJ2K2Ip

8IAku
2γ3σtr

]1/3
(3)

with the undulator parameter K and ku = 2πλu, λu be-

ing the undulator period length. JJ is the coupling fac-

tor between the emitted radiation and the bunch. For pla-

nar undulators like FLASH it is just a little below unity.

IA ≈ 17 kA is the Alfven current. The gain parameter also

depends on bunch parameters. Here Ip is the peak current,

γ the beam energy in terms of the electron rest mass energy,

and σtr is the transverse beam size.

Another property determined by the gain parameter is

the gain length Lg with

Lg =
λu

4π
√
3ρ

(1 + η) (4)

It determines the distance until SASE radiation power

reaches saturation.

Thus by choosing the bunch properties one can control

the SASE radiation properties. A bunch with a length of

σz ≤ 2πLc would excite only a single longitudinal optical

mode [4]. The emitted radiation pulses would not only be

extremely short, but also longitudinally coherent.

Due to the wishes of the users to go towards shorter

pulse durations, this operation scheme is highly appealing

for FLASH.

SHORT BUNCH OPERATION AT FLASH
FLASH uses a two-stage bunch compression scheme to

reach the bunch lengths needed for SASE operation. A

PULSES AT FLASH
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Figure 1: Schematic layout of FLASH (not to scale), including the beam energies used for the start-to-end simulation

discussed in this paper. Generally, beam energies up to 1.25 GeV can be reached at FLASH.

third-harmonic cavity is used to linearize the longitudinal

phase space distribution before the first bunch compressor.

The schematic layout of FLASH is shown in fig. 1.

The standard FLASH photo-injector laser [7] has a fixed

rms pulse duration of 6.5 ps. The resulting initial bunch

length for standard operation is about 2.3 mm rms for

1 nC [8]. To reach the length of a single optical mode at

13 nm, the bunch would have to be compressed down to

less than 3μm, resulting in a compression factor of about

560 instead of a factor of 48 used for standard SASE oper-

ation with 2.5 kA [8].

The bunch compression in magnetic chicanes is highly

sensitive to small deviations of the longitudinal phase space

distribution. The achievable stable bunch compression is

thus limited by RF induced non-linearities of the phase

space distribution as well as by collective effects. A main

challenge of single spike operation at FLASH is to over-

come these limitations of the bunch compression.

One way to help overcome these limitations is to start

with shorter electron bunches right at the cathode. In order

to allow for this, an additional photo-injector laser has been

installed that features a variable pulse duration, adjustable

from about 0.3 to 4.4 ps rms. Beam dynamic simulations

for a bunch charge of 20 pC, as discussed in [1], suggest

that using this laser it should be possible to produce short

bunches down to 0.35 mm at the injector (e.g. for an rms

spot size of 0.2 mm) and emittances below 0.3 mm mrad.

Choosing a different aperture allows to go to even shorter

bunch lengths, or, alternatively, to smaller emittances. Ve-

locity bunching as an option has not been taken into ac-

count so far. It will be investigated in the future.

START-TO-END SIMULATION
Based on the injector studies, a preliminary start-to-end

simulation has been performed for electron bunches with a

charge of 20 pC. For these simulations the particle tracking

code ASTRA [9] has been used for the linac and CSRtrack

[10] for magnetic chicanes. The aim was to find a starting

point for start-to-end simulations for single spike operation

of FLASH.

The FLASH parameters used for this first simulation are

shown in table 1. They are based on an existing start-to-

end simulation for 100 pC [11]. The pulse duration of the

Table 1: FLASH parameters used for the single-spike start-

to-end simulation at about 13 nm, using a bunch charge of

20 pC.

parameter value

laser pulse duration 0.9 ps (rms)

laser spot size 0.2 mm (rms)

gun phase −2.0◦

M1,1, phase 6.3◦

3rd harmonic module, phase −137.5◦

1st. BC, R56 −228mm

M2/3, phase −25.6◦

2nd. BC, R56 −42.0mm

M4/5/6/7, phase on crest

injector laser has then been scaled down with the charge to

about 0.9 ps rms, while keeping the laser spot size constant.

This approach was chosen to keep the space charge forces

at the same level while producing a shorter bunch length at

the photo-cathode.

�������	
�����	�

For bunch compression, the bending radius in the first

bunch compressor is chosen at 1.932 m, leading to a com-

pression factor of 7.5. A low compression factor has been

chosen as in [8] to minimize space charge effects between

the two bunch compressors. This also reduces CSR effects

in the first bunch compressor. The bending radius in the

second bunch compressor can be chosen between 5.3 and

16.8 m. It has been adjusted for compression to the bunch

lengths needed for single spike operation. The phases of

the cavities remain fixed for this first study. Under these

conditions the minimum bunch length is reached at a bend-

ing radius of 8.1 m. The bunch length, energy spread and

transverse emittance as a function of the bending radius in

the second bunch compressor are displayed in fig.2.

The initial horizontal emittance is 0.265 mm mrad. The

massive growth of the horizontal emittance in the bunch

compressor is due to coherent synchrotron radiation (CSR).

The emittance growth due to CSR in the last bending mag-
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Figure 2: Simulated bunch length and energy spread (top)

as well as horizontal and vertical normalized rms emittance

(bottom) after the second bunch compressor as a function

of its bending radius. The phase of the cavities is fixed.

net of the chicane can be estimated at [12] as

εf
εi

=

√
1 +

0.222re2N2

36γεiβ

( |θ|5LB

σ4
z

)2/3

∗A(α, β) (5)

with the initial normalized rms emittance εi, the classical

electron radius re, the dipole length LB and the angle of

deviation θ. N is the number of electrons per bunch, σz the

rms bunch length and

A(α, β) =
[
LB

2(1 + α2) + 9β2 + 6LBαβ
]

(6)

where α and β are the Twiss parameters. The gaussian

rms bunch length σz is assumed to be constant during the

passage through this last dipole. This estimation gives an

emittance growth of 213% in the last dipole. This very

big growth of emittance is due to the bad focussing for the

given bunch parameters. It can be reduced by optimization

of the focussing, thus reducing α and β.

The initial bunch length is 57.8μm. Maximum com-

pression corresponds, for the given phase of −25.6◦, to a

compression factor of 22 in the second bunch compressor.

Compared to the standard FLASH injector laser, which has

a fixed pulse duration of 6.5 ps, the total compression fac-

tor can thus be reduced by a factor of 3.4. This helps to re-

duce the problem of tight tolerances for strong compression

at the bunch compressors. Choosing an even shorter laser

pulse duration and a larger spot size on the photo-cathode

compared to those used for the present simulations would

allow to reduce the total compression factor even more,

while increasing the transverse emittance. The growth of

emittance in the bunch compressors may be reduced by op-

timization of the focussing. The results of the SASE pro-

cess simulations discussed in the next section of this paper

indicate that this is an option.

Relaxing the compression factor by going towards

slightly under-compressed bunches would also reduce the

energy spread. This is important for SASE operation, as

shown below.

SINGLE SPIKE SASE PULSES AT FLASH
FLASH I uses fixed gap undulators. Thus the active un-

dulator length cannot easily be adjusted for the specific

needs of single spike operation. Also tapering of the un-

dulators is not an option. This constitutes a challenge for

single spike SASE operation at FLASH. A way of opera-

tion has to be found where the radiation pulse doesn’t slip

out of the bunch before the end of the undulator section.

This would lead to the development of a second (or more)

radiation spike and thus ruin single mode operation.

Simulations of the SASE process have been performed

using the Genesis code [13] and a gaussian longitudinal

bunch profile. The aim was to find out the electron bunch

properties required for single spike SASE pulses at the end

of the FLASH undulator section. As a starting point bunch

and machine parameters have been used that lead to good

SASE lasing at 200 pC at FLASH. The bunch length was

reduced down to 2πLc and the peak current adjusted to

20 pC. This results in single spike lasing, but saturation

was reached early and the single spike nature of the radi-

ation lost before the end of the undulator. Increasing the

emittance helps to increase the gain length and thus shift

the reaching of saturation towards the end of the undulator.

This can e.g. be achieved by choosing a bigger aperture

of the injector laser. This has the additional benefit of al-

lowing to start with even shorter electron bunches at the

cathode and thus further reduce the bunch compression.

As a second approach, the SASE process of the present

start-to-end simulation has been studied to learn how the

bunch parameters have to be modified for single spike op-

eration. For the simulation the transverse emittance growth

after the dogleg was neglected. The Twiss parameters at

the beginning of the undulator were set to standard FLASH

values. Since the present simulation was not yet optimized

in terms of energy spread, an energy spread of 7 ∗ 10−4 rel.

was adopted as a conservative assumption based on pre-

vious FLASH simulations. The resulting simulated SASE

pulse is shown in figs. 3 to 5. The single spike SASE pulse

at 12.6 nm is Fourier-limited and has a pulse duration of

11.3 fs (FWHM). As seen from fig. 4, saturation is not yet

reached in the present single spike arrangement. Further

optimization of the scenario is under way to see what has

to be done that the single-spike property of the radiation
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can be conserved while the saturation level is reached.

Figure 3: Simulated longitudinal SASE pulse distribu-

tion (top) and SASE spectrum (bottom) at the end of the

FLASH undulators.

Figure 4: SASE radiation power vs. distance along the

undulator.

CONCLUSIONS AND OUTLOOK
A start-to-end simulation for single spike operation at

FLASH, using a new short-pulse injector laser has been

done. It is shown that using an injector-laser pulse dura-

tion of 0.9 ps rms and a spot size on the photo-cathode of

about 0.2 mm rms reduces the required bunch compression

for single spike operation by a factor of 3.4 compared to

the standard injector laser. Optimization of the focussing

throughout the accelerator is necessary to avoid extensive

emittance growth in the magnetic chicanes as well as for

optimum SASE operation.

Simulations of the SASE process show that a compar-

atively large transverse emittance helps to shift the reach-

ing of saturation towards longer distances and thus preserve

Figure 5: Bandwidth of the simulated SASE pulse.

single spike radiation until the end of the FLASH undula-

tors. As a consequence it is possible to optimize the injec-

tor laser settings for minimum bunch compression instead

of minimum transverse emittance.

The energy spread resulting from the preliminary start-

to-end simulation was found to be too big for SASE radia-

tion. It can be reduced by optimization of the accelerating

phases, starting at the gun. Optimization of the gun phase

for minimum energy spread has the additional benefit of

producing shorter electron bunches and thus further reduce

the required bunch compression.
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LASER WAVELENGTH TUNING BY VARIABLE-GAP UNDULATORS IN 
SACLA 

Kazuaki Togawa#, Toru Hara, Takashi Tanaka, Hitoshi Tanaka 
RIKEN SPring-8 Center, Sayo, Hyogo 679-5148, Japan

Abstract 
Wavelength tunability by variable-gap in-vacuum 

undulators is one of the features of SACLA. To fully 
utilize this advantage, it is important to suppress gap-
dependent magnetic field errors down to the tolerance 
level, namely sub-microradian per undulator segment, 
which assures high SASE amplification gain enabling 
XFEL power saturation. For this purpose, we introduced a 
“feed-forward correction” scheme, which is a well-known 
technique in third-generation light sources. However, in 
linac-based XFELs, it was not easy to make sufficiently 
accurate correction tables of steering magnets to cancel 
out error fields due to shot-by-shot beam orbit and energy 
fluctuations propagating from the accelerator. By using a 
linear accelerator model, we so far succeeded in 
suppressing the gap-dependent orbit deviation down to a 
10-m level over the undulator section. Owing to this 
effort, experimental users at SACLA can quickly change 
the laser wavelength in a few seconds according to their 
demands by setting only the undulator K-value. In this 
paper, we report the present status of wavelength tuning 
by the undulator gap in SACLA and problems to be 
solved towards better accuracy. 

INTRODUCTION 
The Japanese x-ray free-electron laser (XFEL) facility 

SACLA has started public user operation on March 2012 
[1-3]. Currently, high-power stable XFEL light with pulse 
energies of 100-400 J is generated and provided for 
experimental users in a wavelength range from 5 keV to 
15 keV. 

Since SACLA adopted variable-gap in-vacuum 
undulators, a laser wavelength can be changed either by 
the electron beam energy or the undulator gap. In order to 
achieve the laser wavelength tuning by controlling the 
undulator gap, a “feed forward correction” scheme, which 
is familiar in third-generation light sources, is introduced. 
In the storage ring, the beam orbit deviation may affect 
the pointing stability of synchrotron radiation, however 
intensity of radiation, in principle, does not change. On 
the other hand in linac-based XFELs, the orbit deviation 
directly degrades the laser performance. To maintain high 
SASE amplification gain, the electron beam orbit in the 
undulator section should be straight and its deviation 
needs to be less than several-microns [4]. Therefore, the 
preparation of precise correction tables is indispensable to 
tune the laser wavelength by the undulator gap. 

Here, we report the present status of wavelength tuning 
by the undulator gap in SACLA, which is the world’s first 
attempt in linac-based SASE FELs. 

PRECISE MEASUREMENT OF BEAM 
ORBIT DEVIATION IN UNDULATOR 

SECTION 
For the electron beam orbit measurements, RF cavity 

type BPMs are used in SACLA [5, 6]. In the undulator 
section, there are 18 undulators and 17 BPMs are located 
in between two undulators. In addition, there are 4 BPMs 
downstream of the undulator section before the beam 
dump. Although the resolution of these BPMs can reach 
sub-micron, the dynamic range is limited within ±100 
m. Therefore careful attention should be paid to their 
usage. 

In order to accurately measure the beam orbit deviation 
in the undulator section, the fluctuation of the injection 
orbit should be precisely measured for each electron 
bunch by using two BPMs installed upstream of the first 
undulator. The two BPMs are separated by a 7.8-m long 
drift space to determine the position and angle of the 
injection beam orbit. To eliminate the effect of 
environmental magnetic fields, the passage of the beam 
between the two BPMs is magnetically shielded using 
high- metallic-sheets. The components around the drift 
space are made of low- metals. The magnetic fields 
from ion pumps and cold cathode gauges are confined by 
iron-plates. After these efforts, the residual magnetic field 
at the beam passage is suppressed to less than 4 mG, 
which is 1/100 of the environmental fields. The 
photograph of the drift space with two BPMs is shown in 
Fig. 1.  

Before the orbit measurements, the bunch charge is 
reduced to less than 100 pC to avoid BPM signal 
saturation. Also an orbit and beam energy feedback is 
applied with an interval of several seconds to suppress 
slow drift of the injection orbit and beam energy. 
 

Figure 1: Injection section of the undulator line. 
 ___________________________________________  
#togawa@spring8.or.jp 

THPD38 Proceedings of FEL2012, Nara, Japan

618C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology III: Undulators, Monitors, Beam diagnostics



The injection orbit error propagating from the 
accelerator is subtracted from the measured beam 
positions by the BPMs using linear transfer matrices. The 
position error at the BPMs is described as follows, 

x  MH (1, 1) x0 MH (1, 2) x0
 , 

y  MV (1, 1) y0 MV (1, 2) y0
 ,  

where x0 and y0 are the positions of the injection orbit, 
x0’ and y0’ are their angles. MH and MV are the elements 
of the transfer matrix from the first undulator to the 
corresponding BPM. Since the transfer matrix is already 
known, the influence of the injection orbit fluctuation can 
be subtracted from shot-to-shot. Fig. 2 shows an example 
of a distribution of the raw BPM position data. By 
subtracting the shot-to-shot fluctuations, the spread of the 
measured data is reduced to sub-micron level as shown in 
Fig. 3. 

After excluding the data that exceed the BPM dynamic 
range, this subtraction procedure is applied and the data 
are averaged for 100 shots. 
 
 

Figure 2: Distribution of raw BPM data including 
injection orbit fluctuations. 

 

Figure 3: Distribution of BPM data after subtraction of 
the injection orbit fluctuations. 

LASER WAVELENGTH TUNING BY 
UNDULATOR GAP 

In order to correct the position and angular deviations 
of the electron orbit due to the gap-dependent error fields, 
two steering magnets are at least necessary. In SACLA, a 
pair of steering magnets is attached at the entrance and 
the exit of each undulator. Correction tables of the 
steering magnets are made for each of 18 undulators. 

The reference beam orbit is set at the undulator gap of 
10 mm, and then the orbit deviation is measured as a 
function of the undulator gap. At each undulator gap, the 
steering currents are determined so that the orbit 
deviation at the BPMs located downstream of the 
corresponding undulator becomes minimal. The steering 
current is calculated based on the measured orbit response 
of each steering magnet. 

The orbit deviation for the gap movement of one 
undulator from 10 mm to 3.5 mm is typically within 
2 m. Figure 4 shows an example of correction tables in 
horizontal direction. The data are taken at a gap step of 
fine enough. Particularly at small gaps, the field errors 
rapidly change, so the correction table is made at a 20-m 
interval at the gap close to the minimum. 
 

Figure 4: An example of the steering currents to correct 
the orbit deviation as a function of the undulator gap. 
 

In addition to the orbit correction tables for the 
undulator gap, the correction tables for each phase-shifter 
are also necessary. In SACLA, 17 permanent-magnet 
phase-shifters are installed in between the undulators to 
match radiation phases of each undulator. 

Since SACLA uses small-gap in-vacuum undulators, 
gap-taper is an important parameter to cancel beam 
energy loss due to wake fields and to maximize the FEL 
output. While the optimal gap-taper depends on the 
conditions of the electron beam and the undulator gap, it 
is typically at the order of 20 microns, corresponding to 
K~10-3, between two consecutive undulators. Fig. 5 
shows the laser pulse energy as a function of the gap-
taper at 8.4-keV photon energy. Optimal taper values are 
measured for several gaps and different beam energies, 
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and then the taper value is determined for specific beam 
energy and undulator gap by linear interpolation. 

When the undulator gap is changed, the gap-taper and 
phase-shifter are tuned to the optimal values. 
Simultaneously the feed-forward corrects the orbit 
deviation originated to these parameter change.

 

Figure 5: FEL outputs as a function of gap-taper at 8.4-
keV photon energy. 
 

Figure 6: Orbit deviation from the reference orbit for 
various K-values. The reference is taken at 10-mm gap. 
 

Figure 6 shows the measured orbit deviation by 
changing the all undulator gaps.  The beam orbit with 10-
mm gap is taken as a reference orbit. The orbit deviation 
at the maximum undulator K-value (minimum gap) is 
suppressed within 10 m. However, the deviation 
becomes large as the gap closed. Especially, the orbit 
deviation at the latter half of the undulator section stands 
out. An improvement for making more precise correction 
table will be discussed in the next section. 

The steering fields correct the absolute error fields of 
the undulators and phase-shifters. Once the correction 
tables are created, the same correction tables can be used 
for any electron beam energies. Laser pulse energy as a 
function of the photon energy are shown in Fig. 7 for 
various electron beam energies. At each beam energy, the 
photon energy is scanned by changing the undulator K-
value. The laser pulse energy more than 100 J/pulse is 
currently available for a photon energy range from 5 to 15 
keV. 

Owing to these efforts, experimental users can quickly 
change the laser wavelength by setting only the undulator 
K-value without any accelerator tuning. The GUI display 
for setting the K-value is shown in Fig. 8. 
 
 

Figure 7: Laser pulse energy as a function of photon 
energy for various electron beam energies. 
 

Figure 8: GUI display for setting the K-value. 
Experimental users can quickly change the laser 
wavelength without any accelerator tuning. 
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TOWARDS BETTER ACCURACY OF 
WAVELENGTH TUNING 

In the present method, both upstream and downstream 
steering strengths are determined to minimize the 
deviation of the beam orbit after the corresponding 
undulator. In order to determine the angle of the electron 
beam in the undulator more precisely than that 
determined by the BPMs, spontaneous radiation of the 
undulator can be used. Supposing a straight orbit inside 
the undulator, the upstream steering strength can be 
determined by observing the spontaneous radiation axis 
on a target locating downstream far from the undulator. 
The downstream steering corrects the orbit so that the 
orbit deviation at the BPMs becomes minimal in the same 
way as the present method. 

One more important point is an available number of 
BPMs for the orbit measurements. Although the 
undulators located upstream can use enough number of 
BPMs, it decreases as going downstream, then the 
accuracy of the correction table becomes worse. To 
compensate this, the spontaneous radiation can be used to 
improve the accuracy of the measurements. 
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FEMTOSECOND ELECTRON BUNCH MEASUREMENT USING THZ 
CHERENKOV RADIATION IN DIELECTRIC MATERIALS 

K. Kan, J. Yang, A. Ogata, T. Kondoh, T. Toigawa, K. Norizawa, H. Kobayashi, Y. Yoshida, 
Institute of Scientific and Industrial Research, Osaka University, Osaka, Japan 

M. Hangyo, Institute of Laser Engineering, Osaka University, Suita, Osaka, Japan  
R. Kuroda, H. Toyokawa, National Institute of Advanced Industrial Science and Technology, 

Tsukuba, Ibaraki, Japan

Abstract 
Beam diagnostic for electron bunch length using 

spectrum analysis of multimode terahertz (THz) -wave on 
the order of 0.1 THz was investigated. The multimode 
THz-wave was generated by coherent Cherenkov 
radiation (CCR) using hollow dielectric tubes and 
femtosecond/picosecond electron bunches. The spectra of 
multimode THz-wave depended on electron bunch length, 
which was measured by a streak camera, resulting in a 
possibility of a new beam diagnostic based on CCR and a 
bunch form factor. 

INTRUDUCTION 
Ultrashort, e. g. femtosecond [1] or picosecond, 

electron bunches are used in accelerator physics 
applications such as free electron lasers (FELs), laser-
Compton X-ray, and pulse radiolysis [2]. On the other 
hand, electron bunches with short bunch lengths are also 
useful for electro-magnetic (EM) radiation production in 
terahertz (THz) range because the inverse of 1 ps bunch 
length corresponds to the frequency of 1 THz. A shorter 
electron bunch can emit EM radiation of higher frequency 
according to the bunch form factor, which is described by 
the Fourier coefficients of the bunch distribution [3]. 
Furthermore, the radiation intensity at lower frequency 
than the inverse of the bunch length is proportional to the 
electron number, e. g. ≈109 at 1 nC. As the result, an 
intense THz-wave can be generated by such electron 
bunches. In the studies on EM radiation emitted from 
electrons, Cherenkov radiation (CR) has been studied 
since the 1930s [4] and radiation yield dependence on 
wavelength and angular distribution was reported. In the 
1990s, the bunch form factor [3] and angular distribution 
of coherent transient radiation (CTR) from electron 
bunches were measured experimentally. Recently, not 
only monochromatic THz-wave [5] but also multimode 
one [6,7] of <0.4 THz were generated by coherent 
Cherenkov radiation (CCR). Another THz-wave 
generation method, which utilized a periodic electron 
bunch distribution, generated narrow-band THz-wave up 
to ≈0.86 THz for a bunch length diagnostic [8]. Alike 
THz-wave generated by a laser, that generated by an 
accelerator would be useful to a probe light, which 
monitors conductivity due to quasi-free electrons, or 
imaging for medical and security use. 

In this paper, generation of multimode THz-wave using 
multimode CCR on the order of 0.1 THz was investigated. 
The multimode CCR was generated by a hollow dielectric 

tube covered by a metal and femtosecond/picosecond 
electron bunches from a photocathode RF gun linac. 
Finally, beam diagnostic for electron bunch length using 
spectrum analysis of multimode THz-wave was proposed. 

EXPERIMENTAL ARRANGEMENT 
The photocathode RF gun linac and CCR measurement 

system are shown in Fig. 1. The details of the linac are 
discussed in references [9,10,11]. Figure 1(a) shows the 
linac system. The electron bunch was generated by a 1.6-
cell S-band (2856 MHz) RF gun with a copper cathode 
and a Nd:YLF picosecond laser. The pulse width of the 
UV pulse from the laser was measured to be 5 ps in 
FWHM as a Gaussian distribution. The UV light was 
projected onto the cathode surface at an incident angle of 
approximately 2° along the electron beam direction. The 
beam energy at the gun exit was 4.2 MeV. The picosecond 
electron bunch produced by the RF gun was accelerated 
up to ~32 MeV by a 2 m long S-band travelling-wave 
linac with an optimal energy-phase correlation for the 
bunch compression, in which the head electrons of the 
bunch have more energy than the bunch tail. Finally, the 
energy-phase-correlated electron bunch is compressed 
into femtosecond by rotating the phase space distribution 
in the magnetic bunch compressor, which is constructed 
with two 45°-bending magnets (B1 and B2), four 
quadrupole magnets (Q3, Q4, Q5, and Q6), and two 
sextupole magnets (S1 and S2). The femtosecond electron 
bunch was obtained by adjusting the energy modulation in 
the linac, e. g., compressed bunch length of ~0.2 ps in rms 
measured by a streak camera at a bunch charge of ~40 pC 
and a linac phase of 97.5° in this study.  

In the experiment, not only the picosecond electron 
bunch at the linac exit but also the femtosecond one at the 
compressor exit was used for multimode THz-wave 
generated by CCR as shown in Fig 1(b). When such 
electron bunches move on the axis of a hollow dielectric 
tube covered by a metal, partially periodic electric field, 
i.e., multimode THz-wave, is induced as shown in Fig. 
1(b). This slow-wave structure of the hollow dielectric 
tube supports modes with phase velocity equal to the 
beam velocity, which contain fundamental and higher 
modes. The inner and outer radii of the tube, made of 
fused silica, were 5 mm and 7 mm, respectively, resulting 
in the tube wall thickness of 2 mm. The hollow tube was 
covered by a copper conductive tape for a metal boundary 
condition, which reflects and stores EM radiation in the 
tube. In order to measure the intensity and frequency of 
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CCR, a Michelson interferometer was set downstream of 
the tube in the air. The distance between the tube exit and 
an off-axis parabolic mirror (OAP1) was fixed to the 
effective focal length of the mirror from a viewpoint of 
collimating. The THz-wave was separated by a beam 
splitter (BS) and one of the THz light was reflected by a 
moving mirror (M2). The two THz light joined together at 
a 4.2K silicon bolometer (Infrared Laboratories Inc.). The 
intensity and frequency of CCR were analyzed by the fast 
Fourier transform (FFT) of an interferogram, which is a 
dependence of the bolometer output on the moving mirror 
(M2) position. 

 

Figure 1: (a) Photocathode RF gun linac with a magnetic 
bunch compressor of an achromatic arc. CCR is induced 
by electron bunches from the linac. (b) Diagram of 
multimode CCR and measurement system. OAP denotes 
an off-axis parabolic mirror; M, a plane mirror; BS, a 
beam splitter. 

RESULTS AND DISCUSSION 

Analytical Frequency of TM Mode 
The frequency of multimode CCR depends on the 

hollow dielectric tube conditions. Assuming azimuthally 
symmetric Transverse Magnetic (TM) mode along the 
tube axis is induced, frequency of TM0n mode can be 
expressed as [5,7,12 ] 

 
 
  1

0

0

1







kaI

kaI

k

s
. (1) 

where k and s denote the radial wave numbers in the 
vacuum and dielectric regions; a, the inner radius of the 
tube; Ψ0 and Ψ1 [12], functions composed of the inner and 
outer radii and Bessel functions of the first and second 
kinds. If Eq. (1) is satisfied, phase velocity is equal to the 
beam velocity. The theoretical frequencies of TM0n modes 
were calculated for the tube with the relative permittivity 
of 3.8 and the inner and outer radii of 5 mm and 7mm. 

Dependence on Tube Length 
In the multimode CCR experiment, the dependence of 

the intensity on the tube length was investigated as shown 
in Fig 2. In this experiment, the picosecond electron 
bunch at the linac exit was used. An interferogram with 
128 data points and 1ps time step was measured for the 
FFT calculation. Figure 2(a) shows the interferograms for 
three different tube lengths. The periodic oscillation from 
a 150 mm long tube decayed more slowly than that from a 
50 mm long tube because the tube length decided the 
energy of CCR stored in the tube. Figure 2(b) shows the 
frequency spectra for three different tube lengths. 
Analytical frequency of TM0n mode was also shown as 
crosses. All the spectra indicated sharp peaks at 
frequencies of 0.09 and 0.14 THz, which corresponded to 
TM03 and TM04 modes, respectively. The absence of the 
lower modes, e. g. TM01 or TM02, would be caused by the 
frequency characteristics of the bolometer and the beam 
splitter, the mirror diameters, and the loss in the fused 
silica. The intensity increased nonlinearly at a tube length 
of >100 mm. Saturation was observed at a tube length of 
~150 mm. The saturation would be caused by the balance 
between the EM radiation production due to beam energy 
loss and the dielectric loss in the fused silica. 
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Figure 2: (a) Interferograms for 150, 100 and 50 mm tube 
lengths with offsets and factors adjusted for comparison. 
(b) Frequency spectra for 150, 100 and 50 mm tube 
lengths with offsets and factors adjusted. The theoretical 
frequencies for TM0n modes (cross) according to Eq. (1) 
were shown. 

Dependence on Bunch Length 
The spectra of multimode THz-wave depends on 

electron bunch length from a view point of a bunch form 
factor [3], which indicates that shorter electron bunch can 
emit THz-wave of higher frequency. The tube length was 
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fixed to 150 mm because of intensity. Furthermore 
condition of bunch compression was varied by the linac 
phase, which changed energy-phase correlation of 
electron bunch. Bunch charge was fixed to 45 pC to avoid 
saturation of bolometer output. In order to investigate 
dependence of spectra of THz-wave on bunch length, 
electron bunch length was also measured by a 
femtosecond streak camera. Streak camera detected 
Cherenkov light in air by imaging using 2 lenses of focal 
length of 300 mm and a band pass filter of 480 ±5 nm. 
When bunch length was decreased by the linac phase [9], 
the bolometer output was increased, e.g., intensity factor 
of ~8 at bunch lengths of 1.3 ps and 0.21 ps. Figure 3 
shows the dependence of spectra on bunch length. Short 
bunch length induced higher order of CCR, e.g., TM09 
(0.36 THz) and TM017 (0.72 THz) modes at a bunch 
length of 0.21 ps. On the other hand, intensity ratio of 
lower modes, e.g., TM03 and TM04, would be changed by 
a spectrum of incoherent radiation [3] at a bunch length of 
0.21 ps. According to spectra of CCR and bunch length 
measurement using a streak camera, a new bunch length 
measurement using spectrum analysis of CCR would 
indicate a possibility of a new beam diagnostic based on a 
bunch form factor.  

 

Figure 3: Frequency spectra of CCR for 0.21, 0.55, and 
1.3 ps bunch length conditions. Factors and offsets were 
adjusted for comparison. The theoretical frequencies for 
TM0n modes (cross) according to Eq. (1) were shown. 

CONCLUSIONS 
Beam diagnostic for electron bunch length using 

spectrum analysis of multimode THz-wave based on CCR 
was investigated. Picosecond electron bunches induced 
TM03 (0.09 THz) and TM04 (0.14 THz) modes. The 
intensity of CCR was maximized at a tube length of 150 
mm. When bunch length was compressed to ~0.2 ps, 
TM09 (0.36 THz) and TM017 (0.72 THz) modes were also 
observed. A new bunch length measurement using 
spectrum analysis of CCR would indicate a possibility of 
a new beam diagnostic based on a bunch form factor. 
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A SIMPLE MODEL FOR THE GENERATION OF ULTRA-SHORT
RADIATION PULSES

L.T. Campbell and B.W.J. McNeil
SUPA, Department of Physics, University of Strathclyde, Glasgow, UK

Abstract

A method for generating a single broadband radiation
pulse from a strongly chirped electron pulse is described.
The evolution of the chirped electron pulse in an undulator
may generate a pulse of coherent spontaneous radiation of
shorter duration than the FEL cooperation length. An an-
alytic expression for the emitted radiation pulse is derived
and compared with numerical simulation.

INTRODUCTION

Free Electron Lasers based on the SASE mechanism pro-
duce intense, uncorrelated radiation pulses of width ap-
proximately equal to the FEL cooperation length, lc [1].
For sufficiently short electron pulses only one single pulse
may be emitted. However, such a mode of operation re-
sults in output pulses that contain significant temporal jitter.
Other methods are being considered to improve the tempo-
ral coherence, and to further reduce the temporal width of
the radiation pulses [2].

The method discussed here predicts emission of a single
radiation pulse of width< lc from a short, strongly-chirped
electron beam evolving in an undulator. The method is de-
scribed from a general perspective without reference to any
specific electron beam source.

A sufficiently strong negative chirp in an electron pulse
will cause the pulse to shorten in longitudinal phase space
when propogating in an undulator as shown in Fig. 1. Af-
ter a sufficient propagation distance, the pulse length will
come to a minimum, the energy chirp will then become
positive and the pulse will start to lengthen.

If the electron pulse length evolves to the order of a res-
onant FEL wavelength λr, it will generate a short pulse
of coherent radiation. This coherent spontaneous emission
may occur for a number of undulator periods dependent
upon the magnitude of the chirp and the length of the elec-
tron pulse. For example, for a stronger chirp will cause
thee electron pulse to radiate coherently for fewer undula-
tor periods, resulting in a shorter radiation pulse of broader
bandwidth.

This is not an FEL effect, rather, it is a coherent ef-
fect arising purely from the linear evolution of the electron
beam due to the chirp. Nevertheless, an unaveraged system
of FEL equations is used to describe the effect, as it is ca-
pable of describing both the evolution of the longitudinal
shape of the electron pulse, and the consequent emission of
CSE from the short electron pulse of length < λr, neither
of which can be described using an averaged set of undula-

Figure 1: Schematic of the evolution of short negatively
chirped electron pulse propagating through an undulator
showing the current I and scaled energy γ.

tor/FEL equations.
Here, a 1D analytic solution of the expected coherent ra-

diation output from such a chirped electron pulse is derived
and compared with both a 1D and 3D numerical simulation
using the unaveraged FEL code Puffin [3].

ANALYTIC SOLUTION
An analytic solution is derived from the un-averaged sys-

tem of FEL equations presented of [4]. These equations are
identical to those of the code Puffin [3] in the 1D Compton
limit. The electrons are assumed uncoupled from the radi-
ation so that only the wave equation need be solved:(

∂

∂z̄
+

∂

∂z̄1

)
A(z̄, z̄1) =

1

n̄p‖

N∑
j=1

e−i
z̄1
2ρ δ(z̄1− z̄1j), (1)

where the scaling of [4] has been used. As in [4], the source
term can be put into a more convenient functional form by
discretising z̄1 into intervals of width ∆z̄1 << 4πρ, i.e.
much less than a radiation wavelength. In this way, the
source term of (1) becomes a sum over discrete intervals:

∞∑
n=−∞

χn (z̄) e−i
z̄1
2ρ δ(z̄1 − z̄1n)∆z̄1, (2)

where: χn (z̄) ≡ In (z̄) /Ipk is the current in the n-th in-
terval scaled with respect to the peak current of the electron
pulse at the beginning of the undulator, z̄ = 0. The solu-
tion proceeds by then taking the unitary Fourier transform,
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Figure 2: These 8 plots show the intensity and electron beam phase space at 4 different propagation distances. The initial
chirp in the plot at z̄ = 0 in the top left causes the electron pulse to compress and then decompress. When it is bunched
to a length in z̄2 of . 4πρ (that is to say, less than a resonant radiation wavelength) it generates a single coherent spike in
intensity.

Fω̄{X (z̄, z̄1)} = X̃(z̄, ω̄), of (1), redefining the radiation
field envelope so that A′(z̄, ω̄) = Ã(z̄, ω̄)eiω̄z̄ and taking
the limit ∆z̄1 → 0 in the source term to obtain:

∂A′(z̄, ω̄)

∂z̄
=
√

2πeiω̄z̄χ̃(z̄, ω̄′), (3)

where ω̄′ ≡ ω̄+1/2ρ. Under the assumptions of [4], this is
a general equation for the wave envelope for a given scaled
current χ(z̄, z̄1).

It is now assumed that the electron current has a Gaus-
sian distribution with a linear, negative energy chirp and in
scaled form is given by:

χ(z̄, z̄1) =
σ0

σ(z̄)
exp

(
−z̄2

1

2σ2(z̄)

)
(4)

where σ(z̄) =
√
σ2

0 (1 + g0z̄)
2

+ σ2
r is the z̄ dependent

width due to a linear scaled energy chirp. The chirp is de-
fined in electron phase space at the start of the undulator by:

p0(z̄1) ≡ (γ(z̄1) − γr)/ργr = g0z̄1 where g0 is the initial
chirp gradient in z̄1 . Hence, the the range of electron ener-
gies in the pulse is determined by the product g0σ0. Here it
is assumed g0 < 0. The constant σr describes a minimum
residual width of the pulse when g0z̄ = −1.

This evolution of the electron pulse as a function of z̄ al-
lows the field equation (3) to be integrated over −∞ <
z̄ < ∞ to obtain an analytic solution for the field. To
enable a solution, a transform to a new independent vari-
able ẑ = 1 + g0z̄ is made so that g0 = 0 is not allowed.
Note also, that the evolution as a function of z̄ is not given,
only the result of the electron emission in an undulator of
sufficient length z̄ � |g0|−1. The solution is obtained in
Fourier space, and the final expression for the envelope as
a function of f = ω/ωr may be written as:

Ã(f) =
4πρ

f
exp

(
−if − 1

2ρg0
− f2σ2

i

8ρ2
− (f − 1)2

2g2
0σ

2
0f

2

)
(5)

It is clear from the final term in the exponent of the expo-
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nential term that the greater the total energy range within
the electron pulse, as defined by g0σ0, the broader the ra-
diation spectrum and the shorter the radiation pulse gen-
erated. In what follows, both 1D and 3D simulation are
presented and compared with the above analysis.

SIMULATIONS

The non-averaged FEL simulation code Puffin [3] was
used to simulate typical output from an helical undulator
using the following parameters: ρ = 8 × 10−3, āu = 1.5,
γ = 707 and λw = 1.5cm. An electron beam energy chirp
of g0 = −0.192 was applied to a Gaussian current distri-
bution with scaled rms width of σ0 = 0.333. An homoge-
neous energy spread of σγ/γ = 0.17ρ was also used.

In what follows, the scaled units of [3] are used. The
main difference from the results above derived from (1) is
a change from the independent variable z̄1 to z̄2 = z̄−z̄1. A
resonant electron would propagate along z̄1 =constant i.e.
z̄1 measures distance in units of lc in the resonant electron
rest-frame away from the tail of the electron pulse. How-
ever, a radiation wavefront propagates along z̄2=constant
and z̄2 measures distance in units of lc in the light rest-
frame away from the head of the light pulse. Note that p2j

is the rate of change of the j-th electron’s position in z̄2 , so
that a larger values of p2j means the electron will propagate
faster away from the head of the light pulse - i.e. larger p2j

means a lower electron energy.
The results of a 1D simulation using the above parame-

ters and shown in Fig. 2 which plots the scaled radiation in-
tensity and the evolution in (z̄2, p2) phase space of the elec-
tron bunch as it propagates through the undulator. (Note
that in the 1D limit, |A|2 is the scaled intensity, not power,
generated by an electron beam of uniform transverse den-
sity.) Electron bunch compression and decompression due
to the energy chirp is seen as the interaction progresses.
As the length of the electron pulse approaches that of the
resonant radiation wavelength (4πρ ≈ 0.1), it starts to ra-
diate strongly and coherently. This is seen in the phase
space plot at z̄ = 5.22 which shows the compressed elec-
tron bunch emitting a coherent radiation spike in the cor-
responding intensity plot. Further propagation begins to
de-bunch the electrons and the coherent emission reduces,
so forming the short radiation pulse. Note that the final ra-
diation pulse width, from the intensity plot at z̄ = 7.25 of
Fig. 2, is slightly less than a cooperation length. The radia-
tion pulse width may be significantly less than one cooper-
ation length, which is smaller than pulse widths produced
by the FEL process in SASE.

The radiation intensity spectrum was calculated using a
numerical Fourier transform and is plotted in Fig. 3. This
spectrum is in very good agreement with the analytical so-
lution of equation (5).

A 3D simulation using the same parameters as above was
carried out. A scaled emittance of ε̄ = 4πε/λr = 1.6 was
used and the beam radius matched to the undulator using
natural focussing. This gives an effective energy spread,

Figure 3: The intensity spectrum |Ã|2 plotted as a function
of scaled frequency f = ω/ωr at z̄ = 7.6676 as shown in
Fig. 2.

from [5], of σε = 0.00064, which is very small compared
to the homogeneous energy spread as used in the 1D sim-
ulation above. The betatron wavelength in units of z̄ is
λ̄β = 4

√
2πγρ/āu = 67.01, and the Rayleigh length of the

resonant wavelength for the matched beam radius, again in
units of z̄, is z̄R = ε̄λ̄β/4π = 8.532 [3], both of which
are relatively large with respect to the FEL gain length.
With these parameters it may be expected, and as is shown
below, that diffraction and emittance effects are relatively
small so that the results will not deviate significantly from
the 1D simulation of above.

From the 3D simulations, the transverse plot of the
scaled intensity at z̄ = 7.6676 and z̄2 = 7.0456, close
to the coherently radiated peak is plotted in Fig. 4. A sharp
peak is seen on-axis at (x̄, ȳ) ≈ (0, 0) where the electron
pulse is propagating. The scaled power |A|2 is calculated
by integrating the scaled intensity over the transverse re-
gion of the simulation and is plotted in Fig. 5 as a function
of z̄2. As with the 1D case, the sharp peak in the power
in the region 6 ≤ z̄2 ≤ 7 indicates where the electron
beam became strongly bunched and emitted a strong co-
herent pulse.

The scaled spectral intensity was calculated from the
data along the center of the transverse plane at (x̄, ȳ) ≈
(0, 0) and is plotted in Fig. 6. It can be seen that the spec-
trum is in good agreement with that of the analytical solu-
tion and the 1D simulation of Fig. 3. As expected from the
calculated betatron wavelength and Rayleigh range above,
the 3D effects have not significantly reduced the spectral
intensity, and the emission of the radiation from the chirped
pulse has not been significantly degraded.

CONCLUSIONS
Using a relatively simple 1D model, a method was

described which appears capable of generating a single,
intense, broad-bandwidth radiation pulse from a short
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Figure 4: The transverse intensity profile near the peak at
z̄ = 7.6676 and z̄2 = 7.0456 as shown in Fig. 5.

Figure 5: The scaled power |A|2 is calculated by integrat-
ing the scaled intensity of Fig. 4 over the transverse area
and is plotted as a function of z̄2 for z̄ = 7.6676.

Figure 6: The spectral intensity calculated on-axis along
the z̄2 axis at z̄ = 7.6676.

chirped electron pulse in an undulator. Analysis and simu-
lations in both 1D and 3D using the unaveraged modelling
of [3] show good agreement. It is noted that the gaussian
pulse current used in the model is not best suited to gen-
erating strong coherent emission and other current profiles
can be expected to generate more intense output.
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PROGRESS ON A LASER-DRIVEN DIELECTRIC STRUCTURE FOR USE 
AS A SHORT-PERIOD UNDULATOR 

J. Allen,  G. Travish, UCLA, Los Angeles, CA 90095, USA 
H. Gong, UESTC, Chengdu, Sichuan, China and UCLA, Los Angeles, CA 90095, USA 

R. B. Yoder, Manhattanville College, Purchase, NY 10577, USA 
 

Abstract 
A laser-powered dielectric structure, based on the 

Micro Accelerator Platform, has been design and offers 
undulator periods in the micron to millimeter range. This 
design was shown previously to potentially support a 
deflection field strength of several GV/m, equivalent to a 
magnetic undulator with field strength of about 40 T. In 
this paper, we address a previous problem in the design 
involving the junction between half periods of the 
undulator. Because the structure is resonant, flipping from 
one deflection direction to the opposite one required 
controlling the phase of the incident laser and 
reestablishing a new resonance. One solution to this 
“phase flipping” problem involves the use of two lasers at 
different wavelengths to excite adjacent half-periods. This 
new approach is explored further here along with 
simulations of the beam trajectory and resulting undulator 
radiation. We also consider parameter sets that may be 
possible for these extremely short period undulators. 

INTRODUCTION 
X-ray sources based on laser undulators have gained 

increasing interest primarily because their short period 
makes easier the production of short-wavelength 
radiation. Thus, these x-ray sources are compact in size, 
only require low-energy electron beams, and may have 
low operating costs. Several laser-based undulators have 
recently been proposed or constructed [1, 2, 3]. These 
proposed undulators utilize Compton scattering between a 
free-space laser and a relativistic counter-propagating 
electron beam.  The undulator period is required to be 
half the laser wavelength; thus, laser power limits the 
undulator parameter. 

To overcome this small undulator parameter, a Bragg 
structure-based laser undulator has been previously 
proposed as illustrated in Fig. 1 [4]. The structure is 
similar to the slab-symmetric acceleration structure that 
has been investigated at UCLA since 1995 [5, 6, 7, 8]. 
The top face of the planar structure contains a periodic 
array of couplers which are incident by a high-powered 
laser to excite an electromagnetic standing wave in the 
structure. The undulator provides phase synchronicity 
between the laser-driven cavity fields and the electron 
beam as demonstrated in Fig. 2. As an electron travels 
through the structure, the electron is deflected in one 
direction by many optical periods within one half 
undulator-period. In the next half period, the electrons are 
deflected in the opposite direction. Thus, the undulator 
parameter is not restricted by the laser wavelength. Also, 
the structure has previously been shown theoretically 
capable of producing electron-beam deflection 

corresponding to an equivalent magnetic field strength of 
40T leading to an increased undulator parameter [4]. 

 

Figure 1: Schematic diagram of the Bragg structure. Five 
optical periods of the structure are shown; blue represents 
HfO2, purple represents SiO2, and green represents TiO2. 

 
In this study, the problem in the design involving the 

junction between half periods of the undulator is 
explored. With this resonant structure, flipping from one 
deflection direction to the opposite direction requires 
controlling the phase of the incident laser and re-
establishing a new resonance. One approach is the use of 
two lasers at different wavelengths to excite adjacent half-
periods. Additionally, since the fields are not sinusoidal, 

Figure 2: Schematic demonstrating the phase 
synchronicity between the electron beam and the laser-
driven cavity fields. This synchronicity occurs because 
the electron beam is assumed to travel at velocity  
and the fields evolve at the same rate. Red and blue 
arrows represent the fields and their directions. 
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simulations of the beam trajectory and resulting undulator 
radiation are explored for a possible parameter set for 
these short period undulators. 

THE BRAGG STRUCTURE UNDULATOR 
The Bragg structure contains two parallel planar 

Distributed Bragg Reflectors (DBRs) separated by a 
vacuum gap as illustrated in Fig 1. The planar Bragg 
resonance cavity is a one-dimensional photonic band-gap 
structure. Slots, filled with a high index material (TiO2), 
at the top of the structure produce a diffraction pattern 
which propagates through the structure. The pair of DBRs 
reinforce and resonate these diffracted fields in the 
vacuum gap. Matching layers, made of another high index 
material (HfO2), just outside the vacuum gap, allow for 
tuning of the resonant frequency. The materials used in 
the DBR are of alternating low- and high-index (SiO2 and 
HfO2). The laser used to excite the structure is an 800nm 
Ti:Sapphire laser polarized parallel to the beam axis. The 
UCLA research group has recently fabricated such a 
structure [8], using several nanolithography and thin film 
deposition techniques. 

Along the direction of the vacuum gap, the Bragg 
structure can be treated as a waveguide. Misrahi and 
Schächter have shown via theoretical analysis that the 
planar Bragg waveguide can support a TEM mode in the 
vacuum gap [9]. The power profile is flat, with 0zE  

and 0zH . A standing TEM electromagnetic wave can 

be created in the vacuum gap of the structure when the 
structure is incident by the laser. The field in the vacuum 
gap can be separated into oppositely directed traveling 
waves.  One is synchronous with the electron bunch, and 
the other is counter-propagating as seen in Fig. 2. The 
form of the standing wave is 

 

       φtωjzjkzjk
E

E zz
m

y  expexpexp
2

    (1) 

       φtωjzjkzjkμ
η

E
H zz

m
x  expexpexp

2
 (2) 

 

where cωkz  , 00 εμη  , and φ is the phase 

corresponding to the bunch position within the wave. 
Since the wave evolves with time at the speed of light, if 
the relativistic electron bunch is assumed to travel long 
the z direction with velocity , the electron bunch 
will be synchronous with the forward electromagnetic 
wave.  Thus, if the bunch length is small compared to the 
laser wavelength, the electron bunch will experience a 
uniform deflection force.  

If the bunch is located at 2πφ  , the maximum of the 

forward electromagnetic wave, then the total deflection 
force is  

  mBEy qEFFtF                         (3) 
 

Therefore, the deflection force is constant. In order for the 
structure to behave as an undulator, the phase must flip 
every half undulator period as demonstrated in Fig. 3. The 
undulator period is given by Lu λnλ 2 where n is the 

number of optical periods per deflection (half undulator 
period) and Lλ  is the optical period length (or laser 

wavelength).  
The effective magnetic flux density for a laser 

undulator is 
 

c

E

ev

F
B xdeflection

eff                           (8) 

 
assuming a relativistic electron bunch with . 

The undulator parameter is 
 

22 mcπ

λF
K

uy
 .                                 (9) 

 
Unlike past laser undulators that depend on Compton 
scattering, the magnitude of the undulator parameter is 
not an issue with this planar Bragg structure. Since the 
undulator period is not restricted by the laser wavelength, 
the undulator parameter can be increased dramatically by 
increasing the number of optical periods n2  per 
undulator period. The main circumstance restricting uλ  is 

that it needs to be small enough to prevent the electron 
beam from striking the cavity wall. 

Simulations showing the effectiveness of the structure 
were shown in a previous paper [4]. 
 

Figure 3: Schematic of the phase flipping in a laser 
undulator based on a planar Bragg cavity. Red and blue 
arrows represent the fields acting on the electron beam 
over a distance. 

SPECTRAL SIMULATION RESULTS 

Junction Between Half Periods 
Within a multi-period structure, the phase of the 

incoming laser must be controlled to reestablish a new 
resonance and flip the direction of the deflection force. 
This issue can be solved by having a structure with 
alternating resonant frequencies every half period of the 
undulator. Using ANSYS® HFSSTM [10], a stable resonant 
structure has previously been designed (at 362.05 THz) 
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[4]. Half of the undulator period should be resonant at this 
frequency, and the other half at another frequency. 

 

 

Figure 4: Plot of Ey and Hx in a single period structure. 

 
The electric field and magnetic field along the vacuum 

gap of a single period structure is shown in Fig. 4. In 
order to optimize the single period structure for another 

frequency, parameter sweeps must be performed on the 
coupling and matching layers of the original resonant 
structure. The power reflected back to the top (port 1) for 
a combined and idealized structure with both resonances 
is shown in the S11 plots in Fig. 5. The frequency 
separation between the two resonances must be selected 
to be much wider than each resonance width. The 
resonant width is demonstrated in Fig. 5 in an S11 plot 
from a single period structure; however, the resonance is 
shallow and still requires optimization. An idealized 
result is shown as the modified structure is the subject of 
ongoing work. A unified structure with two resonances 
should produce smooth field transitions at the half-
periods, however, care must be taken to create a structure 
with similar physical dimensions throughout.  

Spectrum and Trajectory 
Since the fields acting on a traveling electron within the 

vacuum gap are not sinusoidal, but square in nature, the 
trajectory and resulting spectrum are of interest. 
Simulations were performed using Tanaka and Kitamura’s 
SPECTRA software application [11]. The SPECTRA 
parameters and their input/output values are shown in 
Table 1. 

 

Table 1: Parameters and their SPECTRA Input/Output 
Values of a Bragg Structure Based Undulator 

Parameter SPECTRA Value 

Radiation wavelength 0.1 Å 

Normalized emittance 0.01 mm mrad 

Energy spread 10-4 

Electron energy 602 MeV 

Electron beam spot size 291.3 nm 

Undulator period  250 μm 

Undulator parameter K 0.467 

 
SPECTRA can generate its own sinusoidal undulator 

fields or allow for user-defined fields; however, only 
magnetic fields can be modeled. The electric fields were 
converted using equation (8), forming a total magnetic 
field with a square waveform. With the parameters from 
Table 1, a SPECTRA sinusoidal field was generated in 
addition to the user-defined near square wave (a slight 
slope is necessary at the transition between half periods in 
order for SPECTRA to perform the calculations). The 
trajectory of a single electron is shown in Fig. 6 for both 
fields. The peak trajectory of the sine (square) field is 
16µm (20µm). The resulting spectra of both fields are 
shown in Fig. 7. The FWHM of the sine (square) field is 
19.8 eV (18.6 eV). The central peaks of the spectra are 
separate by about 700 eV, which is only around 7 pm in 
wavelength. The discrepancy is believed to be due to the 
difference in electron trajectory. 

 

Figure 5: Ideal S11 plot of a dual-frequency resonant 
structure (top). S11 plot for a single period structure 
(bottom). The resonance is shallow and the structure still 
requires more optimization. 
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Despite the field harmonics contained in the square-
wave of the optical undulator’s alternating deflections, the 
trajectory and resulting spectrum are in close agreement 
to a perfect undulator. 

 

Figure 6: A few periods of the trajectory of a single 
electron in the undulator, for both the SPECTRA 
generated field (red) and the ideal optical undulator field 
(blue).  
 

Figure 7: Plots of the undulator spectral output (on a log 
scale), for both the SPECTRA generated field (top), and 
an ideal optical-scale undulator field (bottom), for the 
parameter set in Table 1. Results produced using the 
SPECTRA simulation tool. 
 

Conclusion 
A Bragg structure undulator has been described and the 

issue of flipping the deflection force at junctions of half 
undulator periods has been addressed. Further 

investigation of this problem is required. The spectrum 
and electron trajectory of the proposed undulator has also 
been explored, and are promising. Future work will 
involve fabrication and testing of a physical structure. 
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BEAM DYNAMICS AND PERFORMANCE OF ERL-DRIVEN X-RAY FEL∗

Yichao Jing† , Vladimir N. Litvinenko, Brookhaven National Lab, Upton, NY 11973, USA

Abstract
In this paper we present a self-consistent concept of ERL

generated e-beam to drive an array of X-ray FELs. We

use electron-Relativistic Heavy Ion Collider (eRHIC) [1]

at BNL as an tool to explore all relevant beam dynam-

ics. First, we study effects of incoherent and coherent syn-

chrotron radiation on the e-beam parameters and present

the set of parameters providing for the emittance preserva-

tion. Second, we present a single stage bunch compress-

ing scheme with large compression ratio, which suppresses

emittance growth caused by CSR. Finally, we present sim-

ulation result for soft and hard X-ray FELs driven by such

electron beam. We compare projected performance of such

facility with world’s existing and proposed FEL facilities.

INTRODUCTION
Self-amplified stimulated emission (SASE) free elec-

tron laser (FEL) is becoming an attractive source of high-

brightness photon beams. Comparing with traditional stor-

age ring based light source, FEL has very narrow band-

width with highly tunable central frequencies ranging in

wavelength from microwaves to hard X-rays. Its peak

brightness can be at least ten orders of magnitude higher

than the one of storage ring. However, it is also notorious

for its low repetition rate and poor stability due to shot to

shot noise and fluctuations. In the recent decade, people

started to use energy recovery linacs (ERLs) for FEL oper-

ation [2, 3, 4]. A single pass or multiple passes ERL can

provide high quality electron beam which does not suffer

from emittance and energy spread growth through effects

of synchrotron radiation and microwave instabilities piling

up in storage rings. At the mean time, most of the beam

power is recycled before the beam goes to the dump, mak-

ing a high repetition rate operation of electron beam is now

possible. Such a machine could be a perfect candidate for

next generation light source.

Among all the radiation wavelengths, X-rays, both soft

and hard X-rays, are of great interest for many con-

densed matter material science and biology experiments.

A multi-GeV electron beam with high peak current and

low emittance is required for a high-performance X-ray

FEL. Many facilities are presently constructed or being

proposed while many upgrades are planned in serving this

purpose [5, 6, 7, 8]. The future eRHIC ERL [9, 10] can be

an excellent platform of providing such high quality elec-

tron beam as well. Although the major use of the electron

beam in eRHIC is for electron hadron collision, a dedicated

∗Work supported by Brookhaven Science Associates, LLC under Con-

tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.
† yjing@bnl.gov

Figure 1: eRHIC layout with a 6 pass 30 GeV ERL. For

FEL operation, the bunch compressor will be located at 12

o’clock, while two main linacs are at 2 and 10 o’clock re-

spectively.

FEL operation mode could be planned. In such mode, an

electron beam with extremely low emittance, low energy

spread and sufficiently large bunch charge would be gen-

erated and well preserved through the beam transport to

undulator. An array of X-ray FELs could be installed down

stream to share the high repetition rate.

LAYOUT OF FEL OPERATION AT ERHIC
As we stated in previous seciton, eRHIC is a multi-pass

ERL with a layout shown in Fig. 1. In normal routine oper-

ation, the electron beam will be accelerated in 6-pass to

reach to its top energy at 30 GeV then collide with ion

beams. After the collision, the electron beam energy will be

recovered in the same linacs with 180 degree phase differ-

ence (decelerating mode) before going to beam dump. The

entire machine has a 6-fold symmetry thus six straight sec-

tions can be used for linacs (which are located at 2 o’clock

and 10 o’clock respectively) and possible experiment inter-

action regions.

However, for FEL operation, it is not neccessary to have

a 30 GeV electron beam to get to the working regime (X-

rays) we are interested in. At the mean time, to be accel-

erated to such a high energy, the electron beam traverses

longer distances in circular passes and receives more ex-

posure to synchrotron radiation which will result in having

a larger energy spread. We choose a much lower e- beam

energy (1.8 GeV – 10 GeV) allowing us to cover X-ray

regime with current undulator technology. Electron beam

will be injected from a different source with low normal-
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Figure 2: The e-beam emittance evolution in the eRHIC

arcs. Bunch charge of 0.2 nC is used to minimized the

emittance growth caused by CSR effect.

ized emittance (0.2 – 0.6 μm) and low energy spread (few

tens to hundreds of keV). The beam parameters for differ-

ent FEL modes can be found in Table. 1. The beam current

in eRHIC arcs is kept low (≈ 40 amps) mainly due to two

concerns. Firstly, the synchrotron radiations (both CSR and

ISR) in the circular passes require low current so that the

beam emittance can be preserved through the arcs. Sec-

ondly, beam current in the ERL linacs has to stay low to

avoid severe multi-pass beam breakup instability (BBU).

A bunch charge at 0.2 nC seems to be a good working

point for both considerations. As is shown in Fig. 2, the

emittance of the circulating beam could be preserved well

through the arcs.

To compress the e- beam to reach high peak current (∼
kA) for FEL, a bunch compressor system will be installed

in a bypass at 12 o’clock between two main linacs. De-

pending on radiation wavelengths, the electron bunch will

be send into the bunching system on its first or second

pass in eRHIC at different energies. The cavity located

at 2 o’clock will be detuned from on crest operation to

introduce a correlated energy spread for bunch compres-

sion. The energy spread has to be kept to a small value

(∼ 1× 10−4 RMS). Thus the strong compression ratio re-

quires a large value of R56 in a high-field compressor. In a

standard chicane a very strong coherent synchrotron radia-

tion (CSR) would significantly deteriorate beam quality –

see Fig. 3.

Table 1: eRHIC Beam Parameters for FEL Operation

Name Soft X-ray Hard X-ray

Energy (GeV) 1.8 10

Bunch charge (nC) 0.2 0.2

Rms bunch length (ps) 1 1

Rms energy spread (keV) 50 – 200 500

Rms normalized emittance (μm) 0.6 0.2

Undulator period (cm) 1.85 3

Wavelength of fundamental mode (nm) 1 0.1

BUNCH COMPRESSOR AND BEAM
PREPARATION FOR FEL SETUP

In previous studies [11, 12], we showed that in a tradi-

tional C-type chicane CSR would blow up the beam emit-

tance 4 to 5 - fold. The emittance growth is mainly caused

by smearing of transverse phase space by the longitudinal

energy variation induced by CSR wakes. Such location-

sensitive energy variations induces transverse coordinate

and angular displacements of particles in the transverse

plane via R16 and R26 induced in the chicane. As a re-

sult, various longitudinal slices will have different coordi-

nates and angular displacements. This, in turn, will result

in smearing the distribution in the transverse phase space,

and result in the projected emittance growth. As a remedy

against this problem – i.e. the displacement in transverse

plane due to the longitudinal energy variation induced by

CSR wakes [13, 14], we propose to use two consequent

chicanes with reversed bending directions, a zigzag type

compressor. The opposite signs of the dispersion func-

tions should allow to de-couple the longitudinal and trans-

verse degrees of freedom. This technique has similarity to

that has been proposed to compensate the emittance growth

in ERL mergers caused by the longitudinal space charge

forces [15]. We expect that in our scheme the transverse

phase space displacement caused by CSR in the 1st chi-

cane could be partially reversed in 2nd chicane. Thus the

resulting emittance growth due to CSR effects could be sig-

nificantly reduced. In the following sections, we study such

bunch compressor design capable of compressing the beam

needed for our FEL applications.

We use ELEGANT [16] code for the particle tracking

including CSR effects. The evolution of beam emittance

along the zigzag type of bunch compressor is shown in

Fig. 4. Because bunch length is shorter in the second

chicane, the CSR wakes and energy changes are stronger

there. Thus the optimal cancellation of the CSR effect re-

quires the second chicane to be weaker (about 50 % less

in strength) than the first one. In addition, we adjusted the

betatron phase advance between two chicanes – using two

quadrupoles – for better alignment of the space phase dis-

placement in two chicanes. As the result of such phasing

the overall projected emittance was minimized. We also

conducted an overall optimization process and found beta

functions when the best matching could be achieved. The

optimal beam line setup reduced the emittance growth to

13% in a single compressor with 15-fold bunch compres-

sion (from 40 A to 600 A). For even stronger 30-fold com-

pressor needed to achieve 1.2 kA peak current needed for a

hard X-ray FEL, a similar beam line reduces the emittance

growth to 27%. The beam parameters for different machine

setups are listed in Table. 2.

FEL SIMULATION AND COMPARISONS
We used Genesis 2.0 [17] to simulate the FEL processes

and study the FEL power saturation in both time-resolved

and time-independent simulation mode. The latter one is
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Table 2: Beam Parameters for eRHIC FEL after Bunch

Name Soft X-ray Hard X-ray

Energy (GeV) 1.8 10

Peak current (amp) 600 1200

Projected rms energy spread 1.15× 10−4 1.77× 10−4

Rms normalized emittance (μm) 0.678 0.253

Figure 3: The e-beam emittance evolution in the bunch

compressor using a single chicane. The emittance blown-

up is caused by the CSR effect.

much faster and we used it to scan through the beam param-

eters (including optics) and to maximize the gain of FEL.

We selected a LCLS type of HGFEL undulator with a few

cm of period. Table. 1 lists the rest of the parameters.

We used the beam parameters at the exit of bunch com-

pressor as input into GENESIS. We studied the tolerance

on one of the most important factors the energy spread by

scanning it from 50 keV to 200 keV. For statistics we used

multiple random seeds at each point for the energy spread.

Figure 4: The e-beam emittance evolution in the bunch

compressor using a Zigzag type chicane. The emittance

blown-up in the first chicane due to CSR is largely com-

pensated in the second chicane with a reversed bending

magnet. The final emittance is 0.678 μm resulting in an

overall13% emittance growth.

Figure 5: Final current distribution along the bunch after

bunch compressor. The peak current reaches 600 amps.

Figure 6: FEL power growth with different energy spread.

Saturation can be reached at 100 m.

As seen from Fig. 6, larger energy spread tends to increase

the saturation length and lower the saturation power. The

fitted 3D gain length dependence on the energy spread is

shown in Fig. 8. For the energy spreads of interest, the 3D

gain length is quite short (∼ 2 m) allowing us to reach sat-

uration in less than 100 m. However, as is shown in Fig. 7,

the saturation power drops about 30% with the increase of

the energy spread.

Table. 3 compare our proposed eRHIC FEL parameters

with state of the art X-ray FELs. FELs driven by eRHICs

ERL could increase the average spectral brightness in X-

ray range up to three orders-of-magnitude above the exist-

ing and currently planned sources.

DISCUSSION
We used time-independent Genesis simulation for our

optimization study of FEL farm at eRHIC. The time re-

solved simulations are very time consuming and we did

not used them for parameter scanning. Few initial time de-

pendent simulations are being carried out for two specific

cases (1.8 GeV 1 nm and 10 GeV 1 A). These simulation

are in good over-all agreement with the time-independent

Compressor
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Table 3: Comparison of eRHICs FEL with Projected Performance of X-ray FELs
Parameter LCLS SCSS XFEL eRHIC,Hard X-FEL eRHIC, Soft X-FEL
Energy (GeV) 14.35 8 17.5 10 1.8

Rep rate (Hz) 120 60 10 1× 106 1× 106

FEL wavelength (Å) 1.2 1 1 1 1× 103

Peak brightness (ph/sec/mm2/mrad2/0.1%BW) 8.5× 1032 5× 1033 5× 1033 ∼ 1033 ∼ 1033

Average brightness (ph/sec/mm2/mrad2/0.1%BW) 2.4× 1022 1.5× 1023 1.6× 1025 1026 − 1029 1026 − 1029

Figure 7: The saturation power with various energy spread.

Power drop mainly comes from the decrease of ρfel

Figure 8: Fitted 3D gain length with various energy spread.

The gain length stays below 2 m with various energy spread

setups enabling us to get saturated signal at 100 m.

simulations. Extensive details of these simulations will be

published elsewhere.

CONCLUSION.
We studied various possible operation modes for FEL

farm based on the future eRHIC ERL. We demonstrated

that high quality electron beam could be preserved through

the machine. We proposed and simulated a Zigzag type

bunch compressor, which greatly reduces CSR-induced

emittance growth. Our FEL simulations show that elec-

tron beam prepared by such compressor is well suited for

both soft- and hard-X-ray FELs. If realized, eRHIC driven

FEL would increase average spectral brightness of the X-

ray FEL sources by about three orders of magnitude.
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Abstract 
     Recently, at the Laboratoire d'Optique Appliquée 
(LOA), progresses have been made for the development 
of 5th generation light sources based on laser-plasma-
accelerator. Electron beam from 100 to 150 MeV was 
generated at the interaction of a 1 Joule, 30 fs laser 
focused on a 3 mm long He gas target at an electron 
density of about 5*1018 cm-3. Then, the electron beam was 
focused with a quadrupoles triplet inside a 60 cm long 
undulator composed of 34 periods of 18 mm. In these 
conditions, synchrotron radiation light was measured 
from 450 nm to 230 nm. This constitutes a promising first 
step in the view of realizing FEL based on plasma 
acceleration in future.  

INTRODUCTION 
Synchrotron radiation (SR) and Free-electron laser (FEL) 
generation processes are well known and understood 
since many decades. Nowadays, the facilities, which are 
using these conventional sources, are at the top of the art. 
Yet, due to the relatively low electric fields (about 30 
MV/m) obtained in the classical accelerating structures, 
huge and high cost installations are necessary.  

Advances on laser-plasma acceleration [1-8], in which 
accelerating fields up to 100 GV/m are created, have 
motivated the study of the feasibility of synchrotron 
radiation generation from undulator, in view of realizing a 
compact FEL. In fact, the number of FEL across the 
world is rather limited, even if increasing notably recently, 
and the demand of beam time coming from the user 
community is highly increasing. Moreover, FEL based on 
linear accelerator technologies have very limited number 
of beam lines. As a consequence, performing plasma-
based FEL from table-top laser would represent a 
significant advance and allow to multiply significantly the 
number of accessible beam lines for studying physics, 
chemistry and biology.  

Actually, this purpose seems quite far from today, but 
things have to start one day in order to understand better 
the actual level of possibilities, what has to be improved 
and in which direction we have to push forward in the 
coming years. Is the plasma-based electron acceleration 
mature for this area of activity?  

This explains why in LOA, and in other groups all 
around the world [9-14], in view of getting experience on 
the way to generate plasma-based FEL, we decided, as a 
first step, to build a setup for generating synchrotron 

radiation from electrons wiggling in an undulator [15] and 
generated in the classical bubble regime. 

EXPERIMENTAL SET-UP 
     The experiment (fig. 1) has been performed with the 
“salle jaune” Ti: Sa laser facility in LOA. This laser 
delivers linearly polarized pulses at 800 nm with more 
than 1 Joule energy, about 30 fs pulse duration and at a 
maximum of 10 Hz repetition rate. The electrons are 
generated by focusing the 55 mm aperture laser light with 
a 1 m length spherical mirror into a supersonic gas target. 
This latter is a 3 mm long pulsed jet filled with helium 
gas at pressure about 7 Bars leading to an electron density 
about 5*1018 cm-3.  
 

  
Figure 1: Layout of the experimental setup at LOA for 
generating synchrotron radiation from laser-plasma 
acceleration. 

With the following conditions, 30 TW pulses focused 
in a 20 microns (FWHM) spot, the intensity reaches more 
than 1*1018 W.cm-2 in the gas target, creating a plasma 
after the ionisation of the gas by the front part of the pulse. 
In this plasma, the ponderomotive force of the ultra-short 
laser pushes electrons outward, separates them from the 
ions and so creates a longitudinal electric field which 
velocity is close to the speed of light. With these typical 
electron densities the electric field of the so called 
“Wakefield” can reach more than 100 GV/m in 
accelerating structures. After being injected in the 
wakefield, a few electrons can be accelerated up to 
energies up to 1 GeV. The regime in which electrons are 
simply self-injected and accelerated inside the structures 
is called the “bubble regime”. The experiment was 
performed in this regime. 

After the laser-plasma acceleration, the relativistic 
electrons pass trough a triplet of specially-designed 
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quadrupoles, which aim at focusing the electron beam in 
the undulator in order to get high electron density while 
wiggling inside the gain medium. Just before the 
undulator entrance, a notable degradation of the electron 
beam quality can be introduced due to the presence of 
thick aluminium foil. This latter is installed for blocking 
the highly intense pump laser and the electrons have to 
pass through this filter in the actual geometry. The 
undulator is 60 cm long, i.e. based on 34 periods of 18 
mm spatial period SmCo magnets with a deflection 
parameter estimated close to 1.    
Finally, the detecting part (fig. 1) is based mainly on three 
spectrometers. First, a system, developed by the LLR, for 
measuring very precisely electrons in low and high 
energy range (more than 200 MeV) is implemented. 
Second, a photon spectrometer for UV-visible light, 
composed of a MgF2 lens with 25 cm focal length, a SiO2 
prism and a CCD camera for detecting X-rays (Princeton 
2048*2048, 13*13 microns) is installed to evaluate the 
synchrotron radiation light. The prism can be removed to 
measure the SR spatial distributions.  
 
Table 1: Main Laser, Plasma and Undulator Parameters 
Used During the Experiment 

 

 

SPATIAL PROPERTIES AND 
ESTIMATION OF NUMBER OF PHOTONS 
     At first, it was decided for increasing the chance to 
observe SR in single shot to work in the visible-UV range, 
where optics have theoretically very good transmission. 
This explains why the photon spectrometer, presented in 
the last section, is composed of a MgF2 lens and a prism. 
As a consequence, with the undulator parameters, we 
have restricted the electron beam energy to a maximum of 
150 MeV in order not to radiate at too short wavelengths 
for the detecting system. 

Fig. 2 (a) presents the footprint of the radiation 
measured on the CCD camera, which images a position 
corresponding to 60 cm after the end of the undulator and 
here for injected electrons with estimated 120 MeV 
energy. While the vertical spatial distribution is Gaussian, 
the horizontal one makes appear a more complicated 

shape composed of two parts: a centre part which seems 
also Gaussian and a second one of larger size and smaller 
intensity causing large wings on the distribution. At this 
step we can assume with relative good confidence that the 
synchrotron radiation signal correspond to the centre part 
of the image with double Gaussian spatial distribution. 
Also important to be noticed, the vertical FWHM 
divergence of the supposed SR, about 3 mrad, is 
approximately twice bigger than the horizontal one. This 
could mean that either the emittance in both directions of 
the electron beam is notably different or the focusing 
geometries (positions of focus and beta functions). The 
second radiation, which origin is not really clear, could be 
the emission of light caused by the electrons passing 
through the thick aluminium foil.  
 

 
Figure 2: Single shot footprint and corresponding spatial 
distributions of the radiation measured on the CCD 
camera. (a) Experimental data. (b) Simulated synchrotron 
radiation from SRW software [16]. 
 
     Simulation has been made using the SRW software in 
order to evaluate the distributions of the SR. Fig 2 (b) 
shows the SR spatial properties obtained at the same 
distance of the undulator as in the experiment. For this 
simulation, 120 MeV electron beam energy, 1 П 
mm.mrad emittance for both directions, 1% energy spread 
and 10 pC charge have been chosen. Compared to Fig. 2 
(a), the vertical Gaussian distributions are very similar, 
while the second part of the horizontal distribution 
direction is not reproduced. As a consequence, this 
simulation, which presents a very good agreement with 
the data, confirms that there is a high probability that the 
measured signal is a synchrotron radiation generated in 
the undulator.  
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From this same figure and from the following equation 
(eq. 1), one can deduce a good estimation of the number 
of photons generated in the undulator.  

 
Where Nc is the maximum number of counts on the CCD, 
ΔH,VFWHM the width of the horizontal and vertical 
distributions, Tlens the transmission of the lens, GCCD the 
electronic gain of the CCD, Ephot the spectral SR energy 
estimated from a 120 to 140 MeV electron beam energy, 
effqCCD the quantum efficiency of the CDD corresponding 
to Ephot.  
This value can be compared to the analytical estimation of 
the SR coming from the following classical formula (eq. 
2). 

 
Where Ebeam is the electron beam energy, Q the charge, N 
the number of periods and K the deflection parameter. 
The two formulas give more or less the same values 
concluding that estimated parameters are well defined.  
 

SPECTRAL PROPERTIES  
 

 
Figure 3: Single shot spectra of photons (red circle) and 
electrons (violet line) for two different shots. 
 
     In order to correctly characterize the emission as a 
potential SR light, we have measured at the same time the 

spectra of the laser light and of the electrons. First of all, 
when electron charge is higher than 1 pC, intense peaks 
appear in the photon spectrum as in Fig 3, but never 
below this very clear threshold. Second, when the 
electron spectrum is composed of multiple peaks, the 
photon spectrum presents similar distribution, with a 
relatively nice apparent correlation.  
     Yet, up to now the laser light spectra are not calibrated. 
For that, from the position on the CCD camera, one can 
easily retrieved the corresponding wavelength using the 
geometrical Descartes laws when passing through the 
prism.  

Then, in order to validate definitively the assertion that 
this laser light signal is undulator radiation, the energy of 
the electrons well-focused inside the undulator has been 
varied. For that, electrons with large energy distributions 
are generated and then a different current is applied on the 
triplet of quadrupoles to adapt the focus inside the 
undulator of the electrons at the desired energy. Fig. 4 
presents the evolution of the position on the CCD camera 
of the experimentally measured laser light as function of 
the energy varied from 100 MeV to 150 MeV. This 
“measured spectrum” is compared to a “calculated 
spectrum”. This latter is obtained by calculating for the 
different electron energies, the corresponding emitted SR 
wavelength which could be generated, according to eq. 3.  

 
     In a second step, the wavelength is transformed into 
position on the CCD with the Descartes laws. The 
measured spectrum can be very well fitted by the 
calculated spectrum if only K equal to 1.5. Yet, this latter 
was estimated to be equal to 1, constituting a moderate 
disagreement.  
 

 
Figure 4: position on the CCD camera of the measured 
laser light peaks as function of the electron beam energy. 
 
     Finally to confirm the relation between position on the 
CCD and wavelength deduced from the Descartes laws, 
the position on the CCD camera has been calibrated using 
Kr and Hg vapour lamps, which radiation peaks are very 
well known and can be identified in the UV-visible range. 
This is presented in Fig. 5 and called “calibrated 
spectrum”. A good agreement is also observed. As a 
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consequence we can conclude definitively that the 
measured signal is synchrotron radiation generated from 
plasma-based electrons wiggling in undulator. 
 

 
Figure 5: position on the CCD camera of the measured 
laser light peaks as function of the wavelength. 

CONCLUSIONS 
     In this paper, we have clearly showed that synchrotron 
radiation was generated from laser-plasma-acceleration 
electrons introduced in an undulator. Radiations from 440 
nm to 230 nm have been observed when changing the 
energy of the electrons focused inside the undulator from 
100 MeV to 150 MeV. Measurements of footprints have 
shown that the horizontal divergence is twice smaller than 
the vertical one probably due to different emittances or 
focussing geometries of the electron beam in both 
directions. Also the number of photons has been 
evaluated to be close to 4*107 ph/shot. This remains a low 
number, which can be explained by the also low 
electronic charge and large energy spread during the 
experiment, due to troubles on the laser system at this 
moment.  
     For 5th generation light sources, i.e. FEL based on 
plasma-acceleration, one need considerably smaller 
energy spread for electrons passing through the 
quadrupoles to keep emittance and pulse duration at low 
values. Also, very small pointing variation (work on the 
stability of the laser in general) is expected to correctly 
passing through the quadrupoles and undulator and so 
have stable emission to correctly characterize it. Using 
longer undulator, stronger K value, increasing charge 
while keeping other parameters at best is also primordial.  
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NUMERICAL STUDY OF AN FEL BASED ON LWFA ELECTRONS AND A
LASER-PLASMAWIGGLER ∗

R. Lehe† , G. Lambert, A.F. Lifschitz, V. Malka, J.-M. Rax
LOA, Chemin de la Hunière, 91761 PALAISEAU, FRANCE
X. Davoine, CEA, DAM, DIF, 91297 ARPAJON, FRANCE

Abstract
Recent works [1] have suggested that laser-wake�eld ac-

celeration (LWFA) may be used to produce the electron
beam of an FEL, thereby considerably reducing the size
and cost of the device. However, when using conventional
magnetic wigglers, the requirements on the beam quality
are very stringent, and are still challenging with current
LWFA beams.
An interesting alternative may be to use a laser-plasma

wiggler (e.g. a plasma wave or a laser beam). Compared to
a conventional wiggler, a laser-plasma wiggler has a �eld
amplitude several orders of magnitude higher, as well as
a correspondingly shorter wavelength - which may place
lower constraints on the beam quality and eliminate the
need for transport. Taking into account beam quality, beam
transport and wiggler inhomogeneity, we evaluate the range
of wiggler properties (�eld, wavelength) that would make
the FEL radiation possible.
From this analysis, the counterpropagating laser wig-

gler [2] seems to be one of the most promising solutions.
We therefore extend the widely-used Ming Xie formula [3]
(which was derived for a static, magnetic wiggler) to a
counterpropagating laser wiggler. We use this formula to
evaluate the potential use of current state-of-the-art lasers.

INTRODUCTION
Over the past ten years, laser-wake�eld acceleration

(LWFA) has proven to be a successful solution to acceler-
ate electrons to hundreds of MeVs over distances of a few
millimeters, which is more than a thousand times shorter
than the distance required with a conventional wiggler. As
a consequence, replacing the accelerator of an FEL with
a laser-wake�eld accelerator could drastically reduce the
size and cost of the device. Yet, LWFA electrons typically
have larger energy spread and divergence than those from
a conventional accelerator, so that coupling them to a con-
ventional magnetic wiggler is still challenging. This is due
partly to the tight requirements on the beam quality and
partly to the dif�culty to transport the divergent beam from
the accelerator to the wiggler.
Alternatively, the LWFA electrons could be coupled to

a wiggler generated by laser-plasma interaction. Previous
studies proposed for instance to use a plasma wave [4] or
a laser pulse [2] as a wiggler. Such a wiggler has sev-

∗Work partially funded by the European Research Council through the
ERC PARIS project.

† remi.lehe@polytechnique.edu

eral advantages. First, it can be placed, by proper syn-
chronization, only a few microns behind the accelerator
and thereby eliminate the need for transport. Second, its
strong �eld (laser pulses can have magnetic �elds in the
kiloTesla range) and short wavelength (in the micron range)
may place looser constraints on the beam quality. Finally,
a laser-plasma accelerator coupled to a laser-plasma wig-
gler would only be a few millimeters long (without taking
into account the size of the laser ampli�ers) and therefore
extremely compact.
This paper is organized in two sections. In the �rst one,

we evaluate the range of wiggler period and wiggler �eld
strength that would make the FEL mechanism possible,
from the point of view of the Ming Xie formula [3]. This
section is general and applies to any kind of laser-plasma
wiggler. Then, in the second section, we evaluate in more
depth the potential of a particular wiggler : that consisting
of a CO2 laser pulse. Further degrading effects like expan-
sion of the electron bunch and longitudinal wiggler non-
uniformity – that were not considered in the �rst section –
are taken into account.

RANGE OF PARAMETERS INWHICH
THE FEL MECHANISM IS POSSIBLE
We consider either a static magnetic wiggler or a coun-

terpropagating laser wiggler. In the case of the static wig-
gler, the �elds are of the form

Estatic = 0 (1)

Bstatic = aw
mckw

e
(sin(kwz)ex + cos(kwz)ey)(2)

where aw is the dimentionless wiggling parameter, c is the
speed of light,m and e are the mass and charge of an elec-
tron, kw = 2π/λw with λw corresponding to the wiggler
period, and where the electron beam propagates along the
z-axis in the positive direction. In the case of a laser wig-
gler

Elaser = aw
mc2kw

2e
(− cos

(
kw(z + ct)

2

)
ex

+ sin

(
kw(z + ct)

2

)
ey) (3)

Blaser = aw
mckw

2e
(sin

(
kw(z + ct)

2

)
ex

+ cos

(
kw(z + ct)

2

)
ey) (4)
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Notice that, if these �elds correspond to those of a
laser pulse, the wavelength of the laser is λlaser =
2π/(kw/2) = 2λw. It is important to remark that, with
this notation, the FEL equations1 are the same for these
two types of wiggler. As pointed out in [5], the simple rea-
son for this analogy is that the Lorentz forceE+v×B felt
by relativistic electrons (z ≈ ct) has the same expression
in both cases. Thus, a laser wiggler is equivalent to a static
magnetic wiggler with a period λw = λlaser/2. In the rest
of this article, we will take advantage of this fact in order to
use results which are known for static wigglers and extend
them to laser wigglers.
In particular, in both cases, the wavelength of the emitted

radiation is

λr =
(1 + a2

w)λw

2γ2
(5)

and the FEL mechanism is characterized by the Pierce pa-
rameter

ρ =

(
I

32π2IAσ2
x

a2

wλ2

w

γ3

)1/3

(6)

where γ is the Lorentz factor of the electrons, I the current
of the electron bunch and σx is its transverse rms size, and
IA = 4πε0mc3/e is the Alfvén current.

Parameters of the Electron Bunch
According to equation (6), using a micrometer-scale

wiggler period λw (as is the case for a laser-plasma wig-
gler) instead of a centimeter-scale period (conventional
wiggler) leads to a lower value of ρ and thus to tighter re-
quirements on the electron bunch. Yet, equation (5) indi-
cates that, with a laser-plasma wiggler, a given value of λr

corresponds to a lower value of γ than with a conventional
wiggler. This partly compensates the effect of λw in the
Pierce parameter. In this article, we choose γ = 20 (E = 10
MeV), as a reasonable compromise between lower wave-
length and higher Pierce parameter.
The other parameters of the electron bunch are summa-

rized in table 1. The value of the transverse rms size σx

is typical for LWFA electron bunchs. While the values of
the current I , the normalized emittance εn,⊥ and the en-
ergy spreadΔγ may seem optimistic – since no such beam
has been experimentally observed in this energy range –
they are nonetheless consistent with some numerical simu-
lations [2, 6]. It should also be noticed that current exper-
iments mostly focus on higher electron energies (hundreds
of MeV and more) and that a precise measurement of the
emittance of LWFA electrons is still very challenging.

Table 1: Parameters of the Electron Bunch
γ Δγ εn,⊥ I σx

20 0.2 0.3 mm.mrad 10 kA 1 μm

1i.e. the motion equation for the electrons and the propagation equa-
tion for the emitted radiation

Parameters of the Wiggler
Although they are low here, the emittance and energy

spread of the electrons will still degrade the FEL mecha-
nism. Moreover, the small transverse rms size of the bunch
may lead to degradation through diffraction. Yet the extent
to which the FEL mechanism is affected depends on the
values of aw and λw, and may be evaluated using the Ming
Xie formula :

L1D/Lg =
1

1 + Λ
(7)

where L1D is the ideal 1D gain length and Lg is the actual
gain length. Λ quanti�es the degradation of the FEL mech-
anism and is a growing function ofΔγ, εn,⊥ and 1/σx.
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Figure 1: Plot of L1D/Lg (as given by the Ming Xie for-
mula) as a function of the wiggling parameter aw and the
wiggler period λw.

Figure 2: Range of parameters (in terms of wiggling pa-
rameter aw and wiggler period λw) in which each source
of degradation becomes important.
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Figure 1 is a plot of L1D/Lg and shows in which range
of parameter the FEL mechanism is least degraded. The
positions of several possible wigglers have also been added
to the plot, based on their typical values for λw and aw, and
using the relation λw = λlaser/2 for laser wigglers. Figure
2 speci�es the range of parameters in which each source of
degradation (�nite emittance, �nite energy spread, diffrac-
tion) starts having a strong in�uence on the FEL mecha-
nism.
Figure 1 and 2 show that, for existing potential wigglers

(laser pulses or plasma waves), the FEL process is con-
siderably degraded, and that this is mainly due to the �-
nite beam emittance. Going towards higher wiggling pa-
rameters (e.g. increasing the intensity of the lasers) would
clearly improve the situation (mainly because it increases
the Pierce parameter ρ). Also, these �gures show that a
strong emphasis should be put on the improvement of the
emittance of the beam, while keeping the energy spread
low.
Still, with the parameters considered here and a CO2

laser wiggler, the FEL process appears to be possible,
athough it is degraded. We will consequently study this
type of wiggler in more depth in the rest of the article.

THE POTENTIAL OF THE CO2 LASER
WIGGLER

FEL Properties
We consider a CO2 laser (λlaser = 10 μm) of the kind

of UCLA’s ”MARS” laser or BNL’s CO2 laser. Although
their pulse durations are different (170 ps for MARS and
5 ps for BNL’s CO2 laser), both laser can be focused to a
waist w0 � 80 μm over a Rayleigh length of 2 mm, reach-
ing aw � 0.6 at the focal spot. The wavelength of the
corresponding FEL radiation is 8.5 nm (146 eV), and the
Ming Xie formula predicts a gain length of 150 μm.
While the effects of emittance and energy spread are

properly taken into account by the Ming Xie formula, two
more degrading effects which are not described by this for-
mula may affect the FEL mechanism here. First, contrary
to a conventional wiggler, a laser wiggler does not incor-
porate any structure that refocuses the electron bunch. As
a consequence, the electron bunch will expand radially and
the corresponding Pierce parameter will quickly decrease.
Second, the wiggler �eld is not spatially uniform. The
transverse non-uniformity of the wiggler is negligible since
its waist (80 μm) is much larger than the bunch initial tran-
verse size (1 μm), but its longitudinal non-uniformity may
be important.
In order to assess the consequences of these two effects,

we performed GENESIS simulations2. These simulations
also allow us to obtain realistic results which consistently
take into account the �nite duration of the electron bunch
and the saturation of the FEL. The simulations were run

2Since GENESIS only features static wigglers, the simulations were
performed on the equivalent static wiggler having λw = 5 μm and aw =

0.6.

with a gaussian electron bunch whose parameters are sum-
marized in table 2. For this gaussian bunch, the peak cur-
rent is 12 kA, which is close to the current considered in
the previous section (10 kA).

Table 2: Parameters of the electron bunch used in the time-
dependent GENESIS simulations. Q and τ represent the
total charge of the bunch and its duration, and their values
are representative of those obtained for LWFA electrons
with controled injection.

γ Δγ εn,⊥ σx Q τ

20 0.2 0.3 mm.mrad 1 μm 100 pC 3 fs

Degradation due to the Expansion of the Bunch
Figure 3 shows the results of a simulation for which the

electron bunch freely expands while going through a uni-
form wiggler. For comparison, �gure 4 shows a simula-
tion with the same parameters, but in which the bunch is
periodically refocused, and keeps a small transverse size
σx � 1μm.
From these results, it appears that the expansion of the

bunch drastically affects the FEL process : after 1.5 mm
of propagation through the wiggler, FEL emission virtually
stops. However, even in this case, the power of the emitted
radiation remains substantial (100 MW peak power). Also,
in the case of an expanding beam, the duration of the radi-
ation is very short (2 fs rms duration vs. about 10 fs in the
case of a periodically refocused beam), which may be an
advantage for some applications.
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Figure 3: Radiation power along the wiggler in the case of
a freely expanding electron bunch

Degradation due to the Non-uniformity of the
Wiggler
The last effect to take into account is the non-uniformity

of the wiggler. As the electron bunch travels along the laser
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Figure 4: Radiation power along the wiggler in the case of
a periodically refocused electron bunch

0.0 0.5 1.0 1.5 2.0

Position along the undulator z (mm)

10
3

10
4

10
5

10
6

10
7

10
8

10
9

P
e
a
k
 p

o
w

e
r 

(W
)

Uniform wiggler

Non-uniform wiggler

Figure 5: Evolution of the peak power of the FEL radiation
along the wiggler for a uniform wiggler and non-uniform
wiggler obeying equation (8) with ZR = 2 mm.

wiggler, the wiggling parameter aw that it feels changes,
due to two phenomena. First, the laser wiggler is a pulse
with a �nite duration and therefore its longitudinal pro�le is
not uniform. Second, this pulse is strongly focused in order
to reach high intensities. Yet, due to diffraction, the inten-
sity drops before and after the focal plane, on a lengthscale
given by the Rayleigh length.
While both effects are important in the case of BNL’s

CO2 laser, the effect of diffraction dominates in the case of
the ”MARS” laser (the Rayleigh length is 2 mm long while
the length of the laser pulse is about 50 mm). In the rest
of this article, we will focus on this second case. Thus the
expression of the wigging parameter is :

aw(z) =
aw,0√

1 + (z − zfoc)2/Z2

R

(8)

where z is the position along the wiggler, zfoc is the posi-

tion of the laser focal spot and ZR is the Rayleigh length.
Figure 5 compares the emitted power for a uniform wig-

gler and for a wiggler obeying equation (8) with ZR =
2 mm. Both simulations were run with a freely expanding
bunch. It appears that the non-uniformity has a minor im-
pact in this case : it makes the gain length somewhat longer
but keeps the �nal peak power almost unchanged.
To conclude with this section, in the case of the non-

uniform wiggler, the output FEL radiation has a total en-
ergy of 1.2 μJ at 8.5 nm (5×1010 photons). Its rms duration
is 2 fs and its peak power reaches 100 MW.

CONCLUSION
In this numerical study, we investigated the idea of an

FEL based on a laser-plasma accelerator and a laser-plasma
wiggler (e.g. a counterpropagating laser pulse or a plasma
wave). Using the Ming Xie formula, we evaluated the
range of parameter that would make the FEL process possi-
ble, and we compared it to existing potential wigglers. We
then studied the case of a CO2 laser wiggler in more de-
tail, using GENESIS simulations and the analogy between
a laser wiggler and a static wiggler.
This study shows that the idea of such a laser-plasma

wiggler seems realistic. This scheme requires a challenging
bunch quality (Δγ/γ = 0.01 and εn,⊥ = 0.3 mm.mrad for
electrons at 10 MeV), which has not yet been observed in
experiments. However, in the light of some simulations
[2, 6], such a bunch quality does not seem beyond reach.
Provided that such a bunch can be produced, already

existing CO2 lasers (UCLA’s ”MARS” laser for instance)
may be used as wigglers to successfully produce FEL radi-
ation at 8.5 nm wavelength with a peak power of the order
of 100 MW and a duration of the order of 2 fs. Impor-
tantly, in obtaining these results, we consistently took into
account the main potential sources of degradation : beam
emittance, beam energy spread, radiation diffraction, beam
expansion, and wiggler non-uniformity.
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STEADY STATE MICROBUNCHING FOR HIGH BRILLIANCE AND
HIGH REPETITION RATE STORAGE RING-BASED LIGHT SOURCES

Alex Chao, Daniel Ratner, SLAC, Menlo Park, USA
Yi Jiao, IHEP, Beijing, China

INTRODUCTION
Electron-based light sources have proven to be effective

sources of high brilliance, high frequency radiation. Such
sources are typically either linac-Free Electron Laser (FEL)
or storage ring types. The linac-FEL type has high bril-
liance (because the beam is microbunched) but low repeti-
tion rate (see e.g. [1]). The storage ring type has high rep-
etition rate (rapid beam circulation) but comparatively low
brilliance or coherence. We propose to explore the feasibil-
ity of a microbunched beam in a storage ring that promises
high repetition rate and high brilliance. The steady-state-
micro-bunch (SSMB) beam in storage ring could provide
CW sources for THz, EUV, or soft Xrays. Several SSMB
mechanisms have been suggested recently, and in this re-
port, we review a number of these SSMB concepts as
promising directions for high brilliance, high repetition rate
light sources of the future [2, 3, 4, 5].

The trick of SSMB lies in the RF system, together with
the associated synchrotron beam dynamics, of the storage
ring. Considering various different RF arrangements, there
could be considered a number of scenarios of the SSMB. In
this report, we arrange these scenarios more or less in order
of the envisioned degree of technical challenge to the RF
system, and not in the chronological order of their original
references.

Once the stored beam is steady-state microbunched in a
storage ring, it passes through a radiator repeatedly every
turn (or few turns). The radiator extracts a small fraction of
the beam energy as coherent radiation with a wavelength
corresponding to the microbunched period of the beam. In
contrast to an FEL, this radiator is not needed to gener-
ate the microbunching (as required e.g. by SASE FELs or
seeded FELs), so the radiator can be comparatively simple
and short.

CONVENTIONAL MICROWAVE RF
SYSTEM

The simplest SSMB mechanism is the well-known con-
ventional technique of shortening the steady state bunch
length by raising the voltage of the RF system. Choosing a
higher RF frequency, e.g. to X-band, also helps. Another
way not involving RF is to introduce a small momentum
compaction factor by the lattice design of the storage ring
[6, 7]. Once the steady bunch length is reduced, this sim-
plest SSMB scenario has been suggested to produce THz
radiation.

This conventional SSMB scenario can be pushed further
by combining the above-mentioned effects (higher RF volt-
age, higher RF frequency, and low momentum compaction

factor). By pushing all three fronts simultaneously, a very
short steady state bunch length can be reached [2].

Taking the SPEAR3 storage ring as an example, it was
suggested by [2] to reduce the bunch length from 5 mm of
the regular user operation mode to 0.3 mm, using a com-
bination of reducing the momentum compaction factor αp

by a factor of 20 from the nominal value together with an
application of X-band RF modulation of 7.6 MV applied
every 4 turns. This scheme for THz generation has the ad-
vantage that it does not impose excessive demand on the
usual microwave instability and the coherent synchrotron
radiation effects.

LONGITUDINAL BETA BEAT

Pushing the conventional scenario to an extreme with
much higher RF voltage and moving towards X-band RF
frequency, an additional longitudinal beta-beat effect fur-
ther shortens the bunch length [2].

We now consider the case when the RF is lumped at one
location around the ring. We define the parameter

K =
2eVmodαpC

E0λmod
(1)

where C is the storage ring circumference, E0 is the elec-
tron energy, Vmod and λmod are the voltage and wave-
length of the RF modulation. Conventionally storage rings
have K � 1, synchrotron oscillation is slow and the syn-
chrotron tune is � 1. By contrast, in this scenario, K is
on the level of 1 and with a localized RF system, it can be
shown that the steady state bunch becomes unstable at the
origin of phase space when K > 4.

Increasing K towards 4, the Courant-Snyder formalism
can be used to describe the longitudinal synchrotron motion
and electron phase space. The periodic longitudinal beta
function βz beats around the ring, and when K approaches
4, this beat becomes large, with the minimum beta occur-
ring at the location diagonally opposite to the RF (assuming
evenly distributed αp). By locating the radiator at the min-
imum beta, the bunch gets shorter by an additional factor
of
√
βz .This scenario helps shortening a bunch further into

the THz range.
The longitudinal beta-function is given by

βz = βmax =
2αpC√
K(4−K)

at modulator RF

βz = βmin =
αpC

2

√
(4−K)

K
opposite modulator RF

(2)
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Note that this Courant-Snyder linear analysis breaks down
when bunch length at βmax becomes a significant fraction
of λmod.

The method described above requires high RF frequen-
cies. An alternative approach is to use a lower frequency,
but pulse the RF once every Nturn turns. In this case, αp

effectively becomes Nturn times larger and K increases
accordingly. In this scenario, it may be necessary to keep
a separate lower-frequency RF system (or a barrier RF) to
produce bunching buckets to confine particle motion.

BUCKET BIFURCATION

Further shortening of the steady-state bunch length oc-
curs beyond the stability limit K = 4, when the RF bucket
becomes unstable at the phase space origin. At K > 4,
the RF bucket bifurcates into two small buckets as shown
in Fig. 1 [3]. By choosing K > 4 but close to 4, the two
small buckets can be much smaller than the original RF
bucket before bifurcation. Furthermore, placement of the
radiator relative to the RF module controls the spacing be-
tween the two bunchlets. Parameters can then be chosen so
that the two bunchlets radiate coherently at a wavelength
equal to the spacing between the two bunchlets. In addi-
tion to microbunching the beam, a bifurcated beam can be
useful particularly for pump-probe applications.

The SSMB based on bucket bifurcation is named period-
2 SSMB. Taking SPEAR3 storage ring as an example, we
have illustrated the feasibility of period-2 SSMB to gener-
ate coherent THz radiation using an X-band RF system in
pulsed operation mode [3].

STAGGERED BUCKET SSMB

The staggered bucket SSMB was chronologically the
first concept proposed [4]. To reach short wavelengths, it
is in principle possible to replace the RF buckets with a
shorter wavelength modulation, e.g. by a laser at IR to UV
frequencies. For this short wavelength bucketing system, a
radiation source co-propagating with the beam in an undu-
lator applies the bucketing voltage.

As the bucketing frequency increases, the steady state
bunch length naturally decreases according to the conven-
tional mechanism. This SSMB scenario is considered al-
ready earlier as part of the conventional scenario. How-
ever, sufficiently high modulation frequencies make pos-
sible a new mechanism which invokes a configuration of
staggered buckets in longitudinal phase space.

When the bucketing laser frequency is high enough, the
momentum acceptance of the storage ring can accommo-
date multiple staggered RF buckets in momentum space
(see Fig. 2). The nominal buckets will be a string of buck-
ets spaced by the laser wavelength. (The K value of each
bucket can be flexible and does not have to be close to
or larger than 4.) However, additional strings of buckets
above and below the nominal string are now possible in
which each bucket shifts by an integral multiple of the laser

Figure 1: The particle distribution in longitudinal phase
space with K = 3.5 (upper) and 5 (lower).

wavelength per revolution of the beam. With a very short
bunching laser wavelength, λ, it is now possible that these
additional buckets, staggered above and below the nomi-
nal energy, appear in the phase space. If the momentum
aperture of the storage ring is large enough, the number of
staggered buckets strings, M , can be large. For example, if
we take a laser of approximately λ = 1µm, we could have
M > 10.

By locating a radiator a certain distance downstream
from the laser modulator, the M strings slip in their rel-
ative longitudinal positions in such a way that the beam
now has split into M bunchlets evenly spaced by a dis-
tance of λ/M and a harmonic generation of a factor of M
is reached. With sufficiently large M , this scenario may
be considered to induce coherent radiation approaching the
EUV lithography wavelength [4]. An example schematic is
given in Fig. 3. Note that by moving the radiator closer to
the modulator, it is possible to reach harmonics greater than
M , though bunchlets will not fill ever harmonic bucket.

FREQUENCY BEATING SSMB

A variation of the staggered scenario occurs when the
laser modulator is replaced by two modulations of nearly
equal wavelength, λ1 = b

b−1λ2, so that the beam is mi-
crobunched at the beat wavelength λSSMB = bλ2 [4]. The
steady state beam will have SSMB spacing equal to the beat
wavelength, which is much longer than either seed wave-
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Figure 2: Staggered buckets as viewed at the modulation
point (upper), and as viewed 1/3 around the ring (M = 3)
(lower). The projected beam distribution at the 1/3-location
is microbunched at the 3rd harmonic of the modulation fre-
quency.

Figure 3: Example schematic for a two-modulation version
of staggered bucket SSMB. A laser cavity and two undula-
tors of length Lu and 1.9Lu modulate the electron beam
at opposite ends of a storage ring. SSMB from the modu-
lation and dispersion produces coherent light in a radiator.
RF modules could replace the laser modulation to produce
long wavelengths.

length. (We note that frequency beating has been proposed
previously for linacs [8].) Frequency beating can then pro-
duce SSMB bunches of moderate wavelengths such as in
the THz regime , which is otherwise not easily accessible
with extrapolations using conventional means. Note that
only one undulator is needed for the modulations if the two
wavelengths are contained within the undulator bandwidth.

REVERSIBLE SEEDING SSMB

Seeding can also be considered in a SSMB scheme.
For example, High Gain Harmonic Generation (HGHG)
[9], Echo-Enabled Harmonic Generation (EEHG) [10] and
sawtooth seeding [11, 12] have all been proposed and/or
demonstrated for standard linac-driven FELs. Another pos-

sible SSMB scenario would use a seeding scheme inside
the ring, followed by another reversed system to return
the microbunched beam back to its normal Gaussian phase
space distribution [5]. Figure 4 presents a schematic of this
scheme. In a conventional storage ring, after seeding the
electron bunch must circulate many times until radiation
damping returns the beam to its initial state. As a result,
the radiation source repetition rate is much lower than the
circulation rate. By inserting a reversal stage, the beam re-
turns to its initial state immediately following the radiator
and can be reused on its next turn. Note that this will typi-
cally require dispersive sections of opposite signs or inser-
tion of I transformation in the betatron lattice. Reversible
SSMB can radiate coherently at the insertion wavelength,
but with storage ring repetition rates. Though conceptually
simple, the reversible scheme does require tight tolerances
to recover the original energy spread of the beam.

Laser Modulation
R56 Reverse Mod.

-R56

Radiator

Reversible Seeding Module

Storage Ring

Coherent Radiation
e-

e-

Figure 4: Schematic of the reversible HGHG scheme. A
modulation and dispersive region produce microbunching
according to the HGHG process. A radiator then extracts
coherent radiation at a high harmonic of the seed wave-
length, before an opposite sign dispersive region and sec-
ond modulation reverse the HGHG process and return the
beam to its original state.

ADDITIONAL COMMENTS

Unlike linac-based FELs, particles circulating in the
storage ring in the SSMB scheme require stability of parti-
cle motion. The very large momentum modulation required
in some of the SSMB schemes will cause transverse devia-
tions through dispersion functions along the ring, and lead
to coupling between the longitudinal and transverse mo-
tions. If uncorrected, this synchro-betatron coupling effect,
in some severe circumferences (e.g., K > 4), can cause
particle loss and finally affect the SSMB performance. We
will next study this critical consideration.

We conclude that SSMB offers in principle a way to
combine the high brilliance of linac-based FELs and the
high repetition rate of storage-ring-based light sources, and
may possibly point a way for the future generation of light
sources. Here we presented a few preliminary concepts
of SSMB. Needless to say, more development efforts are
needed at this early stage.
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DYNAMICS OF A MULTI-BEAM PHOTONIC FREE ELECTRON LASER*  

J.H.H. Lee#, M. W. van Dijk, T. Denis, P.J.M. van der Slot, K.-J. Boller,  
Laser Physics and Nonlinear Optics, Mesa+ Institute for Nanotechnology,  

University of Twente, Enschede, The Netherlands  

Abstract 
A photonic free-electron laser (pFEL) uses free 

electrons streaming through a photonic crystal (PhC) to 
generate tunable coherent radiation. Here, we consider a 
pFEL driven by a set of three low energy (~ 10 keV), low 
perveance (< 0.1 µP) electron beams. Using a particle-in-
cell code, we numerically study the dynamics and 
calculate the small-signal growth rate and output power of 
the various modes. We show that for an appropriate 
design of the PhC and selective placement of the electron 
beams, single mode operation is possible. We will also 
present results on the scaling with the number of electron 
beams. 

INTRODUCTION 
In a photonic free-electron laser (pFEL) electrons can 

stream through the many channels that are available in a 
photonic crystal (PhC) and produce Cerenkov radiation 
[1]. The function of the PhC is to slow down the phase 
velocity of the electromagnetic wave to match the 
velocity of the co-propagating electrons. More precisely, 
one of the spatial harmonics that is part of a Bloch mode 
of the PhC will be phase matched with the co-propagating 
electrons. For a strong interaction, the field amplitude of 
the phase-matched spatial harmonic should be as high as 
possible, and therefore interaction with a low spatial 
harmonic is desirable [2]. If the Bloch mode possesses an 
electric field component in the propagation direction of 
the electrons, then the phase-matched spatial harmonic 
will bunch the electrons and coherent Cerenkov radiation 
will be emitted. The many channels that are naturally 
present in a PhC have the advantage that the total current 
transmitted through the PhC can be increased by adding 
more electron beams in parallel and extending the 
transverse extend of the PhC, while maintaining a low 
electron density in each beamlet. Consequently, beam 
quality and transport are greatly improved compared to 
increasing the total current by increasing the electron 
density in a single beamlet [3]. 

On the other hand, extending the transverse size of the 
PhC may lead to higher-order transverse Bloch modes 
that can all couple to the electrons and may introduce 
mode competition. In order to study the dynamics of a 
multi-beam pFEL, we use a particle-in-cell (PIC) code [4] 
to model a 3-beam pFEL operating at microwave 
frequencies. In the following we will present the PhC 
used in the pFEL and use PIC simulations to determine 

the starting current and investigate whether mode 
competition is present or not and how the mode 
competition is affected by the design of the PhC or 
placement of the electron beams.  

 
Figure 1: Schematic view of the unit cell of the photonic 
crystal used for the 3-beam pFEL. See Table 1 for 
dimensions. The location of the three electron beams used 
in the PIC simulations are shown as blue cylinders. 

PHOTONIC CRYSTAL 
The unit cell of the PhC used in this study is 

schematically shown in Fig. 1, and its dimensions are 
summarized in Table 1. It consists of a metal waveguide 
containing a periodic array of metal posts. The PhC is 
designed to produce microwave radiation around 15 GHz 
when low energy (~ 10 keV) electrons are used. The 
metal waveguide is required to guide/confine the 
microwave radiation. 

The PhC effectively allows for seven electron beams to 
propagate through the structure. A 3-beam electron gun 
has been designed for use in a pFEL with the PhC [5]. 
The choice of emitter in this gun however limits the 
beam-to-beam spacing to 5 mm, hence the beams shown 
in Fig. 1 fill every other available slot. 

 

Table 1: Dimensions of the PhC Unit Cell 

Parameter Description Value  

w Width of unit cell / waveguide 20.0 mm 

hw Height of unit cell /waveguide 7.0 mm 

a Depth of unit cell & distance  
between posts 

2.5 mm 

wp Width of posts 1.3 mm 

lp Depth of posts 1.5 mm 

hp Height of posts  4.0 mm 

 ____________________________________________ 

*Work supported by Dutch Technology Foundation STW, applied
science division of NWO and the technology program of the Ministry
of Economic Affairs 
#j.h.h.lee@utwente.nl 
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Figure 2: Dispersion of the eight lowest Bloch modes of 
the PhC. 

 
The dispersion diagram, limited to Brillouin zone, is 

shown in Fig. 2 for the eight lowest Bloch modes of the 
PhC. Here, z is the longitudinal wavenumber of the 
Bloch mode and az=a is the period of the PhC in the z-
direction, which is taken as the propagation direction of 
the electrons. Also shown are the dispersion of the slow 
space-charge wave for an electron beam with radius of 0.5 
mm, current of 60 mA, and voltages of 9 and 15 kV. Fig. 
2 shows that for such a voltage range, the interaction 
frequency is expected to be between 15 and 16.2 GHz 
when only the lowest order Bloch mode would participate 
in the interaction. The dispersion diagram also shows that 
the interaction is with the first spatial harmonic and of the 
backward-wave type, i.e., the phase velocity, v, and 
group velocity, vg, are in opposite direction. A priori, 
interaction is possible with many different Bloch modes, 
albeit at slightly different frequencies and longitudinal 
wavenumbers. It is therefore expected that mode 
competition will be present in this particular device. This 
will be studied in the next section using a PIC model. 

DYNAMICS OF A 3-BEAM pFEL 
To study the dynamics of a 3-beam pFEL we consider a 

device with an active gain section consisting of 20 unit 
cells of the type shown in Fig. 1. A schematic view of the 
device is shown in Fig. 3. The electron beams are 
generated by electron sources placed on a metal plate that 
shorts the waveguide at the upstream side of the device. 
At the downstream side, the waveguide is continued for 
some distance before it is terminated in a waveguide port, 
where the analysis of the generated radiation will take 
place. The port decomposes the radiation field into 
eigenmodes of the waveguide port. The waveguide port is 
positioned sufficiently far from the waveguide section 
loaded with the PhC to have only propagating waves at 
the port. The transition from loaded to unloaded 
waveguide corresponds to a jump in wave impedance, 
hence, the PhC is placed inside a resonator with the 
transition acting as partial reflecting mirror. In this paper, 
all PIC simulation assume metals as perfect electric 

Figure 3: PIC model of the 3-beam pFEL. The active 
region of the laser consists of 20 PhC unit cells. Also 
shown are the three electron beams. The colour represents 
the electron energy, for the case shown at a time when the 
laser is in near saturation. 
 
conductors and electron beams with zero initial energy 
spread. 

Starting Current 
As mentioned above, the active gain section of the 

pFEL is positioned inside a resonator. The losses in this 
resonator consist of passive losses (taken here to be zero 
due to ideal metals) and active losses due to the partly 
transmitting mirror. It is therefore of interest to find the 
minimum electron beam current required to overcome the 
lasing threshold. For this, we considered two situations, 
one pumps with a single electron beam in the centre of the 
PhC and one with three beams, each having the same 
current, as shown in Fig. 1. To determine the starting 
current, we performed PIC simulation and determined the 
growth rate of the lowest order waveguide mode at the 
output port, for various values of the beam current.  

The growth rate is calculated from the exponential 
growth of the power versus time (measured at the output 
port), and is shown in Fig. 4. Note, that the beam current 
is the current in an individual beamlet. Thus, for equal 
beam current, the total current in the 3-beam case is three 
times higher than for the single beam case. The starting 

 
Figure 4: Growth rate of the lowest waveguide mode at 
the output port as a function of the current in each of the 
three beams (solid blue line) and in a single beam (dashed 
red line). 
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which is slightly higher than for the single beam case. 
This is to be expected as the side beams experience lower 
local field strength due to the transverse profile of the 
Bloch mode in the PhC. If, for example, the two sides 
beams were placed in the channels adjacent to the centre 
beam, the total starting current would be almost equal. 
We thus find that by increasing the number of electron 
beams, the starting current per beamlet is decreased. 
However, the decrease in starting current is less than 
proportional to the number of electron beams, which is 
caused by the dependency of the coupling strength of the 
beams and the transverse profile of the Bloch mode. 

Growth and Saturation 
As mentioned above, a current of 60 mA is more than 

sufficient to drive the pFEL into saturation, even if only a 
single beam is used. This is illustrated in Fig. 5a, where 
the power of the two lowest order waveguide modes at 
the output port are plotted as a function of time for a 60 
mA, 9 kV beam of 0.5 mm radius. The growth rate of the 
TE10 mode is 1.3 dB/ns in the exponential growth region. 
The TE10 mode saturates at a level of about 34 W. The 
second waveguide mode (TE20) is also present, albeit at a 
much lower level. Initially, it grows with the same growth 
rates and saturates at several mW. The separation in 
power level between the modes is almost constant. 
Despite being overmoded, only a single mode is 
generated when a single on-axis beam pumps the pFEL. 
The spectrum obtained from the electric field over the 
whole time window is shown in Fig. 5b. It shows that the 
centre frequency is 15.4 GHz with a full width at half 
maximum (FWHM) of about 10 MHz. The power is 
stationary for about 80 ns, so the bandwidth is close to 
being Fourier limited. 

When the number of beams is increased to three as 
displayed in Fig. 3, only two modes are generated as 
shown in Fig. 6. Initially, the lowest order mode is the 
dominant mode, however it now grows with 3.2 dB/ns. 
The frequency and bandwidth remain unchanged. 
However, after the TE10 has saturated at about 100 W, the 
other waveguide mode, TE20, remains growing to become 
the dominant mode at power level of about 220 W, while 
at the same time the power in the TE10 mode decreases to 
about 70 W at the end of 150 ns simulation time. The total 
power is 290 W, which is far more than three times the 
total power produced by a single beam. It is interesting to 
note that with only the two side beams turned on, about 
270 W is produced in the TE20 mode and less than 10 W 
in the TE10 mode, for the same simulation duration. The 
latter is to be expected as the first order Bloch mode of 
the PhC has a node at the axis and the positions of the 
side beams result in a much lower coupling to the lowest 
order Bloch mode. Nonetheless, these results show a 
complicated interaction between the electrons and Bloch  

 
Figure 5: (a) Growth and (b) spectrum of the two lowest 
waveguide modes at the output port (TE10 – blue curve; 
TE20 – green curve) when the pFEL is pumped with a 
single on-axis beam.  
 

 
Figure 6: Same as in Fig. 5, but now for 3-beam pumping 
of the pFEL, as shown in Fig. 3. 
 
modes; depending on the location and number of electron 
beams, the interaction with the Bloch modes of the PhC 
either result in a single dominant mode at the output port, 
which can be either be TE10 or TE20 mode, or a mixture of 
the both modes. In the remainder of this paper we 
investigate methods to obtain single mode operation when 
the pFEL is pumped with multiple beams. 

Single Mode Operation of a Multi-Beam pFEL 
The transverse extend of the PhC required for multi-

beam operation of the pFEL leads to multiple transverse 
Bloch modes that can be resonant with the electron beams 
(see Fig. 2). We will discuss several methods to obtain 
single mode operation and focus on the fundamental TE10 
mode. We believe that these methods, or a combination 
thereof, can also be applied to obtain single mode 
operation at other waveguide modes at the output port., 
e.g. TE20 mode. 

From basic considerations [6]-[7], it is clear that the 
coupling strength of the electrons with a particular Bloch 
mode is determined by the amplitude of the phase-
matched longitudinal component of the spatial harmonic 
at the position of the electrons. By moving the electron 
beams closer to each other, the coupling strength with the 
fundamental Bloch mode is expected to increase while the 
coupling with the next higher order Bloch mode will 
decrease as this mode has an antinode, while the 
fundamental Bloch mode has a node on axis. We 
therefore place the side beams in the channels 
immediately adjacent to the on-axis beam, i.e., the beam-
to-beam spacing is 2.5 mm instead of 5 mm. The growth 
and spectrum of the two lowest modes at the output port 

0 50 100 150
10

-8

10
-6

10
-4

10
-2

10
0

10
2

Po
w

er
 (

W
)

T ime (ns)

 

 

15.2 15.4 15.6
-50

0

50

PS
D

 (
dB

)

Frequency (GHz)

0 50 100 150
10

-8

10
-6

10
-4

10
-2

10
0

10
2

Po
w

er
 (

W
)

T ime (ns)

 

 

15.2 15.4 15.6
-20

0

20

40

60

PS
D

 (
dB

)

Frequency (GHz)

currents are respectively 20 mA and 10 mA for the 1- and 
3-beam cases. The starting current is therefore a factor 3(6) 
lower than the maximum available current from the electron 
gun when the pFEL is pumped by one(three) beam(s). The 
total starting current for the 3-beam case is thus 30 mA, 
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Figure 7: Same as Fig. 6, but now with a spacing of 2.5 
mm between the electron beams (i.e., beams occupy 
adjacent channels in the PhC). 

Figure 8: Same PhC as in Fig.1, but now with a 
waveguide width of 30 mm. Shown are the (a) growth and 
(b) spectrum of two lowest order waveguide modes at the 
output port. 
 
are shown in Figs. 7a and 7b, respectively. The current 
and voltage of the beamlets are still 60 mA and 9 kV, 
respectively. The TE10 mode experiences a larger growth 
rate of 4.5 dB/ns (versus 3.2 dB/ns for a beam-to-beam 
spacing of 5 mm). The power in the TE10 and TE20 modes 
are now close to 100 W and just below 1 W, respectively. 
Changing the position of the beams changed the coupling 
to the modes, especially to the first order Bloch mode. 
Indeed, the fundamental Bloch mode experiences a larger 
growth, however the saturated power is not changed, 
while the next higher order Bloch mode is strongly 
suppressed. The spectrum in Fig. 7b shows that the 
interaction frequency has not changed but side bands have 
appeared, which are due to the oscillations visible in the 
power (Fig. 7a). It is interesting to note, that just before 
80 ns the oscillations are out of phase, while shortly after 
80 ns they are in phase. 

Another way to change the coupling between the 
electrons and the Bloch modes is by changing the PhC 
and/or the waveguide. Here we choose to increase the 
width of the waveguide from 20 to 30 mm. This changes 
the transverse profile of the Bloch modes, hence the 
coupling to the electron beamlets. To pump this structure 

we use the multi-beam configuration where three the 60 
mA, 9kV electron beams are spaced 5 mm apart (as in 
Figs. 1 and 3). The growth and spectrum of the two 
lowest waveguide modes at the output port is shown in 
Figs. 8a and 8b, respectively. We observe that the output 
power and the growth rate for the TE10 mode is not 
changed much, however the saturated power is almost a 
factor 2 higher. Note that the wider waveguide also 
results in a change in dispersion of the Bloch modes, and 
hence the operating frequency has shifted to 15.35 GHz. 
The bandwidth is still about 10 MHz. Again, the field is 
close to being Fourier limited. 

DISCUSSION AND CONCLUSIONS 
We have demonstrated that multiple low energy and 

low current electron beams can be used to pump a pFEL. 
For a particular PhC we showed that a 10 mA current per 
beamlet is sufficient to overcome the oscillator threshold. 
Due to the larger transverse size, the pFEL is inherently 
overmoded, and depending on where the electron beams 
are placed one or more Bloch modes can grow, thereby 
showing a complicated lasing dynamics. We have also 
shown that the PhC waveguide can be tweaked to 
improve coupling to a single Bloch mode and may result 
in both improved mode selectivity and higher saturated 
power. Still, the dynamics is only investigated for a single 
beam voltage and further study is required to investigate 
mode competition and tuning characteristics when the 
beam voltage is varied. This is further complicated by the 
presence of longitudinal modes in the resonator. This 
study is currently underway. 
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TWO-COLOR FEL SCHEMES BASED ON EMITTANCE-SPOILER 
TECHNIQUE 

C. Feng, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA, 
Shanghai Institute of Applied Physics, CAS, Shanghai 201800, China 

Y. Ding, Z. Huang, J. Krzywinski and A. Lutman 
SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA 

Abstract 
Generation of two-pulse two-color x-ray radiation is 

attracting much attention within the free-electron laser 
(FEL) user community. Femtosecond and attosecond x-
ray pulses with variable duration and separation can be 
simply generated by the emittance-spoiler foil method at 
the Linac Coherent Light Source (LCLS). In this paper, 
we describe and compare three FEL schemes rely on the 
emittance-spoiler technique for the generation of two 
intense x-ray pulses with different colors. With a 
representative realistic set of parameters of LCLS, 
numerical simulations confirm that femtosecond x-ray 
pulses at ten gigawatt level at x-ray wavelengths can be 
generated by these schemes. The central wavelengths of 
the output pulses can be easily altered by changing 
strengths of the undulators. 

INTRODUCTION 
Two-color operation of Free-electron lasers (FELs) at 

variable wavelengths in the x-ray regime is of 
considerable interest in recent days. Applications exist 
over a broad range of wavelengths involving pump-probe 
experiments, especially the measurement of the evolution 
of valence electronic wave packets using Stimulated X-
ray Raman Spectroscopy (SXRS) [1]. The SXRS 
generally requires a pair of ultra-short x-ray pulses with 
different colors. The first x-ray pulse with carrier 
wavelength tuned on resonance with a given core hole is 
used to create a valence electronic wave packet localized 
in the vicinity of a selected atom. This wave packet is 
later probed by a window localized on a different atom, 
selected by the second x-ray pulse with different carrier 
wavelength. All valence electronic states within the pulse 
bandwidths can be observed with high spatial and 
temporal resolution by monitoring the variation of the 
signal with the delay between the pulses. The atom 
specificity helps to define where the wave packet of 
valence electrons is created and where it is probed, which 
simplifies the analysis of the experiment and aids in 
understanding the spatial distribution of the valence 
electron wave packets. It has been proposed in Ref [2] 
that this kind of two attosecond x-ray pulses with 
different colors can be produced using the same electron 
bunch by a two stage seeded FEL scheme, which combine 
the current enhanced self-amplified spontaneous emission 
and the echo-enabled harmonic generation technique.  

The Linac Coherent Light Source (LCLS) has been in 
operation since 2009 [3]. An emittance-spoiling foil was 
added later in the middle of the second bunch compressor 

for generating femtosecond and attosecond intense x-ray 
radiation pulses with variable duration and separation [4-
6]. At soft x-ray regime, almost single-spike pulses can be 
generated with using the slotted foil setup, as can be seen 
in the following examples. If the carrier wavelength of 
each radiation pulse could be separately controlled, this 
kind of radiation pulses can also be used for the SXRS 
experiments. 

The emittance-spoiling foil method takes advantage of 
the fact that the SASE gain process is highly sensitive to 
the transverse slice emittance. By adding an emittance 
spoiler foil with vertically oriented narrow slots in the 
central of the bunch compressor chicane, the emittance of 
most of the electron beam will be spoiled while leaving 
only short unspoiled parts to produce x-ray radiation 
pulses much shorter than the total electron bunch. The 
central wavelength of each radiation pulse is fixed by the 
energy of the electron beam  and the undulator 

parameter K , and can be written as 

 2
r 2

1 / 2 ,
2

u K





   (1) 

where u is the magnetic period of the undulator 

and K varies with the undulator gap for the permanent 
magnet undulators. There are generally two methods that 
can be used to make the carrier wavelengths of the 
radiation pulses different: one method is impact an energy 
chirp on the electron beam to make the central energies of 
the unspoiled parts of the electron beam different. By 
using this method, the output wavelengths generated by 
different parts of the electron beam will be correlated with 
the separation between the radiation pulses and not easy 
to separately control. Another method which can be used 
to overcome this problem is making the electron beam 
passing through two undulator sections with different 
undulator parameters, 1K and 2K , respectively. The output 

wavelengths of the two pulses can be separately tuned by 
changing the gaps of the undulators. In this paper, we 
propose three schemes based on the emittance-spoiler 
technique and variable gap undulators to generate two-
color ultra-short x-ray pulses with variable time delay for 
user applications such as the SXRS experiment.  

METHODS 
The layouts of the undulator systems of the three 

proposed schemes are schematically shown in figure 1. 
The first two schemes consist of two variable-gap 
undulator sections separated by a chicane. One may find 
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that this beam line is just the widely adopted 
configuration of the self-seeding scheme [7] (without the 
grating-based monochromator), which is already exist at 
the LCLS. An additional chicane can be added between 
U2 and U3 for the third scheme for further control of the 
separation between the two output pulses.  

For the first scheme shown in figure 1(a), a single slot 
foil is placed in the second bunch compressor of the linac 
to generate a short unspoiled part in the electron beam. It 
is found from the simulation results that the time-sliced 
emittance distribution is not uniform along the unspoiled 
part of the electron beam, which will result in different 
FEL saturation lengths for different electron slices in the 
undulator sections. By properly setting the length of U1 
with undulator parameter 1K , the radiation pulse 

generated by the central slices of the unspoiled part will 
reach saturation first with carrier wavelength 1 , while the 

radiation power generated by other slices is still quite low. 
The first radiation pulse is travelling straightforward at 
the speed of light while the electron-beam is shifted 
behind relative to the radiation pulse by the chicane and 
the e-beam micro-bunching developed in U1 will be also 
washed out at the same time by the momentum 
compaction of the chicane 56R . Sending this electron 

beam into U2 with 2K , the central slices of the unspoiled 

beam will not contribute to FEL generation because of the 
large energy spread, but the side slices still hold the 
capability to produce powerful radiation pulse with carrier 
wavelength 2 in U2. The separation between the two 

radiation pulses is arbitrary and can be easily turned by 
changing the strength of the chicane. The two radiation 
pulses can also be overlapped with each other by simply 
turning off the chicane. 

For the second scheme, as shown in figure 1(b), a 
double slot foil is adopted to generate two unspoiled parts 
in the electron beam. The electron beam is energy chirped 
by adjusting the phase of the accelerator and then over-
compressed by the bunch compressor in the linac to make 
the peak currents of the two unspoiled parts different. The 
relative relation between the peak currents of the two 
unspoiled parts is so chosen to make that the first 
radiation pulse generated by the high peak current part 

could reach saturation in U1, while the radiation pulse 
generated by the low peak current part is still far from 
saturation at the end of U1. After passing through a 
second long undulator section U2 with 2K , the second 

radiation pulse generated by the low peak current part will 
reach saturation with a different carrier wavelength 2 . 

The durations of the radiation pulses are determined by 
the widths of the slots and can be adjusted according to 
the requirement. The separation between the two pulses is 
also arbitrary and can be controlled from zero to a 
reasonable delay by adjusting either the separation of the 
slots or the strength of the chicane. 

The third proposed scheme consists of three undulator 
sections and two chicanes, as shown in figure 1(c). A 
double slot foil is adopted in the linac to generated two 
unspoiled parts in the electron beam with nearly equal 
peak currents from e-beam under-compression mode. 
This electron beam is first sent through a short undulator 
section U1 with 1K  to generation two radiation pulses 

with carrier wavelength 1 both far from saturation. By 

properly setting the strength of chicane1 to delay e-beams, 
the behind radiation pulse is set to overlap with the front 
unspoiled part of the electron beam and will be amplified 
by this “fresh bunch” to get saturation in U2, while the 
radiation pulse generated by the behind unspoiled part, 
which is unseeded, will be still quite weak after passage 
through U2. Sending this electron beam into the third 
undulator section U3 with 2K , a second radiation pulse 

generated by the behind unspoiled part will reach 
saturation with a different carrier wavelength 2 . The 

minimal separation between the two output pulses is 
determined by the separation of the slots, which can 
controlled from about 10fs to about 80fs at the present 
LCLS. The separation can be further increased by 
adjusting the strength of chicane2. 

SIMULATION 
To illustrate the feasibility of generating two-color x-

ray pulses using these three schemes, start-to-end 
simulations with realistic parameters of LCLS have been 
carried out. The bunch charge is set to be 250 pC. As the 
required photon energy for the SXRS experiment is 
around 700eV, the beam energy at the exit of the linac is 
chosen to be 4GeV. After a two-stage bunch compression, 
the beam peak current is increased to about 1.5kA in our 
setup. A slot foil is placed in the second bunch 
compressor to select small parts of the electron beam for 
FEL generation. The undulator configurations are the 
same as that used in LCLS, i.e., the undulator period is 3 
cm, there are breaks between each undulator section and 
the number of undulator period is 110 for each segment 
(with totally 32 segments available). The electron beam is 
tracked through the main accelerator with help of 
ELEGENT [8] taking into account of multiple coulomb 
scattering in the slotted foil, the CSR and ISR effects in 
bunch compressors, the linac wakefields, and a model for 
the transition radiation wakefield of the foil, which will 

Figure 1: Schematic of three two-color FEL schemes. 

1(a) 

1(b) 

1(c) 
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significantly increase the emittance and energy spread of 
the unspoiled beam slices. With the electron beam input 
from ELEGENT, the FEL performances in the undulators 
are simulated by GENESIS [9]. 

For the first proposed scheme, a single slot foil with 
slot width of 0.25mm is used in the simulation. The 
longitudinal phase space distribution at the exit of the 
linac is shown in figure 2, from which one can find that 
most part of the electron beam is spoiled, leaving only a 
small part of beam unspoiled. The slice energy spread and 
emittance distributions are not uniform along the 

unspoiled part of the electron beam. The undulator 
lengths for U1 and U2 are chosen to be 7 segments and 13 
segments to make the first radiation generated by central 
slices reach almost saturation in U1 and the second 
radiation generated by side slices reach saturation in U2. 
The undulator parameters of the two undulator sections 
are 1 3.5K  and 2 3.43K  , which are tuned for FEL 

resonance at a wavelength of 1 1.8nm  (corresponding 

to an photon energy of 690eV) and 2 1.74nm  (photon 

energy of 714eV).  These undulator parameters will also 
be used for the following simulations for other two cases. 
The strength of the chicane is set to be 56 24R m  to 

make the separation between the two pulses of about 40fs. 
The simulation results of the output radiation pulses and 
the corresponding spectrum are shown in figure 3. These 
simulation results confirm that the radiation power 
generated by the central slices of the unspoiled beam 
growth much faster than side slices and reach saturation at 
exit of U1 with the output peak power over 20GW. The 
second radiation pulse is mainly generated by the side 
parts of the unspoiled electron beam in U2 with output 
peak power around 10GW.  

For the second scheme, a double slot foil with slot 
widths of 0.25mm is used in the simulation. The current 
distribution along the electron beam at the exit of the 
linac is shown in figure 4, from which one can find that 
the separation between the two unspoiled beam is around 
40 fs. The peak current of the two unspoiled parts are 
around 1500A and 500A if only consider the electrons 
with a good emittance, although it shows much higher 
currents for these two parts in Fig.5 due to mixing from 
the emitance-spoiled electrons. The strength of the 
chicane is set to be 56 12R m  to make the separation 

between the two pulses of about 20 fs in this example 
(getting closer). We can further increase the chicane 
strength to make them overlap or to make a larger 
separation. The simulation results of the output radiation 

Figure 2: Longitudinal phase space at the exit of the 
linac. 

 

Figure 3: Output radiation pulses (a) and corresponding 
spectrum (b) generated by the first scheme. 

Figure 4: Electron beam current profile for the over-
compression case with double-slot foil (bunch head is to 
the right). 

 

Figure 5: Output radiation pulses (a) and corresponding 
spectrum (b) generated by the second scheme. 

(a) 

(b) 

(b) 

(a)
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pulses and the corresponding spectrum are shown in 
figure 5. It is found from figure 5(a) that there are three 
output pulses. The radiation pulse with high peak power 
over 20 GW is generated by the high peak current part in 
U1, while the other two pulses are generated by both the 
high (side parts) and low peak current parts in U2. As 
there is an energy chirp in the electron beam, the carrier 
wavelengths of these three pulses are all different, as 
figure 5(b) shows. 

A double slot foil with slot width of 0.4 mm is used in 
the simulation for the third scheme. The current 
distribution along the electron beam at the exit of the 
linac is shown in figure 6, from which one can see that the 
separation between the two unspoiled beam is around 40 
fs, and the peak current of the two parts are nearly the 
same with an effective current of around 1500A (if only 
consider the electrons with a good emittance). The 
strength of the chicane1 is set to be 56 24R m  to 

correlate the front unspoiled beam and the behind 
radiation pulse generated by U1. The chicane2 is turned 
off in this simulation. The output radiation pulses and 
corresponding spectrum are shown in figure 7. The peak 
powers of the two pulses are all around 20GW. The 

photon energy of the first radiation pulse is around 710eV 
and the photon energy of the second radiation pulse is 
around 690eV. 

CONCLUSION 
Three two-pulse two-color FEL schemes based on the 

emittance spoiler technique have been proposed and 
studied. The first proposed scheme is the simplest way for 
two-color FEL generation and seems very easy to be 
carried out at LCLS. However, in a real machine, it is not 
easy to control to achieve saturation in U1 for the core 
beam and to obtain a similar intensity in U2 from the the 
side beams. The second scheme is quite flexible. Both the 
durations and separation can be controlled by changing 
the widths of the slots or the strength of the chicane. 
However, it is found from the simulation results that the 
unspoiled beam with high peak current will generate 
powerful radiation pulses both in U1 and U2, together 
with the low peak current part totally three-color radiation 
pulses will be generated.  The third scheme is the most 
complex one in configuration but have the best 
performance. The only problem is that the minimal 
separation between the two output pulses is limited by the 
separation of the slots, and adding chicane2 can only 
further increase the pulse separation. Compared with the 
two stage seeded FEL scheme, the two radiation pulses 
generated by the emittance spoiler method have the 
advantage of natural synchronization even for attosecond 
pulses (to a certain degree because the energy jitter 
becomes time jitter after the chicane). 

The intensity stability for the different colors is also an 
important issue for user application, and needs further 
studies. At the same time, experimental tests have been 
planned at LCLS using all the three schemes and the 
results will be reported later. 
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Figure 7: Output radiation pulses (a) and corresponding 
spectrum (b) generated by the second scheme. 

Figure 6:  Electron beam current profile for the under-
compression case with double-slot foil (bunch head is to 
the right). 
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Abstract
Laser-plasma accelerators are able to produce ultra-high

accelerating fields, enabling compact accelerators, and

ultra-short (fs) beams with high-peak currents. We review

recent progress on the development of laser-plasma accel-

erators and, in particular, recent measurements characteriz-

ing the properties of an electron beam generated by a laser-

plasma accelerator. It is shown that the 6D beam bright-

ness of a laser-plasma accelerated beam is comparable to

state-of-the-art conventional electron beam sources. Given

present experimentally achievable laser-plasma accelerator

electron beam parameters, we discuss beam decompression

as a method of realizing a laser-plasma-accelerator-based

free-electron laser.

INTRODUCTION
Laser-plasma accelerators (LPAs) have attracted consid-

erable attention owing to their ability to generate ultra-

high accelerating gradients, enabling compact accelera-

tors. Laser-plasma acceleration is realized by using a high-

intensity laser to ponderomotively drive a large plasma

wave (or wakefield) in an underdense plasma [1]. The

plasma wave has relativistic phase velocity, and can sup-

port large electric fields in the direction of the laser prop-

agation. When the laser pulse is approximately resonant

(pulse duration on the order of the plasma period) and the

laser intensity is relativistic, with normalized laser vec-

tor potential a = eA/mec
2 ∼ 1, the size of the accel-

erating field supported by the plasma is on the order of

E0 = mecωp/e, or E0[V/m] � 96
√

n0[cm−3], where

ωp = kpc = (4πn0e
2/me)

1/2 is the electron plasma fre-

quency, n0 is the ambient electron number density, me and

e are the electronic mass and charge, respectively, and c
is the speed of light in vacuum. For example, an accel-

erating gradient of ∼ 100 GV/m is achieved operating at

a plasma density of n0 ∼ 1018 cm−3. Owing to these

ultra-high accelerating gradients LPAs are actively being

researched as compact sources of energetic beams for light

sources [2, 3, 4, 5] and future linear colliders [6].

In addition to extremely large accelerating gradients,

plasma-based accelerators intrinsically produce ultra-short

(fs) electron bunches that are a fraction of the plasma wave-

length λp = 2π/ωp or λp[m] = 3.3 × 104/
√
n0[cm−3].

Because of the short beam durations, LPAs are sources

∗Work supported by the Director, Office of Science, of the U.S. De-

partment of Energy under Contract No. DE-AC02-05CH11231, by the

National Science Foundation under Grant and PHY-0917687.

of high peak current beams (∼1–10 kA), and, hence, it

is natural to consider LPA electron beams as drivers for

a free-electron laser (FEL) producing high-peak brightness

radiation. LPA electron beams have been coupled into un-

dulators to produce undulator radiation in the visible [7]

and soft-x-ray [8]. In this proceedings paper we consider

the prospects for applying LPA electron beams to drive an

FEL.

LASER-PLASMA ACCELERATOR BEAM
PHASE SPACE

High-quality electron beams up to ∼1 GeV have been

experimentally demonstrated using 40 TW lasers interact-

ing in centimeter-scale plasma channels [9, 10]. Figure 1

shows a single-shot spectra of a 500 MeV electron beam

generated using the LPA at LBNL. In Fig. 1 a 1.5 J, 0.8-

μm laser interacts with a 225 μm diameter H-discharge

capillary with on-axis density 3.5 × 1018 cm−3. The H-

discharge capillary forms a plasma channel for guiding the

laser. LPAs are capable of compactly producing 0.5 GeV

beams with tens of pC of charge, few percent-level rela-

tive energy spread, and mrad divergences, and here we will

consider such a beam for driving an FEL.

Recent experimental effort in the plasma-based acceler-

ator community has been focused on improved diagnostics

and measurements of the LPA electron beam phase space,

and, in particular, measurements of the beam transverse

emittance and the beam duration.

Transverse Emittance
The beam transverse size in the plasma wave can be de-

termined by measuring the spectrum of betatron x-rays pro-

duced by the beam in the plasma wave [11, 12, 13]. The

electron beam undergoes betatron motion in the strong fo-

cusing forces (F⊥ ∼ eE0kpr) of the plasma wave, and

emits fs, hard x-rays [14]. The effective wiggler strength

parameter aβ = γzkβrβ is typically large aβ � 1 (where

γz is the Lorentz factor of the longitudinal momentum,

kβ the betatron wavenumber, and rβ the amplitude of the

electron betatron orbit), and the x-ray spectrum is broad.

The spectrum is characterized by the critical frequency

ωc � 3aβγ
2
zkβc ∝ γ2

zn0rβ . Owing to the strength of

the transverse focusing force in the plasma wave, the beam

emits hard x-rays (∼10 keV). By measuring the spectrum

(i.e., ωc), the amplitude of the betatron oscillation rβ (i.e.,

the beam radius) may be estimated. This measurement

is a non-invasive, in situ, single-shot diagnostic of the
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Figure 1: Single-shot electron beam spectrum from a 225 μm diameter H-discharge capillary with on-axis density 3.5 ×
1018 cm−3 and a 1.5 J laser. The H-discharge capillary forms a plasma channel for guiding the laser. The 0.5 GeV electron

beam contained 50 pc of charge, with 5.6% (rms) energy spread and 2 mrad (rms) divergence [10].

beam size and, combined with a divergence measurement,

may be used to estimate the beam transverse emittance.

This diagnostic was implemented at LBNL [13], where a

463 MeV beam was generated, with 2.8% (rms) energy

spread and 1.2 mrad (rms) divergence, and the x-ray be-

tatron spectrum was measured indicating a beam size of

0.1 μm and an estimated normalized transverse emittance

of εn � γσθσx � 0.1 mm mrad.

Bunch Duration
The bunch duration of the LPA beam has recently been

measured with fs resolution [15, 16]. Previous LPA bunch

duration measurements were limited in resolution to tens of

fs [17]. One technique uses the spectrum of coherent transi-

tion radiation (CTR), generated as the beam passed through

a foil following the plasma, to determine beam temporal

profile. Analysis of the CTR spectrum generated by the

electron beams (produced using colliding pulse injection,

as described below) indicated τb = 1.4 fs (rms) bunches

and a peak current of I = 4 kA [15].

LPA electron beam duration measurements have also

been preformed using an ultra-short optical probe [16]. In

this single-shot, non-invasive, in-situ diagnostic, the az-

imuthal magnetic field generated by the beam was probed

in the plasma using Faraday rotation. Here an ultra-short

laser propagates orthogonal to the LPA electron beam prop-

agation direction. The probe rays passing above and be-

low the beam have their polarization rotated in opposite di-

rections, and the beam duration is determined using time-

resolved polarimetry. Using this technique the LPA beam

(produced using self-trapping with a single laser pulse) du-

ration was measured as τb = 5.8 fs (FWHM) [16].

Controlled Injection
To control the LPA beam phase space characteristics and

to improve the shot-to-shot stability and tunability of the

beam parameters, research has focused on methods to pro-

vide detailed control of the injection of background plasma

electrons into the plasma wave. One method to trigger in-

jection into the plasma wave is to collide laser pulses in the

plasma [19]. In this colliding pulse injection technique two

lasers overlap in space and time, generating a localized beat

wave that imparts momentum to the plasma electrons and

enables trapping. This technique was experimentally real-

ized at LOA [20], where stable beams with energy spreads

as low as 1% (FWHM) have been produced [21].

Another promising method is to rely on plasma den-

sity tailoring, where a short (∼mm), high (∼ 1019 cm−3)

plasma density region to serve as a localized plasma in-

jector, is followed by a long (∼cm), low (∼ 1018 cm−3)

plasma density region to serve as a dark-current-free ac-

celerator stage [22]. This approach relies on locally slow-

ing the plasma wave phase velocity to facilitate trapping

of background plasma electrons. The wave phase veloc-

ity is controlled via the plasma density gradient [23] and

the increasing laser intensity [24] (generated by the rela-

tivistic self-focusing produced in the high plasma density

region). Using density tailoring to control injection into a

plasma accelerator was experimentally realized at LBNL

by integrating a gas jet into a discharge capillary. Elec-

tron trapping and energy gain was controlled by varying the

gas jet density and the laser focal position. This method

of triggered injection produced greatly improved stability

(percent-level) of the LPA beam properties [22].

Beam Brightness

With the recent measurements of the LPA beam charac-

teristics, the 6D beam brightness of the LPA electron beam

can be estimated. The 6D beam brightness may be defined

as

B6D =
N

εnzεnyεnx
≈ (I/IA)

reε2nσγ
≡ b6λ

−3
c , (1)

were I is the peak current, N the number of beam elec-

trons, mc2σγ the energy spread, and εnz , εny , εnx the

normalized longitudinal and transverse emittances. Here

IA = mec
3/e � 17 kA is the Alfvén current, re =

e2/mec
2 is the classical electron radius, and λc = λc/2π

with λc the Compton wavelength. For an LPA electron

beam with typical parameters (e.g., 0.5 GeV, I = 4 kA,

εn = 0.1 mm mrad, and σγ/γ = 0.04), the normalized

6D brightness is b6 ≈ 10−11. This 6D beam brightness

is comparable to conventional accelerators. For example,

the LCLS beam at SLAC, with 13.6 GeV, σγ/γ = 10−4,

I = 3.4 kA, and εn = 0.4 mm mrad, has a normalized 6D

beam brightness of b6 ≈ 10−11.
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FEL APPLICATION
The fundamental resonant wavelength emitted in the

FEL is λ = λu(1+K2/2)/2γ2, where λu is the undulator

wavelength and K is the undulator strength parameter, and

the basic scalings of the FEL are determined by the FEL

parameter:

ρ =
1

4γ

[
I

IA

(
K[JJ ]λu

πσx

)2
]1/3

, (2)

with σx the beam transverse size, [JJ ] = [J0(χ)− J1(χ)]
(planar undulator), χ = K2(4 + 2K2)−1, and Jm are

Bessel functions. The gain length (e-folding length of the

fundamental radiation power) is Lg = λu/4π
√
3ρ (ne-

glecting diffraction, energy spread, and emittance effects).

The FEL requires the relative slice (i.e., over a a co-

herence length Lc = λLg/λu) energy spread to be less

than the FEL parameter σγ/γ < ρ. Satisfying this re-

quirement has been a challenge for LPA-generated elec-

tron beams, which typically have relative energy spreads

on the percent-level. The effect of energy spread on the

FEL gain length can be estimated as Lg(σγ)/Lg(σγ =
0) ≈ [1 + (σγ/γ)

2/ρ2]. Although controlled injection

techniques are actively being researched to reduce the LPA

beam energy spread, the percent-level energy spreads that

are presently demonstrated experimentally have hindered

FEL applications.

Slippage in the FEL is also a major concern for LPA-

driven FELs operating in the soft x-ray (or longer wave-

lengths) given the ultra-short (fs) bunch durations. It is de-

sirable for the beam length to be longer than the slippage

during propagation through the undulator Nuλ ∼ λ/ρ <
Lb. Typically λ/ρ > Lb for an LPA-driven FEL operating

in the soft-x-ray regime.

Although the 6D beam brightness is comparable to con-

ventional sources, the LPA beam phase space distribution

is not optimized for the FEL application. If we consider

an XUV (e.g., tens of nm wavelength) FEL driven by a

0.5 GeV LPA beam (see, for example, the design study

in Ref. [3]), the LPA projected beam energy spread is an

order of magnitude larger than the FEL parameter ρ ∼
5 × 10−3 − 10−2. Although there are indications that the

LPA beam slice energy spread may be significantly lower

(∼ 0.5%) than the projected [18], the LPA bunch length is

on the order of the coherence length Lb ∼ Lc ∼ 1 μm (i.e.,

the beam is a single slice).

There are several possible paths to realizing an FEL us-

ing experimentally demonstrated LPA electron beams. One

possibility is simple energy collimation of the beam (e.g.,

using a chicane and a slit) to reduce the relative energy

spread. Another possibility is to decompress the beam.

Decompression has the advantage of potentially mitigating

both the large energy spread and slippage effects. Stretch-

ing of an initially energy chirped beam was considered in

Ref. [25]. A third possibility is to produce a correlation

between energy and transverse position, and then to use a
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Figure 2: Normalized FEL radiation energy versus bunch

duration (after decompression). The dots show different

beam shot noise seeds, and the solid line is the mean.

transverse gradient undulator to satisfy the resonant condi-

tion for all energies [26]. Although requiring a more com-

plicated canted-pole undulator design, the use of a trans-

verse gradient undulator has potentially a number of ad-

vantages, including generation of ultrashort radiation, re-

moving wavelength fluctuations due to beam energy jitter,

reduced bandwidth (compared to decompression), and al-

lowing seeding. In the next section we consider beam de-

compression. Further discussion of using a transverse gra-

dient undulator can be found in Ref. [26].

BEAM DECOMPRESSION
A possible path to realizing an XUV or soft-x-ray FEL

driven by an LPA, with experimentally demonstrated LPA

beam parameters, is to decompress the LPA electron beam

(e.g., by a factor of ∼10 to a duration approximately the

slippage distance in the FEL Lb ∼ λ/ρ). The decompres-

sion will reduce the peak current, and, hence, the FEL pa-

rameter ρ ∝ I1/3. But, since the FEL parameter scales

weakly with current, sufficient decompression will reduce

the instantaneous energy spread to � ρ, providing a path

for FEL lasing at soft-x-ray wavelengths.

Consider decompression of the beam by a factor D > 1,

such that the bunch length increases to ≈ DLb, hence, the

FEL parameter is reduced ≈ ρD−1/3, and the instanta-

neous energy spread decreases to ≈ σγ/D. The relative

energy spread will be equal to the FEL parameter by de-

compressing such that D = (σγ/γρ)
3/2. The (1D) gain

length after decompression can be estimated as

Lg ≈ λu

4π
√
3ρ

D1/3

[
1 +D−4/3

(
σγ

γρ

)2
]
. (3)

Equation (3) indicates the gain length is minimized

Lg,min = (4/33/4)(σγ/γρ)
1/2(λu/4π

√
3ρ) for D =

33/4(σγ/γρ)
3/2.

As a numerical example, consider an LPA-generated

0.5 GeV, 5 fs (FWHM), 50 pC electron beam, with 4%

(rms) relative energy spread and 0.1 mm mrad transverse

normalized emittance, coupled (σx � 20 μm) to the
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THUNDER undulator (2.18 cm period, K = 1.85, and

Nu = 220 periods) [27] at LBNL. The fundamental wave-

length radiated by the 0.5 GeV beam is λ = 31 nm. Fig-

ure 2 shows the normalized SASE FEL energy radiated by

the beam versus bunch duration after propagation through

the undulator. Figure 2 was generated using the code GIN-

GER [28], where we have assumed a flat-top current pro-

file, and the initially 5 fs beam is stretched using a chicane

to produce a long (energy chirped) beam with reduced slice

energy spread. The dots indicated different beam shot noise

seeds, and the solid line is the mean. For these parameters

the slippage time is Nuλ/c ≈ 23 fs, and the relative energy

spread equals the FEL parameter at ≈25 fs. Equation (3)

predicts optimal decompression with D � 12. Note that

the Fig. 2 assumes a fixed undulator length, and none of the

cases shown reach saturation. As indicated by Fig. 2, ap-

proximately two orders of magnitude improvement in FEL

output can be achieved by bunch decompression, for these

LPA electron beam and undulator parameters.

SUMMARY AND DISCUSSION
LPAs are able to generate high-quality electron beams

with hundreds of MeV to GeV energies in several centime-

ters of plasma [9, 10]. It should be noted that, although the

active acceleration region is cm-scale, the laser system typ-

ically occupies an area of tens of m2. LPA electron beams

contain tens of pC of charge with fs durations [15, 16], and

hence are of interest for high-peak current, ultrafast, light

source applications. Recent measurements using betatron

spectra have indicated an LPA beam transverse normalized

emittance of ∼0.1 mm mrad [13], less than that produced

in conventional RF photocathodes.

Triggered injection is required to control the LPA elec-

tron beam phase space characteristics and to improve the

shot-to-shot stability and tunability of the beam parameters.

Several methods of triggered injection are actively being

researched, including colliding pulse injection [19, 20, 21]

and plasma density tailoring [22, 23].

The LPA 6D beam brightness is comparable to conven-

tional sources, although the percent-level relative energy

spreads and ultra-short bunch durations hinder FEL ap-

plications. One possible path to realization of an LPA-

driven soft-x-ray FEL with experimentally demonstrated

LPA beam parameters is to decompress the LPA beam such

that the energy spread over a coherence length is � ρ, and

the bunch length is Lb � λ/ρ.

In addition to generating high-peak brightness LPA elec-

tron beams, a single laser system may drive multiple beam-

lines, producing ultra-short radiation from high-field THz

to Thomson-scattered gamma rays [29], all intrinsically

synchronized to the high-peak power drive laser. Future

LPA experiments using more energetic (tens of Joules),

short-pulse (tens of fs), PW laser systems [30] will enable

generation of 10 GeV electron beams in less than a meter

of plasma, opening the possibility of a compact LPA-driven

hard-x-ray FEL.
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SWISSFEL U15 MAGNET ASSEMBLY: FIRST EXPERIMENTAL RESULTS 

M.Calvi, M.Brügger, S.Danner, A.Imhof, H. Jöhri, T.Schmidt and C.Scoular  
Paul Scherrer Institute, CH 5232 Villigen PSI, Switzerland 

Abstract 
In the framework of the SwissFEL project, an R&D 

activity concerning in-vacuum undulator technology is 
ongoing at the Paul Scherrer Institut. The magnetic field 
configuration of the hard X-ray SwissFEL undulators has 
been designed on purpose for a single pass machine. 
Moreover the permanent magnet material (NdFeB) is 
manufactured following a novel procedure (Dy diffused 
in the grain boundaries) to improve the coercivity versus 
remanence. The assembly and tests of a 44 periods hybrid 
magnetic structure are presented. Procedures for the 
magnetic field, trajectory and phase optimization are 
reported versus experimental results. 

INTRODUCTION 
The SwissFEL is the free electron laser in construction 

at the Paul Scherer Institute (PSI) in Switzerland. The 
first beam-line planned is called Aramis and shall deliver 
photons with wavelengths of 0.7 down to 0.1 nm. It is 
driven by a linac with a maximum electron energy of 
5.8 GeV followed by a chain of in-vacuum permanent 
magnet undulators (U15). The period length is 15 mm and 
the K-value can be set between 0.1 and 1.6, changing the 
gap from 3 up to 20 mm. To meet these requirements 
NdFeB magnet manufacture should be improved and this 
is a part of the development ongoing between industries 
and PSI. Additional changes in the magnetic design were 
introduced to take advantages from the specific 
requirements of a linac driven free electron laser with 
respect to a synchrotron light source. 

The undulator line is made of 12 units, each of 4 m 
length and 267 periods. The design of the frame and the 
gap drive system is part of the R&D activity ongoing at 
PSI and details can be found in [1]. A technical overview 
of the SwissFEL undulator line can be found in [2]. 

SINGLE MAGNET 
The magnetic material selected for the U15 is NdFeB 

with a remanence of 1.25 T and a coercivity higher than 
2300kA/m. With the conventional manufacturing 
procedure it is not possible to achieve these performances, 
the Dy used to stabilize the material has the disadvantage 
to hold a momentum opposite to Nd. As more Dy is 
added the coercivity continues to increase while 
remanence decreases. Hitachi Metal Ltd developed a new 
technique which can be applied to thin magnets. After 
machining the magnets to the final geometry, they are 
placed inside a vacuum oven where Dy is vaporized and it 
diffuses along the grain boundaries. They demonstrate 
that this approach increases the coercivity of about 
320kA/m while the remanence remains substantially 

invariant. The rational behind this technique is the lower 
amount of Dy required to stabilize the magnet. The 
instabilities enucleate at the level of the grains in the 
material, the presence of Dy in the boundaries is enough 
to prevent this dynamic and to stabilize the magnet. This 
new technique has never been applied to undulator 
magnets and this was one of the reason to spend more 
effort and build a short prototype to prove the quality and 
reliability of this approach. 

To decrease the spread of the magnetization value and 
error angles among the magnet production, tighter 
mechanical tolerances than in the SLS undulators were 
specified. The results of the Helmholtz coil measurements 
of the first 1400 magnet produced indicated a momentum 
spread RMS value of 0.35% and an angular RMS error of 
0.185°. The histograms representing the full magnet 
production are presented in Fig.1. 

 
Figure 1:  The statistic of the first 1400 magnets produced 
by Hitachi. On the left the momentum spread and on the 
right the magnetization angle error. 

The assessment of a second magnet manufacture is 
ongoing to increase the offer in view of the next year 
production of the magnet for the full undulator line. The 
first batch has been received recently and a second 44 
period short prototype will be assembled. 
Within a Swiss program for supporting the local 
industries in improving their quality and innovation, an 
R&D activity is ongoing to demonstrate the feasibility of 
micro-water jet cutting applied to the high quality 
permanent magnet manufacturing. The first batch of 
magnet samples has been produced and the mechanical 
tolerances achieved are beyond the standard quality 
available on the market. The magnetic measurements of 
single magnets are ongoing. 

MAGNETIC DESIGN 
The U15 has a hybrid magnetic structure, made out of 

permanent magnets and iron (permendur) poles. The 
standard configuration which consists of one pole and two 
magnets have been changed into a more cost effective one 
consisting of a single pole and a single magnet as the 
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building block of the magnetic structure. This approach 
has a lower degree of symmetry but reduces by half the 
number of magnets and substantially decreases the 
magnetic material wasted during the production. 

The magnets and poles are arranged into block keepers, 
each consisting of 22 periods, see Fig. 2. The block 
keeper is made of extruded aluminium. Both magnets and 
poles have a simple shape that can be machined in 
principle out of a plate. The magnets are quasi rectangular 
with the four corners machined off. Two corners are used 
to fix the magnet in the keeper via two clamps which 
press the magnet down. The symmetry of the magnets 
guarantees a full rotational invariance so the magnet can 
be flipped in case it is required in the three angles. The 
poles are fixed to the keeper with two screws from the 
sides. This requires a more complex shape with an extra 
basement support. 

 

 
Figure 2:  The aluminium extruded block keeper, design to 
hold 22 periods. 

The pole height can be adjusted individually with a 
system of screws and wedges connected via a flexor, 
which allows for a fine-tuning in the sub-micrometer 
range. 

 

 
Figure 3:  On the left, the schematic of the end design, 
where the height of the first (last) pole and the thickness 
of the first (last) magnet are used to march the trajectory. 
On the right, the kick experienced by the electron both at 
the entrance and at the exit of the undulator, only for one 
gap the match can be achieved. 

The field quality requirements for a XFEL undulator 
are less stringent than for a synchrotron light source, 
because the electron shall be transported only once along 
the undulator line. This allows the reduction of the 
transversal dimension of the magnets and poles to 
optimize the cost and decrease the magnetic forces 
(<27kN). To enhance the field the pole tip has been 
reduced to focus more magnetic flux on axis. However 

this more “audacious” approach does have a draw back. It 
decreases the region of field homogeneity in the 
horizontal axis. RADIA calculation shows that the good 
field region (defined as a relative deviation with respect to 
the central field of 10-4) is still large enough to allow a 
comfortable alignment tolerance in the horizontal plane, 
see Fig.4. 
 

 

 

 
Figure 4:  The field homogeneity in a U15 cross section is 
calculated with RADIA for different gaps. The inner most 
line represent relative deviation with respect to the central 
field of 10-4, the second is 2*10-4 and so on. 

Particular care has to be paid in the shaping of the end 
fields to match the trajectory, see Fig. 3. In a hybrid 
structure it is not possible to have a perfect trajectory for 
any gaps and in the design we chose to optimize the 
nominal gap (K=1.2). In the full gap range the electrons 
experience up to ±50 µTm both at the entrance and the 
exit of the undulator. The central symmetry of the 
structure guarantees that the two systematic kicks 
compensate and the result is an offset in the trajectory. 
This is of course not the case for the random error 
components. 

 

 
Figure 5: The short prototype undulator side view during 
the magnetic measurements. On the right side the hall 
probe head driven by a granite bench. 

SHORT PROTOTYPE TEST 
A first assessment of the magnetic structure (i.e. 

magnets, poles and block keeper design) was carried out 
with the help of a short stiff frame, where 44 periods (4 
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block keepers) were allocated, see Fig. 5. With the help of 
mechanical shims the distance between the upper and the 
lower magnetic array (gap) can be changed. The windows 
on the two sides give access to the hall probe measuring 
head. 

All the measurements presented in the following are 
before any optimization. The K-value versus gap was 
measured to validate the general magnetic design and the 
results are presented in Fig. 6. As expected, the agreement 
is very good and there is no evidence of magnet 
demagnetization caused eventually by the assembly 
procedure. 

 
Figure 6:  The K-value versus gap calculated with the 
computer code RADIA versus the magnetic 
measurements on the short prototype 

 

 
 
 

 
Figure 7:  The horizontal (top) and vertical (bottom) 
trajectories calculated at 5.8 GeV before the optimization. 

The trajectory has been calculated for the nominal 
electron beam energy of the SwissFEL (5.8 GeV) out of 
the data acquired for different K values. The results are 
presented in Fig. 7. The horizontal trajectory is within the 
specification for the gap range between 2.7 and 6.0 mm. 
On the contrary, the vertical trajectory shows a strong gap 
dependence and at the smallest gap it is possible to 
observe a large vertical parabolic trajectory. This effect 
can be due to the short prototype frame where the 
expected misalignment between the upper and lower 
magnetic array is larger than in the final frame. But an 

erroneous assembly of the poles can also induce it. These 
effects can be compensated by a careful adjustment of the 
pole transversal position in the block keeper but better 
tooling and procedure shall be applied for the final 
magnet and pole assembly in the full scale prototype to 
speed up the optimization procedure. 

 

 
Figure 8:  On the left the field profile change due to three 
different local gap changes, on the right their amplitude as 
a function of the actual gap variation.  

The field changes due to the local adjustment of the gap 
have been measured to evaluate both the profile and the 
scaling of the field with the amplitude of the gap 
variation. An example is presented in Fig. 8 where the 
field profiles for three different gap changes are presented 
and the magnetic field amplitude plotted as a function of 
the local gap changes. This last result demonstrates 
experimentally that the field amplitude scales linearly 
with the local gap change in the range of interest. 

Vertical and horizontal scans of the magnetic field in 
the undulator cross section have been made for different 
gaps to verify the field homogeneity calculation and they 
confirm the design. 

FIELD OPTIMIZATION STRATEGY 
In the following the field optimization before the 

insertion of the vacuum chamber is discussed, where the 
full magnetic structure is accessible and the build in 
option of pole height adjustment can be fully exploited. 

Because of the closed frame the granite bench cannot 
be used. A measuring bench similar to SAFALI [1] has 
been developed: the Hall sensor module is mounted on a 
linear stage and two pinholes with a diameter of 2 mm are 
attached to the module. Two laser beams irradiate the 
pinholes and create two optical spots. During the 
movement along the undulator axis, the transverse 
position of the Hall sensor fluctuates due to mechanical 
errors and deflection of the stage support. Such an error is 
monitored by the position sensitive detectors (PSDs) as a 
fluctuation of the optical spot positions, and then 
corrected by three actuators, which can stir the probe in 
the transversal plane (x, y and roll). 

The first correction concerns the transversal magnetic 
field component, which is responsible for the vertical 
trajectory. In a planar device the transversal magnetic 
field should be zero. The transversal component in phase 
with the main vertical component is not harmful and it 
may have different origins. On the contrary any random 

THPD63 Proceedings of FEL2012, Nara, Japan

664C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s

FEL Technology III: Undulators, Monitors, Beam diagnostics



kick should be corrected to keep the vertical trajectory 
within the target of 2 micron as maximum deviation. 

To adjust the vertical trajectory the pole can be moved 
horizontally. A relative displacement between the upper 
and the lower pole introduces a transversal field which 
can be used to compensate for vertical trajectory error. It 
is expected that few corrections (one every half a meter in 
average) should be enough to keep the vertical trajectory 
within the tolerances. 

More critical in terms of radiation properties is the 
horizontal trajectory. For this purpose a more flexible 
mechanism has been introduced into the design of the 
keeper to easily change the pole height. A robot has been 
designed to operate the corrections following the results 
of an automatic data analysis. The control system will be 
charged with measuring the field, performing the data 
analysis and suggesting a correction strategy. In Fig. 9 
more details are presented, where the “knobs” are 
highlighted together with their effect on the field profile. 
In the following formula the field correction Bc is 
expressed in terms of the single contributions: 

€ 

Bc = a1ξ1+ a2ξ2 + anψ(s − 12 nλu + s0)

n=3

N−2

∑ + aN−1ξN−1+aNξN . 

Each component of the formula adds up linearly and this 
is a good approximation in the limit of small amplitude, 
which corresponds to the actual mechanical limit (±60µm 
local gap change). The ξ and ψ functions are normalized 
to provide coefficients (an) in micron and represent the 
local gap change. The optimization can be applied to the 
magnetic field error, the trajectory error or the phase 
error. In the last case the problem is non linear. Even if 
more natural in this framework, the correction of the field 
has no physical relevance in the performance of the FEL. 
The trajectory is the parameter where more tight 
tolerances are required and together with the phase error 
has to be optimized. 
 

 
Figure 9:  On the top the schematic representation of the 
undulator poles (grey) and magnets (white) as they are 
grouped in terms of local gap changes. On the bottom the 
impact of the local gap change on the magnetic field for 
the different groups. 

A campaign of RADIA simulations has been carried out 
to verify this approach and the results are very promising. 
If the pole high adjustment can be carried out with an 
accuracy of 1 micron, only one iteration is required to 
optimize the horizontal trajectory within the tolerances 
specified by the FEL requirements. 

CONCLUSION 
The development of a new undulator design for the 

SwissFEL project is ongoing and several milestones have 
been already achieved. Concerning the magnetic 
structure, the first batch of magnets produced with the 
innovative Dy diffusing process have been successfully 
delivered by Hitachi and magnetically tested at PSI in the 
final block keeper design. 

Two new magnetic measurement benches have been 
designed, assembled and commissioned. An optimization 
strategy has been identified and at present tested against 
computer simulations. In the coming months the short 
prototype will be used to extensively test the optimization 
algorithm as well as the robot for the automatic pole 
height adjustment. 

Before the end of 2012 the full scale prototype shall be 
delivered and it will be measured and optimized at PSI. 
The magnetic measurements will be both performed 
without and with the vacuum chamber. This last check is 
essential to verify the final field configuration and 
eventually apply additional in situ corrections. 

 
 
[1] Th. Schmidt et al. “SwissFEL U15 prototype design and first 

results”, this conference. 
[2] R. Ganter et al. “Technical overview of the SwissFEL 

undulator line”, this conference. 
[3] T. Tanaka et al. Proceedings of the 30th International Free 

Electron Laser Conference, Gyeongju, 2008, p. 371. 
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SWISSFEL U15 PROTOTYPE DESIGN AND FIRST RESULTS 

T. Schmidt, P. Böhler, M. Brügger, M. Calvi, S. Danner, P. Huber, A. Imhof, H. Jöhri, A. Keller, M. 
Locher, T. Stapf,  J. Wickstroem, Paul Scherrer Institute, CH 5232 Villigen PSI, Switzerland 

Abstract 
SwissFEL [1]  has in its base line design two undulator 

lines for the hard- and soft x-ray, U15 in-vacuum and U40 
/ UE40 APPLE II type undulators with 12 respectively 15 
modules of 4m length each. All undulators are equipped 
with the same frame and gap drive system to profit best 
from the series production. The frame is built up from two 
identical bases and side frames made of cast mineral. In 
this design, the frame transfers its stiffness to the I-beam 
through a backslash-free wedge based gap drive system. 
The interfaces to the inner I-beam for the in-vacuum 
undulator have been rearranged allowing a large reduction 
in the number of columns. Magnets and poles are carried 
by an extruded Aluminium block-keeper, which will 
allow an automatized shimming of the magnet structure. 
The prototype of the support structure has been built up in 
2012 and first mechanical results are presented. The entire 
prototype shall be ready by the end of 2012. 

SWISSFEL UNDUALTOR LINES 
 SwissFEL will have two undulator lines. The one for 

hard X-rays from, 7 Å (2 keV) to 1 Å (12.4 keV), with an 
electron energy of 5.8 GeV, is named Aramis. The second 
one, covering the entire soft X-ray range, from about 
200 eV to 2 keV with full polarization control, is named 
Athos. In the baseline design, the Aramis line has 12 in-
vacuum undulators U15’s with 15mm period. However, 
there are free slots, which can be used i.e. for (self)-
seeding. An overview of the Aramis undulator line is 
given in [2], the magnet array is discussed in detail in [3]. 

The Athos line will follow in 2020 and has a self-
seeding design with 6 planar U40’s and 9 APPLE II type 
UE40’s, both with 40mm period. This sums up to 27 
undulators.  All undulators are 4m long each and have an 
identical intersection length of 75cm. The design large 
number of identical undulators for linac driven FELs is 
well suited for a consequent industrial based small series 
production. 

SPECS AND DESIGN GUIDELINES 
The specifications for the SwissFEL undulators can be 

summarized as follows: 
 Short period undulators for Aramis beamline 
 Variable polarization for Athos beamline 
 Low beam height 
 Low costs 

SwissFEL has in the pool of hard x-ray FELs with 
5.8GeV the lowest electron energy. To achieve photon 
energies of 12.4keV (1Å wavelength), the undulator 
period length has to be very small. For SwissFEL it has 
been optimized to a 15mm period. At a gap of 4.3mm a 

magnetic flux density of 0.85T provides the design K-
value of 1.2. The low electron energy requires in addition 
small tolerances in all parts of the accelerator and the 
undulators .  

As all forms of transport in SwissFEL tunnel are on the 
floor (no crane) a common floor level in the entire tunnel 
is foreseen. The beam height is determined by the 
undulators and needs to be reduced with respect to the 
1.4m beam height at Swiss Light Source. And, of course 
the costs had to be optimized and as a consequence there 
is no technical gallery accompanying the undulator hall.  
   The basic design ideas for the SwissFEL undulators are: 

 Modular undulator concept  
 O-shape structure 
 Use of cast and extruded materials 
 Drive system on board  
 Remote controlled alignment 
 High stability and precise gap drive system.  

SUPPORT AND GAP DRIVE 
The most demanding undulators with respect to the 

support structure are the APPLE II type undulators which, 
when operated in anti-symmetric mode to produce linear 
inclined polarization, bring in not only vertical forces but 
also longitudinal and horizontal forces. Therefore the 
design for a modular undular concept in which the 
support and gap drive is identical for all types of 
undulators and only the magnet array with its vacuum 
system is adapted to the specific undulator type i.e. planar 
in and out of vacuum and APPLE II. The benefit is 
reduced engineering, larger series and a common 
transport concept which overcomes the drawback of 
partly oversized components. 

Support Structure 
For maximum stiffness the support structure is not the 

classical C-structure but a closed O-shape structure. 
Experience with cryogenic in-vacuum undulators where 
magnetic measurements inside the vacuum chamber are 
mandatory lead in recent years to the development of 
smarter measurement systems where the magnet structure 
tightly encloses the vacuum chamber a remote alignment 
required the vacuum chamber to be supported by the 
undulator itself. Best for series production is cast material, 
either cast iron or cast mineral which is used in many 
machine beds. For the SwissFEL undulator supports cast 
mineral is chosen: it has good internal damping 
characteristics, is non-magnetic, is cheap in series 
production and integrated channels for weight reduction 
can be used as cable traces. 
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HIGH DYNAMIC RANGE BEAM IMAGING WITH TWO 
SIMULTANEOUSLY SAMPLING CCDS 

P. Evtushenko#, D. Douglas, R. Legg, C. Tennant, JLab, Newport News, USA

Abstract 
Transverse beam profile measurement with sufficiently 

high dynamic range (HDR) is a key diagnostic to measure 
the beam halo, understand its sources and evolution. In 
this contribution we describe our initial experience with 
the HDR imaging of the electron beam at the JLab FEL. 
Contrary to HDR measurements made with wire scanners 
in counting mode, which provide only two or three 1D 
projections of transverse beam distribution, imaging 
allows to measure the distribution itself. That is especially 
important for non-equilibrium beams in the LINACs. The 
measurements were made by means of simultaneous 
imaging with two CCD sensors with different exposure 
time. Two images are combined then numerically in to 
one HDR image. The system works as an online tool 
providing HDR images at 4 Hz. An optically polished 
YAG:Ce crystal with thickness of 100 �m was used for 
the measurements. When tested with a laser beam, images 
with a dynamic range (DR) of about 105 were obtained. 
With the electron beam the DR was somewhat smaller 
due to the limitations in the time structure of the tune-up 
beam macro pulse. 

MOTIVATION 
High current CW SRF LINACs with average current of 

several mA have been used to provide electron beam for 
high average brightness, high power IR FELs [1]. It is 
proposed that LINACs with similar average current and 
beam energy in the range 0.6 – 1.2 GeV can be used as 
the drivers for next generation of high average brightness 
light sources operated in X-ray wavelength range in 
seeded FEL configuration. The existing pulsed FELs, 
operating now in the soft and hard X-ray wavelength 
ranges, utilize average currents many orders of magnitude 
less than the above-mentioned mA. At the same time, 
operation of the IR/UV-Upgrade at Jefferson Lab with 
average current of up to 9 mA has provided an experience 
base with high-current LINAC operation [1]. The primary 
operational difference between such high current LINACs 
and storage rings, even with a few hundred mA of average 
current, is that LINAC beams have neither the time nor 
the mechanism to come to equilibrium, in contrast to 
storage ring beams, which are essentially Gaussian. This 
has significant operational impact. When a LINAC is 
setup, by establishing the longitudinal and transverse 
match, a tune-up beam with small average current is used. 
Such an accelerator setup is based most frequently on 
measured mean and RMS parameters such as beam size, 
bunch length, and energy spread. When going from tune-
up mode to higher duty cycle and CW operation, it is 

frequently found that the “best” RMS-data-based setup 
must be changed to allow for high current operation to 
eliminate beam losses. Even when this modification is 
successful, it is time-consuming process involving some 
trial and error. It is frequently unclear what the sources of 
the problem are, and which adjustments to the low-density 
parts of the phase space distribution were effective in 
improving performance. This is highly undesirable for 
any user facility where high availability is required. Also 
of significance is that the resulting setup does not 
necessarily provide the best beam brightness and is a 
compromise between acceptable brightness and 
acceptably low beam losses. 

Contributing to this problem is the fact that the 
measurements used for machine setup are typically based 
on methods with a DR of 103 or even less. It is not 
surprising that the relevant (from the high current 
operation and beam loss point of view) low-intensity and 
large-amplitude parts of the phase space are simply not 
visible during machine tuning. 

Therefore, we think that the proper solution to the 
aforementioned tune-up problem is to base the tuning on 
the measurements with much larger, than routinely used 
now, DR, such that the very low intensity and large 
amplitude parts of phase space distribution are taken in to 
account from the very beginning. We are presently 
developing such diagnostics at the JLab FEL. The 
ultimate goal is to be able to measure both the transverse 
and longitudinal phase space with a DR of about 106. 
Measurements of both phase spaces can be based on the 
HDR transverse beam profile measurements, which is the 
first step in our program. One of the techniques we are 
developing is the HDR beam imaging. Here we present 
our technique and first results of transverse beam profile 
measurements with extended DR and its application to 
emittance and Twiss parameters measurements. 

EXPERIMENTAL SETUP 
Operation of the JLab FEL relies very heavily on the 

transverse beam profile measurements made in many 
places around the machine. Even with a relatively 
compact footprint the IR and UV recirculators beamlines 
have 62 viewers and synchrotron light monitors in total. 
This has allowed us to accumulate a lot of experimental 
experience with transverse beam profile measurements. 
From this experience we know the intensity of the beam 
image on the CCD matrix from OTR or YAG:Ce viewer 
with the typical beam size and with the amount of beam 
charge in the tune-up macro pulse. It also agrees well with 
calculations. Thus one can tell that, for the measurements 
with the OTR and DR of 106 an additional gain in the 
range between 10 and 100 would be needed, and the 
measurements with YAG:Ce may not need additional 

_____________________________________________ 
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gain. One of our goals is to develop a diagnostic that 
would be affordable, hence could be used in many 
locations at an accelerator, and would not be expensive to 
repair. For this reason we decided to use non-scientific 
CCD cameras that are produced in large volumes. Among 
such cameras we select ones with best signal to noise ratio 
(SNR), which is typically 57 dB. To make the 
measurements with the DR of about 120 dB (~106), at 
least two sensors are required. The original idea was to 
have two cameras and an optical setup with the beam 
splitter where the cameras would be aligned with an 
accuracy better than one pixel and would have the same 
magnification. The optical path of one of the sensors 
would have an image intensifier to provide the additional 
gain. The two cameras would be operated with different 
gain or/and different exposure time. One of the sensors 
with smaller gain would measure the brightest fraction of 
the distribution, while the camera with higher gain or/and 
exposure time would beam measuring less intense fraction 
of the distribution. Some fraction of the second CCD 
sensor will be saturated. One concern here is that the 
saturation might lead to the charge bleeding to the 
neighboring pixels and therefore affect linearity. We 
check for this in the algorithm that combines images from 
two sensors in to one HDR image. In practice, we did not 
find any evidence that this an effect that, we had to 
correct for. As we were preparing for the experiment a 
camera with beam splitter and two CCD sensors had 
become commercially available [2]. We decided to use 
the camera for the first measurements. On one hand this 
simplifies the optical setup, since the alignment of the 
CCD sensors relative to each other is made, on the other 
hand it has the disadvantage that one does not have the 
additional gain from image intensifiers. However, since it 
was planned to use a YAG:Ce viewer, it was not expected 
that the absence of the additional gain would be a 
problem.  

The camera has independent electronic gain control for 
both sensors. However, its use does not improve the 
sensitivity of a CCD sensor, i.e., it does not make low 
intensity light undetectable with zero gain detectable with 
higher gain. A note should be made that, usually, higher 
electronic gain in the camera worsens the SNR. This is 
very undesirable especially for the HDR measurements. 
The electronic gain of the camera is used to cross calibrate 
the two sensors - to balance them. For this purpose the 
integration time of the sensors is set equal and the gain of 
one of the sensors is adjusted to minimize the difference 
of intensities of the two sensors. The gain can be negative 
as well as positive. We choose to adjust the gain of the 
sensors that needs to be adjusted negative to prevent SNR 
degradation. 

For the measurements, results of which are presented 
here, we used 100 �m thin YAG:Ce crystal scintillator 
optically polished on both sides. The crystal was inserted 
in to the electron beam at normal incidence. Behind the 
YAG:Ce crystal a stainless mirror was mounted at 45 
degrees relative to the beam direction. Such, the 
scintillation photons were directed out of the beamline 

 
Figure 1: HDR algorithm example

through a viewport at 90 degrees. Orienting the 
scintillator normal to the beam direction (not 45 degree as 
sometimes done) serves two purposes. First, it places all 
the crystal in to the focal plane of the lens preventing any 
problems due to the finite depth of field of the imaging 
optics. Second, it mitigates the effect of the finite crystal 
thickness on the transverse resolution. Since a scintillator 
is transparent at the wavelength it emits, an infinitely 
small beam passing though a 100 �m thin scintillator set 
at 45 degrees to its direction, will appear to the observer 
as infinitely thin in one direction and as a 100 � �m long 
line in the orthogonal direction. That was an important 
aspect for the viewer we used, as it was built for 
measurements of beams with the transverse size down to, 
at least, 50 �m or smaller. 

A 300 mm telephoto lens was used to image the crystal 
on to the CCD matrix. The magnification is such that one 
pixel of the matrix corresponds to about 11.7 �m on the 
viewer. The vertical field of view is about 8 mm and the 
aspect ration of the field of view is 4:3. 

Tune-up beam mode is used at the JLab FEL for 
measurements with intercepting beam diagnostics. The 
time structure of the beam is the following. The photo 
cathode drive laser maximum repetition rate of 74.85 
MHz is reduced by the factor of �� with the help of fast 
electro-optical cell. For the tune-up beam n is 4 or higher. 
From the “infinite” pulse train of ~ 4.67 MHz 250 �s long 
macro pulses are allowed through a Pockels cell. The 
macro pulses follow at 2 Hz repetition rate. To improve 
average extinction ratio two mechanical shutters are used 
to open a time window slightly longer than 250 �s. The 
repetition rate of the micro pulses can be reduced further 
from 4.67 MHz to ½, ¼ or � of this and the macro pulse 
can be made correspondingly longer. When an image 
intensifier is not used, the increase in the DR comes 
mainly from the integration time difference of two 
sensors. The largest increase is possible with the largest 
ratio of the integration times. This is limited by the 
minimum integration time of the camera (~20 �s) and by 
longest allowable macro pulse length. At the time of the 
measurements the macro pulse length was always limited 
to 400 �s. This limited the DR increase to about 20. To 

. 
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further improve the DR we average the data over 16 
images. It takes 8 seconds to get a new image, which 
seems to be acceptable for the improved DR. 

COMBINING HDR ALGORITHM 
An imperative element in such measurements is the 

algorithm used to combine two images in to one with 
larger DR. The algorithm that we use is illustrated in the 
Fig. 1 and works in the following way. It operates on the 
rows of an image and therefore is essentially 1D. As the 
first step, the intensity of each image is normalized to the 
integration time, such that the images can be compared. 
Then the algorithm looks for the regions of saturation in 
the data of the sensor with longer integration time. If no 
saturation is found, only the normalized data from the 
longer integrating sensor are used. When saturation 
regions are present the corresponding row of the 
combined HDR image contains three kinds of regions. 
First is the region where longer integrating sensor is 
saturated, for this part only the data from the shorter 
integrating sensor are used. Second, the most important 
kind, are regions where the data from both detectors 
overlap. It is a requirement to setup the combination of 
the integration times so that there are such regions and the 
data overlap over substantial span of the amplitude. In our 
case we have overlapped the data by 0.5 – 1 orders of 
magnitude. The importance of this data is that it checks 
the cross calibration of the two sensors and ensures 
continuity and linearity of the HDR image intensity. For 
this region of the HDR image we use average of the data 
from two sensors. The third kind of data are from the 
longer integrating sensor that are less intense than the 
ones in the overlapping region. Here the data from the 
shorter integrating sensor have SNR of about 1 and are 
not used. 

BEAM SIZE AND LEVEL OF INTEREST 
As mentioned earlier the LINAC beams in general do 

not have Gaussian distribution. It is observed with the 
JLab FEL beam regularly, and complicates the task of 
transverse beam size measurements. Even more, it 
suggests that the question of “what is the proper and 
relevant measure of the size?” might need to be revised. 
Here we use RMS width of the beam distribution 
projections to the X and Y axis. To calculate the RMS 
width one needs to decide on the fraction of the image to 
be used for the projection, usually referred to as region of 
interest (ROI) and on the fraction of the 1D projection 
used for the RMS width calculations, i.e., 1D-ROI. This is 
where the availability of HDR data makes a significant 
difference, as shown below. We use another numerical 
algorithm to remove the ambiguity from setting both the 
2D and 1D-ROI. In the first step, the entire image is 
projected to either axis and the two projections are sent 
through a low pass filter to remove high frequency noise. 
Then the maximum of a projection is found. It is assumed, 
that the beam distribution is far enough from the edges of 
the field of view, so that the edges can be used to  

Figure 2: HDR beam profile

Figure 3: RMS beam size vs. quad current and LOI 

 
determine level of the background. That is made on both 
sides of the projection maximum. The range between the 
maximum and the background level is defined as 1. Then 
the main adjustable parameter of the algorithm is 
introduced; let’s call it the level of interest (LOI), which 
can assume values between 0 and 1. Typically, as we try 
to include as much of the beam as possible in the 
projection, the level will be set to a few times 0.01, where 
0.01 means 1 % from the projection maximum. The LOI 
and the filtered and normalized projection are used to 
determine two transverse coordinates at which the 
projection intensity equals the LOI. A numerical 
interpolation is used for this step. Important here is that 
the DR of the data, or its overall SNR, limits how low the 
LOI can be requested. For instance, in our standard 
measurements with the DR of about 500, the smallest LOI 
that typically can be used is 0.01 or higher. This depends 
critically on the noise performance of the camera. With 
the DR extended as described above, we found that we 
can robustly set the LOI as low as 5×10-4. Consequences 
of this for the beam measurements are presented in the 
next section. An example of the image built by the 
algorithm is shown in Fig. 2. Note the intensity scale in 
Fig.2 is logarithmic. 

. 

.
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Figure 4: Emittance and Twiss parameters vs. LOI   

EMITTANCE AND TWISS PARAMETERS 
A single HDR measurement of the transverse beam 

profile can be revealing and interesting by itself, since at 
the corresponding level the beam halo can be seen 
directly. The next level of details and complexity would 
be the application of such measurements to the emittance 

and Twiss parameters measurements. To demonstrate how 
much the LOI affects the RMS beam size measurements 
and what impact this has on the emittance and Twiss 
parameters values, we consider a quadrupole scan that 
consists of 20 HDR images. Note that the HDR and LOI 
are directly related. The DR enables lower values of the 
LOI. Selecting different LOI we extract from every image 
not one value of the RMS beam size but an array, where 
beam size is a function of the LOI. In the example here 
we scan the LOI in the range from 0.001 through 0.03 in 
steps of 0.001. The results of such data evaluation are 
given in Fig. 3. Using the standard approach, assuming 
linear beam optics approximation, with the help of 
nonlinear least square fit, we obtain transverse emittance 
and Twiss parameters value. Results of such data 
evaluation are shown in Fig. 4. 

DISCUSSION AND OUTLOOK 
As can be seen from Figs. 3 and 4, including the low 

intensity, large amplitude fraction of the beam in to the 
measurements of beam size, emittance and Twiss 
parameters makes a dramatic difference. This brings us 
back to the note made in the first section of this paper. As 
the emittance and Twiss parameters of the beam including 
halo are different from these on the beam without halo, it 
requires a somewhat different match, compared to the best 
peak brightness, to allow for high current operation. It is 
critical that the difference in the match is not too big. 
Then, when the match is adjusted for high current 
operation, the peak brightness and best match to the FEL 
undulator and the FEL performance are not altered 
significantly. On the other hand, it is possible that the 
application of the HDR measurements to establishing the 
match will help to fulfill these requirements. 

We are planning to improve the DR further by adding 
image intensifiers to the setup and by allowing more 
flexibility in the tune-up beam time structure. We are 
currently building a set of diagnostics stations to be 
installed around the machine to enable such 
measurements in several places in the lattice. 
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Abstract 
 

Spatial Coherence properties of radiation produced by 
accelerated relativistic electrons are far from being trivial. 
The correct assessment of coherence of High-Brilliance X 
sources (3rd generation Synchrotron or FEL) is of crucial 
importance both in machine diagnostics and in 
experiment planning, in the case coherent techniques are 
used. Classical methods (Young's interferometer) 
provides a mild knowledge of the spatial coherence. 

The Heterodyne Speckle Approach [1],[2] is a valuable 
alternative that exploits the statistical analysis of light 
scattered by spherical particles. The technique needs a 
very essential setup composed only by a water suspension 
of commercial colloidal particles and a CCD camera. 
Coherence information are retrieved from the Fourier 
analysis of the interference pattern generated by the 
stochastic superposition of the waves scattered by the 
particles and the unperturbed transmitted beam 
(heterodyne configuration). The technique a) provides a 
direct measure of transverse coherence without a-priori 
assumptions, b) provides full 2D coherence map with 
single-distance measures, c) has been proved to be 
capable of time-resolved measures with SR sources 
(ID06, ESRF), d) is potentially scalable over a wide range 
of wavelengths (tested 400nm, 0.1nm). It has been used 
for coherence measures both at the usage point and at the 
front-end of an undulator source (ID02-ESRF, Grenoble). 

 
INTRODUCTION 

Transverse coherence measurement are commonly 
performed looking at the quality of interference fringes of 
some kind of ad-hoc engineered device, being Young's 
interferometer the progenitor of these kind of techniques. 
The visibility of a given fringe system is proportional to 
the modulus of the so called Complex Coherence 
Function, defined as 

*
0 0

22 *
0 0

( ) ( )
( , )

( ) ( )

e r e r r
r r

e r e r r
     (1) 

 
Here the brackets denote the ensemble average over many 
radiation pulses, since we are dealing with radiation 
produced by relativistic bunched electrons. In the case of 
natural thermal sources, like stars, fire and so on, brackets 
usually denote the time average, so that 

0 0 0( , ) ( )r r I r) () () ( )00  is the classical definition of intensity 

at 0rr . Notice that the normalization by the mean intensity 

makes the coherence independent of the intensity profile 
of the beam, as it must be. 
The fact that two points enter the definition of 0 0( , )r r )  
means that the mutual degree of coherence of a certain 
field may vary both with the distance between the probing 
points 12 1 2r r r2r2r r12 1  and with the position across the 

beam 12 1 2( ) / 2R r r(R (( ) / 2221 .  For homogenous fields the 
coherence properties are constant all across the beam, so 
that  is function of r  only, regardless of which 
points are chosen. It must be stated, however, that 
coherence non-homogeneity can be introduced by 
beamline optics, so that dropping the dependence on RR  
may not be the most recommended solution if one is 
concerned with optics testing (see for instance [3]). 
In providing a 2D map of coherence, the main issue is the 
capability to explore a wide range of displacements rr  by 
means of a reasonable experimental setup. Young's 
interferometer is the simplest but even most inefficient 
setup, since it requires different pinhole separations and 
orientation. Other interferometric devices have been 
developed, in which  the modulus of rr  can be selected 
by varying the observation distance and its direction by 
varying the test-plate orientation. But one can do even 
better, choosing a system in which there is no need to 
select .r.r  at all. The idea is just to write the coherence 
information corresponding to all the scale lengths on a 2D 
detector at once, then use Fourier analysis to separate the 
different spatial spectral contributions. 
The system in question is a random distribution of 
scattering particles in solution. Particles used at visible 
and Angstrom wavelength are commercial (1um and 
0.4um respectively) and are extremely cheap, and no kind 
of accurate positioning is required.  
For a sort of conservation principle, all the efforts that in 
traditional approach are profused in the development and 
engineering of complex manufacts, the other one are 
dedicated to the study and comprehension of a simple 
physical system. More involved interferometric system 
than Young's one have been developed. But they all suffer 
the need of introducing a preferred direction of analysis 
(or two, in the best cases) 

A SIMPLIFIED DESCRIPTION 
One-particle and Many Particle 

Information about coherence is completely contained in 
the interference fringes produced by the unperturbed 
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transmitted beam and the scattered (almost) spherical 
wave by each single particle. This is shown in Figure 
1:the spherical wave acts as a reference beam. At each 
radiation pulse fringes are written all over the plane, 
revealing features of the radiation (Figure 2, left). In the 
case of Synchrotron Radiation (SR) a single realization is 
not experimentally accessible (coherence time 1410 s ) 
and only a time averaged measure is possible (Figure 
2,right). According to principle of superposition of quasi-
stationary fields, stable fringes are written at the generic 
point P'only when there is a high degree of coherence 
between the back-propagated point P and the particle 
position P0. The intensity distribution has a 
straightforward interpretation and it turns that the 
visibility of fringes of (Figure 2,right) mimics the average 
shape of the coherence area of the incident field. This 
scheme, practically not feasible, is conceptually 
reminiscent of the point-diffraction interferometer. 

 

 
 

 
 
 
 

 
Figure 2: Simulated interference patterns in the case of 
Figure 1 with quasi-coherent radiation. LEFT: 
instantaneous fringes. RIGHT: time-averaged fringes. 

 
Figure 3: A Speckle field (left) and it's corresponding PS 
(right). 

If many particles are used, the intensity distribution is a 
speckle pattern as in Figure 3 (left). Speckles are 
ubiquitous in optics and currently used in many X-
wavelength techniques, and in coherence-probing as well. 
In many cases, however, their capabilities are 
undervalued, since information are extracted basing on 
the average contrast of the speckle pattern or on the 
contrast of a certain portion of it (sometimes accurately 
selected). But one must be aware that under well-definite 
conditions the Power Spectrum (PS) of the speckle field 
contains very rich information, yielding the squared 
modulus of ( )r ) over an entire range of displacements 

rr . We require that: 
a) Speckles satisfy the heterodyne condition 
b) Light is collected in the Near-Field of the 

coherent area 
c) Particles are much smaller than the coherent size 

c  and scatter light at an angle s  so that 

s cz , where z is the observation distance. 

Heterodyne and Near Field 
Naming Te  the (unperturbed) transmitted field and Se  

the field scattered by the s-th particle, the intensity at a 
point rr  is 

 2 * *

, '
| | 2 2

N N

T T S S S
S S S

i e e ee e  (2) 

If only a small portion of the incident beam is 
extinguished from the sample (negligible absorption and 
multiple scattering), the last term (homodyne) can be 
neglected. The second term (heterodyne) is a 
superposition of single-particle interference patterns as in 
Figure 2. Assuming that 2| |Te can be easily subtracted as 
constant background (Figure 4), we now compute the PS 
of the heterodyne term. If particles are random 
distributed, the summation of all the mixed contribution 
gives a uniform background, so that the PS is 

 
2

ˆ ˆ
N

T S
S

eI êSêS
 (3) 

where  is a convolution ^  and denotes the Fourier 
Transform. Now here comes the importance of being in  

Figure 1: A single particle placed a P0 is illuminated with
quasi-coherent radiation. 
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Figure 4: Speckle pattern before and after background 
subtraction (ID06, ESRF). 

 
the Near-Field. In [2] (under preparation)is shown that, 
due to the highly oscillatory nature of patterns like that of 
Figure 2, the convolution of (3) can be approximated to a 
product if 2 /cz . Furthermore, one has that the 

PS I can be written as the product 

 ( ) ( ) ( ) ( ) ( ) ( )I q F q T q H q C q K q) ( ) ( ) ( ) ( ) ( )) ( ) ( ) ( ) ( ) () ( ) ( ) ( ) ( ) (( ) ( ) ( ) ( )( ) ( ) ( ) (( ) ( ) ( ) ( )  (4) 
where F is the particle form factor (it is recommended to 
choose particles with almost constant F over the range of 
interest), T is the Talbot contrast transfer function (well 
known in phase contrast methods, but with some specific 
analytical variation including the dependence on detector 
size [2],[3]), H  is the imaging system transfer function 
(mainly the response of scintillator if X-rays are used), K 
is shotnoise and 2( ) | ( ) |C q q 2) |  is the squared 
coherence factor. q wavevectors can be mapped in the 
real space by means of the scaling law  

q r zqrrr zqzq rrr zqz                          (5) 
Again, notice that the direct relation between real and 
Fourier space (conflicting with the more common 
expectation that would state ~1/q r ) is a direct 
consequence of the fact that we use spherical waves as 
reference beam and light is collected in the Near Field of 
the scattered light. From Eq. (5) one has that the 
accessible q range can be easily selected by changing the 
observation distance z, provided that the Near Field 
condition keeps fulfilled. Measures at different distances 
must overlap, thus providing a very effective self-
consistence test (see Figure 5). In the case they don't, 
either temporal decoherence effects or peculiar optics 
mechanical instabilities are revealed. 

About Temporal Coherence 
Intrinsically, as any interferometric technique, even this 
one is simultaneously sensitive to transverse (spatial) and 
longitudinal (temporal) coherence. Longitudinal effects 
are negligible if the maximum extra-path  between 
corresponding to the maximum transverse size of the 
experimental setup is such that 2/ 2// 2 . In the 
case of many-pulse radiation (SR), longitudinal properties 
are usually dictated by monochromator bandwidth. The 
superposition of many pulses ( 14 1710 10 ) within a 

typical integration time (1-50ms) leads to a reduction of 
contrast of the speckle field, but not affecting its 
statistical properties (viz. the speckle size does not 
change). The case of single-pulse radiation (FEL) is 
slightly different, since a single wave-packet hits the 
detector. Since the spectrum of such a radiation is made 
up of  number of spikes (longitudinal modes),  the 
resulting speckle field can be regarded as the 
superposition of  as many speckle fields as the 
longitudinal modes. The 2nd-order statistics of speckles 
(PS) still yields the information about transverse 
coherence. The 1st-order spatial statistics can, in 
principle, be related to the number of longitudinal modes. 
The same result can be obtained by means of 1st-order 
temporal statistics, which follows the well known Gamma 
distribution [4]. Notice that the number of modes obtained 
by 1st order statistics is the product of longitudinal and 
transverse mode L TM M M . By means of 

Heterodyne Speckles one first directly obtain TM  from 

the knowledge of ( )r ) , then finds LM . This holds 
for both SASE and seeded FEL. 
 

 

CURRENT CAPABILITIES 
The most outstanding capability of the Heterodyne 

Speckle Approach is that of providing 2D coherence 
maps. In Figure 6 (left) a single PS is shown, revealing 
how a one-shot measure is capable of mapping a 
coherence area of non-trivial functional form. Circular 
oscillations are due to ( )T q)  transfer function in Eq. (4) 
and can be numerically removed so to give the modulus 
of the coherence factor shown in Figure 6(right). 
Oscillations are due to diffraction, while the Gaussian 

 
( )x m

Figure 5: Overlap of PS C T obtained at different
observation distances (ID02, ESRF). Horizontal profiles 
of 2D PS are considered.  Dense oscillations are due to 
the T factor in (4). They have been preserved to show that 
maxima and minima of different curves form an upper 
and a lower enveloping curve. The C factor can be
computed as the average of these two. Loose oscillations 
are due to the coherence area. 
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shape in the vertical direction is determined by the source 
only. For the measure a 2048x2048 pixel matrix was 
used. Since PS are symmetric, only one quadrant is 
relevant, which means that an equivalent measure with 
Young's interferometer would require over 610  measures 
to be performed. Some preliminary test have been 
conducted, such as the survey of coherence degradation 
due to the introduction of obstructions across the beam 
path (graphite foil, Figure 7) or to monochromator 
mechanical instability. 

The direct consequence of full 2D mapping is the 
possibility of performing time-resolved measures. At 
ID06-ESRF the effects introduced by instabilities of the 
detector have been surveyed. This is expected to be one of 
the breakthroughs of the techniques, especially with FEL 
sources, where single pulses are accessible. Simultaneous 
characterisation of longitudinal and transverse coherence 
of FEL radiation has been recently performed [4].  

As a side result, the technique has been used to provide 
high-quality characterization of the transfer function of 
phosphorous scintillators used in X-ray imaging. This is 
possible even with a low degree of spatial coherence, 
provided that the beam is monochromatic. All this results, 
as well as the complete mathematical formalism 
explaining the technique, will be published in [2]. 

 
Figure 6: Left: Power Spectrum showing C(q)T(q). Right: 
corresponding coherence function √C(q) (ID06, ESRF]). 

 
Figure 7: Coherence function of undisturbed beam and 
graphite obstructed beam. Measures at 3 different 
distances are merged together. 

CURRENT ISSUES 
The most delicate aspect of the technique is the 

background subtraction, by means of which the 
heterodyne the pure heterodyne term is extracted from a 
raw image. This is done by exploiting the fact that 
particles are free to move, so that heterodyne term varies 
from shot to shot, while background does not. With SR 
(which the technique has been mainly developed with) 
this is straightforward, since SR facilities deliver very 
stable beam. 

 
With FEL radiation this may be not exactly the case, 

because intrinsic fluctuation in beam intensity distribution 
are expected. Measurement have been proved to be still 
possible, but a more skilled data analysis is required. See 
Ref. [5]. 

The technique is in principle exportable to any range of 
wavelengths provided that proper scatterers and proper 
(non absorbing) medium can be found. Magnification 
optics is required for coherence areas which are 
comparable to pixel size, making the use of scintillator 
screen compulsory. 

The information of PS is the same as that of two-point 
correlation functions. It would be interesting to 
implement a spectral analysis based on higher-order 
correlation function in order to inspect non-homogeneity 
in transverse coherence. 

CONCLUSION 
The Heterodyne Speckle Approach provides an 

excellent mean for high-quality, time-resolved and 
instrumentally simple coherence measurements. It is 
intended to be both a useful mean for machine diagnostics 
and a valuable support for theoretical research concerning 
FEL radiation properties.  
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THE LUNEX5 PROJECT 

Abstract 
LUNEX5 (free electron Laser Using a New accelerator 

for the Exploitation of X-ray radiation of 5th generation) 
aims at investigating the production of short, intense, and 
coherent pulses in the soft X-ray region. The project 
consists of a Free Electron Laser (FEL) line enabling the 
most advanced seeding configurations: High order 
Harmonic in Gas (HHG) seeding and Echo Enable 
Harmonic Generation (EEHG) with in-vacuum 
(potentially cryogenic) undulators of 15 and 30 mm 
period. Two accelerator types feed this FEL line : a 400 
MeV Conventional Linear Accelerator (CLA) using 
superconducting cavities compatible with a future 
upgrade towards high repetition rate,  for the 
investigations of the advanced FEL schemes; and a 0.4 - 1 
GeV Laser Wake Field Accelerator (LWFA), to be 
qualified in view of FEL application, in the single spike 
or seeded regime. Two pilot user experiments for time-
resolved studies of isolated species and solid state matter 
dynamics will take benefit of LUNEX5 FEL radiation and 
provide feedback of the performance of the different 
schemes under real user conditions. 

INTRODUCTION 
X-ray FEL sources open fantastic scientific 

opportunities but still with a limited access and high cost. 
LUNEX5 (see fig. 1) aims at proposing a short pulse 

compact FEL incorporating seeding schemes and new 
accelerating techniques and at efficiently producing and 
using stable, coherent, and short X-ray pulses and at 
extending the national community of X-ray users for the 
time resolved and coherent imaging studies. 

Seeding enables to reduce the saturation length and the 
jitter, to improve the longitudinal coherence with respect 
to the Self Amplified Spontaneous Emission (SASE) one 
[1], which exhibits spiky longitudinal and temporal pulse 
distributions, apart from single spike operation for low 
charge regime [2]. FEL can be seeded either with 
amplified spontaneous emission from first stage 
undulators sent through a monochromator (so-called self-
seeding) [3] or with an external laser or a short 
wavelength coherent light source, such as HHG [4, 5]. 
The EEHG [6] scheme with a double electron–laser 
interaction can extend the spectral range towards shorter 
wavelengths when operating on a high order harmonic of 
the seed wavelength.  

Laser Wakefield Accelerators (LWFA) using the 
interacrion of intense laser beams with high electric field 
in plasmas progress rapidly. They are extremely compact 
(GeV/cm) and can provide high quality particle beams in 
extremely short bunches (a few fs) with very high peak 
currents (a few kA) [7]. FEL application can be viewed as 
an intermediate qualification [8] of GeV LWFA beams 
before proceeding to TeV LWFA colliders.  

 
 

 
 

 
 

Figure 1: LUNEX5 scheme. 
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LUNEX5 CLA 
The superconducting L-band technology [9] has 

been chosen for the 400 MeV LUNEX5 CLA, which 
allows for possible further CW upgrades, while in pulsed 
operation (1.4 ms with 500 µs flat-top at 50 Hz), the 
investment and operational costs are comparable with the 
normal conducting one. The gun will be a normal 
conducting 1.3 GHz PITZ type photo-gun [10] (1 
π.mm.mrad total transverse normalized emittance, 1 nC, 
60 MV/m accelerating voltage, 20 ps flat top laser 
profile), powered with a 10 MW multibeam klystron, 
pulsed by a commercial solid state modulator. The 
cryomodules will be operated at 24 MV/m, with a 
cryogenic system already anticipating a pulsed operation 
with 10 % duty cycle (100 bunches per macropulse), 
which requires 120 W at 2K. One RF transmitter and 
LLRF system will be used for each cavity in order to 
achieve a high stability in phase and amplitude. 1.3 GHz 
20 kW CW solid state amplifiers will be developed at 
SOLEIL providing modularity and low phase noise. In 
the CW mode upgrade, an additional cryomodule will 
reduce the gradient from 24 to 16.5 MV/m, keeping the 
cryogenic load at a reasonable level. 

ASTRA [11] simulations along the RF-gun and the first 
cryomodule up to about 200 MeV exhibit total transverse 
emittances of the order of 0.9 π.mm.mrad for 1 nC bunch 
and about 50 A peak current. A magnetic compressor, 
located just downstream of the first cryomodule, further 
increases the peak current. The emittance grows 
moderately up to 1.22 π.mm.mrad (calculation with 
CSRtrack [12]), mainly because of the Coherent 
Synchrotron Radiation) in the S-chicane compressor. A 
third harmonic cryomodule (16.5 MV/m) in opposite 
phase linearizes the longitudinal phase space profile, 
leading to 500 A peak current. The second cryomodule 
running on crest enables to reach 400 MeV is followed by 
a long free section for an optional third cryomodule, an 
achromatic dogleg dedicated to collimation and a 
matching section for the downstream undulalors. Beam 
performances are shown in fig. 2. 

Figure 2: Longitudinal chirped phase space and slice 
parameters along the bunch in the undulator section at 
400 MeV, (1nC).  

LUNEX5 LWFA 
The colliding laser pulse scheme enabling to produce 

very stable electrons with tuneable parameters [13] has 

been chosen for the baseline. Using a 1 J -30 fs laser, the 
electron beam can reach 350 MeV with up to 100 pC 
charge, 1 to 10% energy spread, 1 to 3 fs bunch duration 
and up to 4 kA peak current. Before using the baseline 
200 TW (6 J, 30 fs, few Hz repetition rate) dedicated 
laser, first steps will be performed with existing lasers in 
the frame of CILEX (Centre Interdisciplinaire de Lumière 
Extrême), with APOLLON 10 PW laser and its 
“proximity centers” starting with the two 60 TW laser of 
LOA. A first implementation study in under way at Salle 
Jaune where an upgrade of the laser delivering two laser 
beams of 60 TW each will allow for exploring new 
regimes such as the cold injection scheme [14]. Efforts 
will be carried out on the reduction of the energy spread 
(from 1 % to 0.1 %). The transverse phase space is very 
strongly focused producing beam size of µm and 
divergence of mrad with a normalized emittance in the 
order of 1 π.mm.mrad. For limiting the emittance and 
peak current degradation during the transport to the 
undulator with a large energy spread and beam 
divergence, the matching first comports a first triplet of 
strong permanent magnet quadrupoles (130 T/m) [15] 
located at 5 cm from the source. Starting with an 
optimistic 0.1% energy spread, the emittance dilution 
induced by higher order chromatic effect is limited to 
20%. The bunch lengthening induced by the large 
divergence is also maintained within 2 fs to 4 ps [16]. 
Including the 20 pC space charge effect, the emittances 
are further increased by 50% in both planes while the 
bunch length is not affected. Beam performances are 
shown in fig. 3. An advanced transport starting with a 
realistic value of the energy spread of 1 % is under study 
[16,17]. 

Figure 3: Longitudinal chirped phase space and slice 
parameters along the bunch in the undulator section at 
400 MeV, (20 pC). 

LUNEX5 FEL LINE 
The FEL line comprises transport magnetic elements, 

dump dipole and cryo-ready in-vacuum undulators with 
periods of 30 (modulators) or 15 mm (radiators) [15]. At 
3 mm gap, a peak field of 1.7 T will be produced at 77K 
with PrFeB magnets for a 15 mm period. R&D will start 
on a prototype of 3 m long cryo-ready undulators. A Ti-
Sa oscillator (30 fs @ 800 nm), followed by a 
regenerative and a multipass amplifier (30 fs, 800nm, 10 
mJ, 50 Hz, option at 1 kHz) will be used in both seeding 
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schemes. For the Echo, the amplifier output is tripled 
(266 nm) and split into two parts. For HHG, the amplifier 
output injects directly the gas cell. The laser signal for 
pump-probe user experiments can be either provided by 
using part of the seeding laser and transporting it to the 
pilot experiments or by a dedicated laser (30fs, few mJ). 
All laser characteristics are within reach of commercially 
available lasers. The user laser, the electron gun, the 
cryomodules and the harmonic cavities will be 
synchronized by an optical synchronization with less than 
10 fs jitter over 8 h.  

The FEL light will hit a first toroidal mirror (to be 
interchanged with another one for the echo source point) 
for focusing on the exit slit; it will then pass through a 
double rotation monochromator operating in the Petersen 
mode to select and stabilize the photon energy and 
through two focusing mirror systems to be dispatched on 
the two experimental set-ups. 

LUNEX5 FEL PERFORMANCES 
The LUNEX5 spectrum (see fig. 4) covers the 4-40 nm 

range with the first, third and fifth harmonics, a 
fundamental peak power between 10 and 100 MW, 
corresponding to more than 1011 photons/pulse and 1027 
peak brightness and harmonic peak power from 1 MW 
down to a few hundreds W. Each wavelength can be 
obtained with different configurations (amplifier, cascade 
with a HHG seed, echo with 266 nm lasers…). The FEL 
saturates earlier in the echo case than in the cascade one 
(7 vs. 11 m), with slightly lower power (65 MW vs. 0.27 
GW), longer pulses (24 vs. 17 fs) at the Fourier limit [18]. 
Sensitivity to parameters is under way [19]. LWFA FEL 
performances critically depend on the electron beam 
quality and on the optimisation of the transport line.  

 
Figure 4: FEL peak power versus wavelength. 
Calculations with an 400 MeV electron beam, with a 1.5 
π mm.mrad emittance, a peak current of 400 A, a slice 
energy spread of 0.02% (CLA)  and case A : 0.1, case B: 
0.5 % (LWFA), a bunch duration of 1 ps (CLA) and  case 
A : 2, case B : 20) fs-RMS (LWFA). 

LUNEX5 PILOT USER APPLICATIONS 
The “time Resolved for isolated species” end station 

will consist in a high resolution velocity map imaging 
spectrometer allowing for spectroscopy of cold 
atoms/molecules, clusters or nanoparticles, issued from a 

multi-purpose source, combined with the full momenta 
characterisation of both electrons and ions using a 
COLTRIMS type of spectrometer based on time-of-flight 
and particle 2D position detection. In condensed matter, 
the first experiments will aim at obtaining spatially 
resolved information on ultrafast magnetization dynamics 
following a non-thermal excitation of a ferromagnetic 
thin film by an intense, fs short IR laser pulse. Studying 
non-reproducible aspects of these phenomena will be 
possible by single X-ray pulse based resonant magnetic 
small angle scattering at the transition metal’s M-edges. 
The coherence of the radiation will allow to obtain single 
shot X-ray images of the magnetic domain structure, for 
example, to follow in real space and real time the 
evolution of the magnetization during the recently 
discovered all-optical process [20]. 

CONCLUSION 
LUNEX5 is coupled CLA-LWFA based test facility for 

complementary use and test of new ideas aiming for ultra 
short FEL pulses quest, production and use. The CDR has 
been completed, R&D is starting. 
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