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Abstract 

A continuous wave (CW) mode operation of the Euro-
pean X-ray Free-Electron Laser (XFEL) is under consid-
erations for a future upgrade. Therefore, a superconduct-
ing radio frequency (SRF) CW gun is under experimental 
development at DESY in Hamburg. Beam dynamics sim-
ulations for this setup have been done assuming 100 pC 
bunch charge and a maximum electric field at the photo-
cathode of 40 MV/m. Experimental studies for these 
parameters using a normal conducting RF photogun have 
been performed at the Photo Injector Test facility at 
DESY in Zeuthen (PITZ). The beam transverse emittance 
was minimized by optimizing the main photo injector 
parameters in order to demonstrate the feasibility of gen-
erating electron beams with a beam quality required for 
successful CW operation of the European XFEL for con-
ditions similar to the SRF gun setup. 

INTRODUCTION 

For successful CW operation of modern XFEL facilities 
the electron source should combine high average power 
and peak beam brightness sufficiently high for proper 
lasing. A high cathode gradient in the gun is one of the 
important factors to achieve high phase space density of 
the generated electron beams. However due to the CW 
requirements (high average power) on the electron source 
the peak RF power (gradient) in the RF gun is limited and 
is typically lower than in the case of pulsed guns. An SRF 
CW L-band gun is under experimental development at 
DESY in Hamburg [1]. A maximum electric field at the 
photocathode of 40 MV/m is considered for the operation 
of this gun in the CW mode of the European XFEL. Beam 
dynamics simulations for the SRF photo injector (CW 
SRF PI) setup have been done for 100 pC bunch charge 
generated with Gaussian photocathode laser pulses. Op-
timization of the projected normalized emittance yielded 
0.45 mm mrad. In order to demonstrate this brightness the 
normal conducting PITZ photo injector has been tuned to 
the proposed conditions, namely 40 MV/m maximum 
electric field at the cathode and bunch charge of 100 pC. 
Results of experimental studies at PITZ supplied with 
corresponding beam dynamics simulations are compared 
with the optimized SRF CW photo injector setup. 

LAYOUTS OF PHOTO INJECTORS 

One essential difference between PITZ and the SRF 
gun setup is the location of the main solenoid. Due to the 

superconducting environment a focusing solenoid has to 
be separated from the SRF gun cavity and located down-
stream. For the normal conducting PITZ RF gun cavity 
the main solenoid is located closer to the cathode plane 
and its field overlaps with RF fields of the L-band PITZ 
gun cavity. Axial distributions of RF and solenoid fields 
are shown in Fig. 1 for both setups. 

  

Figure 1: Axial distributions of RF electric fields (ampli-

tudes �௭ ሺ�, � = Ͳሻ) and longitudinal magnetic field of 

solenoids (�௭ ሺ�, � = Ͳሻ) for SRF and PITZ guns. 

BEAM DYNAMICS SIMULATIONS 

Beam dynamics optimization for the CW SRF PI setup 
were performed using ASTRA [2] for 100 pC bunches 
applying photocathode laser pulses with a Gaussian tem-
poral profile of 4 ps RMS duration. A module with 8 
TESLA cavities (with 14.5 MeV energy gain per cavity) 
was applied to accelerate the beam up to 120 MeV. RF 
phase of the gun, strength of the solenoid (corresponding 
field profiles shown in Fig. 1) and laser transverse spot 
size were optimized to minimize a transverse emittance at 
the injector exit. Beam dynamics simulations for the PITZ 
setup were performed for parameters compromising be-
tween assumed CW SRF PI simulations and currently 
available parameters in experiment. Photocathode pulses 
with Gaussian temporal profile with 2.6 ps RMS duration 
(35% shorter than in the CW SRF PI simulations) were 
applied. The gun with maximum RF field of 40 MV/m at 
the photocathode and launch phase at the maximum mean 
momentum gain (MMMG) was used. The CDS boost-
er [3] accelerates the beam up to ~17 MeV which is com-
parable with 1st cavity in cryomodule acceleration in the 
CW SRF PI case. The photocathode laser spot size and 
the main solenoid peak field were tuned in order to mini-
mize projected normalized RMS emittance at z=5.27 m, 
the standard location of emittance measurements at PITZ. 

Optimized simulated transverse RMS beam size and 
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emittance along both photo injectors are shown in Fig. 2 
(top plot). Corresponding beam energy and RMS bunch 
length are shown in the bottom plot. The transverse RMS 
emittance expected from the PITZ injector is lower main-
ly due to the optimized position of its main solenoid 
(z=0.276 m in Fig. 1). Because of the above mentioned 
limitations of the superconducting environment for the 
CW SRF PI setup the solenoid is separated from the gun 
cavity and centred at z=0.4 m. 

 

Figure 2: Simulated beam parameters along the beam line. 

Top: transverse RMS beam size and normalized trans-

verse emittance. Bottom: mean beam energy and RMS 

bunch length. 

Simulated optimized transverse phase space and beam 
slice parameters at the exit of the injector are shown in 
Fig. 3 for both setups. 

  

Figure 3: Beam parameters at the photo injector exit: left 

column – CW SRF PI, right column - PITZ. Top row: 

transverse phase space; bottom row: slice emittance and 

beam current profiles. 

EXPERIMENTAL PITZ OPTIMIZATION 

PITZ has been used to experimentally characterize the 
electron source performance for a parameter space close 
to the simulated optimum CW SRF PI setup. 

Photocathode Laser 

The photocathode laser system was operated with tem-
poral Gaussian pulses with ~6 ps FWHM. A correspond-
ing laser pulse temporal profile measurement using a 
cross-correlator (OSS – Optical Sampling System) is 
shown in Fig. 4 (left). Transverse shaping of the laser 
illuminating the photocathode is realized using variable 
aperture (the so-called Beam Shaping Aperture – BSA). 
The laser transverse distribution was monitored using a 
dedicated UV-sensitive CCD camera (Fig. 4, right). In-
homogeneity of the core and presence of radial halo are 
clearly seen and related to features of the laser system and 
imperfections of the optical transport beam line. 

    

Figure 4: Left: Photocathode laser pulse temporal profile 

measured with OSS supplied with a Super Gaussian (SG) 

fit �� ∝ exp{−Ͳ.ͷ ∙ |�/ʹ.͸|2.59}. Right: Transverse distri-

bution of the laser intensity for the BSA diameter of 

0.8 mm: laser RMS sizes: �௫/௬��௦�௥ = Ͳ.ͳͻ͸/Ͳ.ʹͲͲ mm. 

RF Gun 

The RF power in the gun (PITZ Gun4.2 prototype) was 
adjusted to yield a maximum electric field of 40 MV/m at 
the photocathode. This corresponds to a peak RF power in 
the gun cavity of 2.78 MW. The launch RF phase was 
tuned to the MMMG. Corresponding phase scan for the 
mean momentum and RMS momentum spread is shown 
in Fig. 5 (left). The momentum distribution for the 
MMMG phase is shown in the right plot. 

    

Figure 5: Left: gun RF phase scan for beam momentum. 

Right: beam momentum distribution after the gun at the 

MMMG phase, ۃ�௭ۄ = Ͷ.͸Ͷ MeV/c,  ��� = ͳͲ  keV/c. 

0.45 mm mrad 0.39 mm mrad 
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Further electron beam acceleration was realized using 
the CDS booster which was operated on-crest at the peak 
power of ~2.3 MW, resulting in a final beam mean mo-
mentum of ~17.6 MeV/c. 

Emittance Measurements 

Beam transverse normalized RMS emittance was opti-
mized at the first emittance measurement station (EM-
SY1) located z=5.27 m downstream of the photocathode. 
The single slit scan technique [3] was applied to measure 
the horizontal and vertical phase space of the 100 pC 
electron beam. The laser spot size (BSA diameter) was 
varied from 0.6 mm to 1.3 mm with a step of 0.1 mm. For 
each laser spot size, a main solenoid scan was performed 
to measure horizontal and vertical emittances. For the 
main solenoid current of 274 A gun quadrupoles [4] were 
optimized in order to obtain an electron beam distribution 
at the YAG screen (EMSY1) as round and symmetric as 
possible. Results of the experimental optimization are 
presented in Fig. 6 where emittance is shown as a func-
tion of the laser spot diameter together with ASTRA sim-
ulations. For comparison the results for the CW SRF 
setup are shown as well. Error bars of the measured 
curves include estimations on the emittance measurement 
uncertainty due to the intrinsic charge cut of the slit scan 
technique. PITZ emittance simulations have been per-
formed with two laser transverse distributions: radially 
homogeneous and applying core and halo (C+H) mod-
el [5] deduced from the measured laser profile (see Fig. 4, 
right). Simulations for a BSA smaller than 0.7 mm re-
vealed a regime of strong space charge dominated emis-
sion from the photocathode. Beam dynamics simulations 
for this regime show significant discrepancies with exper-
imental observations. This problem is known [5] and 
under investigations. 

 

Figure 6: Normalized RMS emittance as a function of the 

laser Beam Shaping Aperture (BSA) diameter: measured 

at PITZ and simulated for PITZ and CW SRF PI setups. 

Typical results of a basic emittance optimization meas-
urement – emittance as a function of the main solenoid 
current – are shown in Fig. 7 for BSA=0.8 mm (see right 
plot in Fig. 4 for the laser transverse distribution). Simu-
lated curves for the PITZ setup are shown as well. Both 
simulated curves are shifted by +4 A w.r.t. the measured 
curves for better comparison of the beam size and emit-

tance dependencies on the main solenoid current. This 
discrepancy as well as vertical regular offset between 
simulated and measured emittance curves is a part of the 
above mentioned problem [5]. Measured horizontal and 
vertical phase spaces for the optimum solenoid current 
value (274 A) are shown in Fig. 8. Corresponding meas-
ured RMS normalized horizontal and vertical emittance 
values are �௫,� = ሺͲ.Ͷ͹ͻ ± Ͳ.ͲͲ͸௦௧�௧ሻ mm mrad  and �௬,� = ሺͲ.Ͷ͸ͺ ± Ͳ.ͲͲͷ௦௧�௧ሻ mm  rad. These values are in 
a reasonable agreement with simulation results within 
systematic limitations of emittance measurements.  

 

Figure 7: Normalized RMS emittance as a function of the 

main solenoid current together with ASTRA simulations 

for the PITZ setup. 

   
Figure 8: Horizontal (left) and vertical (right) transverse 

phase space measured for the optimum main solenoid 

current of 274 A. 

CONCLUSION 

Beam dynamics simulations for a CW SRF photo injec-
tor of the European XFEL have been performed assuming 
a peak RF electric field of 40 MV/m at the photocathode 
and 100 pC bunch charge generated by Gaussian photo-
cathode laser pulses with 4 ps RMS duration yielding 
optimum emittance values of ~0.45 mm mrad. Experi-
mental studies for this parameter space have been done at 
PITZ with Gaussian laser pulses with 2.6 ps RMS dura-
tion and yielded measured emittance values of 
~0.5 mm mrad which is by ~0.1 mm mrad higher than the 
minimum expected from the corresponding PITZ simula-
tions. The difference in optimized emittance between 
PITZ and CW SRF photo injector setups is mainly related 
to the main solenoid position w.r.t. the gun cavity and to 
the difference in the photocathode laser pulse duration. 
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