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Abstract 
The Photo Injector Test facility at DESY in Zeuthen 

(PITZ) develops high brightness electron sources for 
modern linac-based Free Electron Lasers (FELs). The 
PITZ accelerator has been proposed as a prototype for a 
tunable, high power THz source for pump and probe 
experiments at the European XFEL. A Self-Amplified 
Spontaneous Emission (SASE) FEL is considered to gen-
erate the THz pulses. High radiation power can be 
achieved by utilizing high charge (4 nC) shaped electron 
bunches from the PITZ photo injector. THz pulse energy 
of up to several mJ is expected from preliminary simula-
tions for 100 μm radiation wavelength. For the proof-of-
principle experiments a re-usage of LCLS-I undulators at 
the end of the PITZ beamline is under studies. One of the 
challenges for this setup is transport and matching of the 
space charge dominated electron beam through the nar-
row vacuum chamber. Start-to-end simulations for the 
entire experimental setup - from the photocathode to the 
SASE THz generation in the undulator section - have 
been performed by combination of several codes: AS-
TRA, SCO and GENESIS 1.3. The space charge effect 
and its impact onto the output THz radiation have been 
studied. The results of these simulations will be presented 
and discussed. 

INTRODUCTION 
The Photo Injector Test facility at DESY in Zeuthen 

(PITZ) has been suggested as a prototype for develop-
ments on an accelerator based high power tunable THz 
source for pump and probe experiments at the European 
XFEL [1]. The SASE FEL is considered as main option to 
generate THz pulses at PITZ using a high bunch charge 
(4 nC) operation mode of the photo injector. In order to 
prepare a proof-of-principle experiment start-to-end beam 
dynamics simulations have been performed. They include 
generation of electron bunches in the RF photogun, fur-
ther acceleration by the booster cavity, further transport 
(~25 m) of the space charge dominated electron beam and 
its matching into the undulator section. A measured field 
profile of a typical LCLS-I undulator has been used to 
reconstruct a 3D magnetic field map used for the beam 
transport through the undulator section. Best obtained 
matching solution was used to simulate THz SASE FEL 
with a centre radiation wavelength of ~100 μm. 

RF GUN AND BOOSTER 
The PITZ RF photogun with a peak cathode field of 

60 MV/m operated at the launch phase of maximum mean 
momentum gain (MMMG) is used to generate 4 nC elec-
tron bunches by applying photocathode laser pulses with 
a flattop temporal profile (21.5 ps FWHM) and with a 
radially homogeneous transverse distribution. Preliminary 
emittance optimization yielded the optimum photocathode 
laser spot size which is larger than the whole cathode size. 
In order to be closer to the practical case a 5 mm diameter 
of the photocathode laser spot (coinciding with the size of 
the photocathode) has been used for further optimizations. 
Beam mean longitudinal momentum of ~16.7 MeV/c 
required for generating THz radiation with ~100 μm radi-
ation wavelength is achieved using a booster cavity. For 
each booster gradient (peak electric field) the booster 
phase (w.r.t. MMMG) was tuned in order to yield the 
required final mean momentum of electron beam. Corre-
sponding curve is shown in Fig. 1a. Besides the mean 
beam momentum booster cavity gradient and phase were 
tuned in order to yield a small correlated energy spread 
(〈𝑧𝐸〉 → 0) of the electron beam close to the undulator 
(z=29 m). This two-fold optimization resulted in a peak 
booster field of 12.85 MV/m and a phase of -26 deg. w.r.t. 
MMMG (Fig. 1a). The main gun solenoid was tuned to 
control electron beam size and emittance. Beam dynamics 
simulations were performed using the ASTRA code [2] 
with 200000 macroparticles. Simulated rms normalized 
emittance at the location of the first emittance measure-
ment station (EMSY1 at z=5.277 m) is shown in Fig. 1b 
for the booster MMMG phase and for the optimized cor-
related energy spread (working point, WP). The chosen 
absolute value of the gun solenoid peak field of the main 
solenoid (212.85 mT) is by ~5% lower than that deliver-
ing the minimum emittance for the booster in on-crest 
operation. Corresponding curves of the beam projected 
transverse emittance and correlated energy spread along 
the beam line are shown in Fig. 1c. The WP setup corre-
sponds to a more flat emittance along the beamline, 
whereas a significant increase of the emittance after the 
minimum is clearly seen for the case of the MMMG 
booster phase. 

Transverse and longitudinal phase spaces of the opti-
mized electron beam (WP) at the EMSY1 location are 
shown in Fig. 2. This beam setup was used as a starting 
point for studies on the space charge dominated beam 
transport towards the undulator section.  ___________________________________________  
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Figure 1: Optimization of RF gun and booster. a) Booster phase w.r.t. MMMG delivering the final beam mean momen-
tum of 16.7 MeV/c. The correlated energy spread at z=29 m is shown at the right axis. b) Beam transverse normalized 
rms emittance at EMSY1 as a function of gun solenoid peak field. c) Beam transverse emittance and correlated energy 
spread along the beam line simulated for points marked in a) and b). 

  
Figure 2: Transverse (left) and longitudinal (right) phase 
spaces of electron beam at z=5.277 m. 

BEAM TRANSPORT TO UNDULATOR  
Currently for a proof-of-principle SASE THz experi-

ment the installation of LCLS-I undulators is foreseen in 
the PITZ tunnel annex. The concrete wall between main 
and annex tunnels is 1.5 m thick and starts at ~24 m w.r.t. 
the photocathode plane. This space is considered for elec-
tron beam drift only without any focusing elements inside 
and assuming a standard beam pipe (35 mm). The beam 
transport through the undulator vacuum chamber (a race-
track profile with 5x11 mm cross section and 3.4 m 
length [3]) is an even much harder task. In order to test a 
feasibility of such a transport a fast space charge tracking 
code Space Charge Optimizer (SCO) [4] was used. The 
results of ASTRA tracking till EMSY1 position (5.277 m) 
were used as an input for the SCO by applying a corre-
sponding interface. Three triplets of quadrupole magnets 
were involved into optimization, first two of them were 
chosen from the magnets available in the present PITZ 
beamline, and the last one was assumed to be installed at 
the end of the main tunnel. The solution obtained from the 
optimized SCO tracking was plugged into the ASTRA 

input lattice. Results of SCO and ASTRA simulations are 
shown in Fig. 3 demonstrating a rather good agreement 
despite the SCO includes only linear space charge forces. 

 
Figure 3: Electron beam rms size along the accelerator 
simulated using SCO and ASTRA. Gradients of applied 
quadrupoles are shown schematically on bottom. Circles 
denote available (but not used) quadrupoles. 

MODELING OF UNDULATOR FIELD 
The LCLS-I undulator module is a 3.4-m-long perma-

nent magnet planar hybrid structure with 113 periods of 𝜆 ൌ 30 mm and a magnetic gap of 6.8 mm [3]. The on-
axis field measurements data for SN07 undulator [5] was 
used to reconstruct a 3D field map required for particle 
tracking. The undulator peak on-axis field is 1.28 T which 
corresponds to the undulator parameter of 𝐾=3.585. Ap-
plying Fourier transformation to the measured field pro-
file 𝐵௬ሺ𝑥 ൌ 0, 𝑦 ൌ 0, 𝑧ሻ centered around 𝑧 ൌ 0 (|𝑧| 𝐿 2⁄ ) the vertical component of the magnetic field reads: 𝐵௬ሺ0,0, 𝑧ሻ ൌ ∑ ሼ𝑎 cosሺ𝑘𝑧ሻ  𝑏 sinሺ𝑘𝑧ሻሽஶୀ ,  (1) 

a) b)

c)
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Figure 4: a) Fourier spectrum of the measured undulator field. b) Reconstructed field profile compared with its discrep-
ancy to the measured data. Zoom of the left (c) and right (d) edges of the field profile. 
where 𝐿 ൌ 𝑁𝜆 is the undulator effective length and  𝑘 ൌ 2𝜋𝑛/𝐿 is the wavenumber of the n-th Fourier har-
monic. Specific shape of the field profile, including spec-
tral content of the regular periods and the end poles length 
and strength slope require rather large number of harmon-
ics 𝑁 to be taken into account to reproduce the measured 
field profile with sufficient accuracy. Proper centring and 
fine treatment of the measured field profile yield vanish-
ing first and second field integrals. This corresponds to 
conditions 𝑎 ൎ 0 and ∑ ሾሺെ1ሻ𝑏/𝑛ሿஶୀଵ ൎ 0 for the 
first and second integral, correspondingly. These optimi-
zation resulted in 𝐿 ൌ 120𝜆 (despite nominally the un-
dulator contains only 113 periods) and 𝑁 ൌ 17 is a har-
monic number of the fundamental wavelength 𝜆. This 
corresponds to the first 2040 (𝑁𝑁) terms of the se-
ries (1) taken into account. Fourier spectrum and the field 
profile reconstructed from it are shown in Fig. 4.  

Using a 2D approximation (i.e. no field variation in the 
horizontal direction) the field satisfying Maxwell’s equa-
tions can be written as follows:  𝐵௬ ൌ  ሾሼ𝑎 cosሺ𝑘𝑧ሻ  𝑏 sinሺ𝑘𝑧ሻሽ ∙ coshሺ𝑘𝑦ሻሿ,ே∙ேೆ

ୀଵ  

(2) 𝐵௭ ൌ  ሾሼ𝑏 sinሺ𝑘𝑧ሻ െ 𝑎 cosሺ𝑘𝑧ሻሽ ∙ sinhሺ𝑘𝑦ሻሿே∙ேೆ
ୀଵ . 

Equation (2) has been applied to create 3D field maps of 
the undulator for their subsequent use in ASTRA and 
CST Particle Studio [6]. Field imported into the CST is 
shown in Fig. 5 where the right edge of the structure is 
depicted. A static magnetic field option of 3D cavity 
name list was used in ASTRA [2] to simulate particle 
dynamics in the undulator. 

 
Figure 5: CST model of the undulator field. 

The results of the on-axis reference particle tracking by 
the two above mentioned simulation tools coincide within 
good accuracy (Fig. 6). 

a)

b)

c) d)
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Figure 6: Horizontal trajectory of the on-axis reference particle simulated by: CST Particle Studio Trk solver (upper 
plot) and ASTRA code (bottom plot). 

Off-axis reference particle tracking revealed rather 
strong vertical focusing by the undulator field (2). The 
results of these tracking were used for the 4 nC beam 
matching into the undulator. As a first approximation an 
ideal model electron distribution with a flattop temporal 
(7 mm FWMH) and Gaussian transverse phase spaces 
(projected emittance of 4 mm mrad) was used. After tun-
ing of the input beam Twiss parameters by running AS-
TRA an optimum setup has been found (Fig. 7). Results 
of this matching have shown that for the optimum beam 
transport through the undulator the electron beam should 
be rather X-Y asymmetric. 

 
Figure 7: Matching of the model beam into the undulator: 
left - input transverse phase spaces; right - rms sizes of 
electron beam in the undulator simulated by ASTRA. 

 
Figure 8: Beam transport in the PITZ linac, including wall 
and undulator section (ASTRA simulations). 
Obtained input parameters were used for the optimization 
with a beam tracked from the cathode. Finally, undulator 
section has been included as well. In order to prepare 
asymmetric matching into the undulator keeping reasona-
ble size of the electron beam inside the wall between the 

main tunnel and the annex several quadrupoles were re-
tuned. Results of these optimizations are shown in Fig. 8. 
Transverse and longitudinal phase spaces of electron 
beam as well as its slice parameters at the undulator en-
trance are shown in Fig. 9. 

   

 

 
Figure 9: Phase space of the electron beam at the undula-
tor entrance: a) horizontal, b) vertical, c) longitudinal. d) 
Slice parameters of electron bunch: beam current, slice 
emittance and slice energy spread. 

THz SASE FEL SIMULATIONS 
Electron beam parameters (Fig. 9) were used to simu-

late THz SASE FEL with GENESIS 1.3 code [7]. Only 
fundamental wavelength 𝜆 of the undulator field was 
included. Number of undulator periods was set to 113; no  

a) b)

c)

d)

13th Int. Computational Accelerator Physics Conf. ICAP2018, Key West, FL, USA JACoW Publishing
ISBN: 978-3-95450-200-4 doi:10.18429/JACoW-ICAP2018-TUPAF23

D-1 Beam Dynamics Simulations
TUPAF23

249

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.



 

               

             

Figure 10: Input electron beam parameters used for GENESIS simulations: a) beam current, mean momentum and slice 
rms momentum spread; b) transverse rms sizes along the bunch; c) beta functions; d) alpha functions along the bunch. 

end cell features were included. Due to these and some 
other systematic limitations of the simulation tool (e.g., 
simplified space charge model) an additional tuning w.r.t. 
input electron beam Twiss parameters was performed to 
maximize the output THz pulse energy. Mainly vertical 
Twiss parameters of the input electron beam (𝛽௬, 𝛼௬ሻ 
were varied by simultaneous scaling of corresponding 
slice parameters. The emittance (slice and projected) 
remained unchanged. Main beam parameters along the 
electron bunch are shown in Fig. 10 for the electron beam 
directly plugged from the start-to-end simulations (nomi-
nal beam) and for the beam with (𝛽௬, 𝛼௬ሻ scaled by a 
factor of 0.25 (tuned beam). 

Results of GENESIS 1.3 simulations using both input 
beams are shown in Fig. 11. Grey curves refer to single 
shot realizations, the black curve corresponds to the aver-
age over a hundred realizations (simulation seeds). Only 
one LCLS-I undulator was used for these simulations. 
The output THz average pulse energy of 440 μJ for the 
nominal beam was increased to 600 μJ by the above men-
tioned tuning of the vertical Twiss parameters of the input 
electron beam. Average THz pulse at the undulator exit 
(middle plots in Fig. 11) has peak power of 32 and 
38 MW for nominal and tuned beam correspondingly, the 

rms duration for both cases is ~6 ps. The average spec-
trum (black curves in the bottom plots of Fig. 11) has a 
centre at ~107 μm and a width of ~5 μm (FWHM). Main 
parameters of THz pulses obtained from the statistical 
analysis of hundred realizations are summarized in the 
Table 1. This includes also an arrival rms time jitter of ~1-
2 ps calculated from the centre positions of simulated 
THz pulses. 
Previous simulations of the THz SASE FEL for the PITZ 
setup with APPLE-II type undulator [8] yielded rather 
high level of the radiation pulse energy (up to ~3 mJ at 
100 µm wavelength). Current start-to-end simulations of 
the proof-of-principle experiment resulted in a reduction 
of this level by a factor of 5. This can be related to the 
planar type of the LCLS-I undulator in contrary to the 
helical undulator APPLE-II used in [8]. The planar undu-
lator assumes asymmetric beam matching and therefore 
less efficient interaction of electrons with radiated field, 
whereas for the helical undulator the focusing in both 
transverse planes makes this interaction more homogene-
ous and efficient. Another source of the reduced THz 
power output is space charge effect, which should be 
taken into account by matching and transport of 4 nC and 
16 MeV electron bunches in the narrow undulator gap. 

a) b)

c) d)
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Figure 11: Results of THz SASE FEL simulations with GENESIS code. Pulse energy along the undulator for the nomi-
nal (a) and tuned (b) beams. The blue dotted line shows the fluctuation of the pulse energy along the undulator axis. 
Radiation pulse profile at the undulator exit for the nominal (c) and tuned (d) beams. Corresponding spectra at the undu-
lator exit for the nominal (e) and tuned (f) beams. 

Table 1: Simulated THz radiation properties 
Parameter Nominal 

beam 
Tuned 
beam 

Pulse energy (mJ) 0.44±0.11 0.60±0.13 
Peak power (MW) 43.0±10.2 58.5±14.3 
Pulse rms duration 
(ps) 

5.6±0.7 5.7±0.7 

Arrival rms time 
jitter (ps) 

1.7 1.4 

Centre wavelength 
(μm) 

106.5 106.8 

Spectrum width 
FWHM (μm) 

4.5 4.8 

 

CONCLUSIONS AND OUTLOOK 
Start-to-end beam dynamics simulations have been per-
formed for the proof-of-principle experiment on THz 
SASE FEL generation at PITZ by using a LCLS-I undula-
tor. Space charge dominated electron beam transport 
through the PITZ accelerator was optimized combining 
and iterating ASTRA and SCO codes. A model to gener-
ate 3D magnetic field map of the undulator has been de-
veloped and implemented. Tracking of the reference par-
ticle in the undulator field using CST Trk solver and AS-
TRA yields similar results. A strategy for the matching of 

the 4 nC electron bunch into the planar undulator was 
proposed. Asymmetric beam matching obtained with 
Gaussian beam was applied to the electron beam tracked 
from the photocathode and refined by tracking in the 
undulator field with included space charge effect. Ob-
tained electron beam 6D phase space at the undulator 
entrance was used as an input for the THz SASE FEL 
simulations by means of GENESIS 1.3. Additional tuning 
by scaling of electron beam vertical phase space resulted 
in the simulated THz pulse energy increase from 440 μJ 
to 600 μJ at the centre wavelength of ~100 μm. 
Several effects are still not considered: possible impact of 
the narrow vacuum chamber of the undulator (wakefield 
of electron bunch and waveguide effect of the FEL pro-
cess). Also the space charge model used in ASTRA and 
GENESIS simulations inside undulator has a limited 
applicability. Impact of possible undulator imperfections 
onto beam transport and FEL radiation has still to be 
estimated as well. 
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