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Abstract
High brightness electron sources for modern linac-based

Free-Electron Lasers (FELs) have been characterized and op-

timized at the Photo Injector Test facility at DESY, Zeuthen

site (PITZ). Since the time structure of the electron bunches

at PITZ is identical to those at the European XFEL, the PITZ

accelerator is being considered as a proper machine for the

development of an IR/THz source prototype for pump and

probe experiments planned at the European XFEL. Tunable

IR/THz radiation sources using synchrotron radiation from

a dipole magnet, transition radiation, high gain FELs and

coherent radiation of tailored or premodulated beams are

currently under consideration. This work describes start-to-

end simulations for generating the FEL radiation using an

APPLE-II undulator with electron beams produced by the

PITZ accelerator. Analysis of the physical parameter space

has been performed with tools of the FAST program code

package. Electron Beam dynamics simulations were per-

formed by using the ASTRA code, while the GENESIS 1.3

code was used to study the SASE process. The results of

these studies are presented and discussed in this paper.

INTRODUCTION
The concept of generating IR/THz radiation by electron

bunches from a linear accelerator for pump and probe experi-

ments at the European XFEL was presented in Ref. [1]. One

of the important requirements for the IR/THz pulse is the

possibility for a precise synchronization with the x-ray pulse.

A way to meet this requirement is generating the IR/THz

pulse from the same type of electron source which serves

the European XFEL and therefore can provide the same time

structure and repetition rate as those of the x-ray pulses.

The Photo Injector Test facility at DESY, Zeuthen site

(PITZ) has been established to develop, study and opti-

mize high brightness electron sources for modern linac-

based short-wavelength Free-Electron Lasers (FELs) like

FLASH [2] and the European XFEL [3]. The photocath-

ode laser system at PITZ has the essential feature to be able

to produce various temporal pulse shapes [4]. The flat-top

temporal profile with a FWHM length of 20-22 ps and ∼2 ps

rise/fall times is usually used for the operation. The electron

bunch charge can be varied from a few pC to 4 nC and the

beam can be accelerated up to ∼22 MeV/c.

Since PITZ serves as the facility for commissioning and

optimizing RF guns for the European XFEL [5,6] the same

characteristics (time structure and beam quality) of the elec-
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tron beam from the RF gun at PITZ is available as it will be

at the European XFEL. In addition, the site of a PITZ-like

setup is small enough to fit in the experimental hall for the

European XFEL users so that the transport of the IR/THz

radiation to the user experiments is very short. From these

advantages, PITZ can be considered as an ideal machine for

the development of a prototype IR/THz source for pump-

probe experiments at the European XFEL.

With the current techniques for the production of electron

beam at PITZ and different means for radiation generation

(dipole magnet, transition radiation, high gain FELs, coher-

ent radiation of tailored or premodulated beams, etc), it will

be possible to cover wavelengths in the whole radiation spec-

trum from IR (μm) to THz (cm) wavelengths with a variety

of field patterns (from single-cycled to narrow-band), and

with a high level of the peak and average radiation power [1].

As the PITZ beamline has limited possibilities to install

additional components, a preliminary layout for the IR/THz

radiation source was developed and is presented in Fig. 1.

Preliminary studies by using this layout have been done in

order to get benchmark results for actual beamline modi-

fications and further studies. The layout consists of a 1.6-

cell L-band photo RF gun surrounded by main and bucking

solenoids, a cut disk structure (CDS) booster, a c-shape chi-

cane bunch compressor (D1 to D4), quadrupole magnets

(Q1 to Q11), screen stations (S1 to S5) and an APPLE-II

type undulator [7]. The components and their positions in

this layout from the RF gun to the screen S1 are similar

to those of the current PITZ layout. With this preliminary

layout, we plan to study the radiation generation with 2

procedures: (i) Self-Amplification of Spontaneous Emis-

sion Free-Electron Lasers (SASE FELs) in the undulator

using an uncompressed, high charge electron bunch and (ii)

Coherent Transition Radiation (CTR) using an ultra-short

electron bunch which is compressed by the chicane bunch

compressor. The SASE radiation is anticipated to cover radi-

ation wavelengths of 20-100 μm while radiation wavelengths

above 100 μm are expected from the CTR.

This paper presents start-to-end (S2E) numerical simula-

tions for the SASE FEL radiation in the wavelength range

of 20-100 μm. An uncompressed electron beam with 4 nC

bunch charge and the APPLE-II type undulator were used

in the simulations. Calculation of the saturation character-

istics has been performed with tools of the FAST program

code package [8–10]. Beam dynamics simulations were

performed by using A Space charge TRacking Algorithm

(ASTRA) code [11], while the GENESIS1.3 code [12] was

used to study the SASE process.
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Figure 1: Preliminary schematic layout of the IR/THz facility at PITZ. Here S, Q and D represent screen stations, quadrupole

magnets and dipole magnets, respectively.

CONSIDERATIONS OF UNDULATOR
PERIOD LENGTH AND ELECTRON

BEAM MOMENTUM
The objectives of this section are to determine the undu-

lator period length and the electron beam momentum for

generating radiation wavelengths of 20 μm and 100 μm. The

undulator used in this study is an APPLE-II type undulator

in circular polarization mode. Its peak magnetic field (B0)

and undulator parameter (K) can be calculated by using the

following equations [13, 14]:

B0 = 1.54 exp �
�
−4.46

g

λu
+ 0.43

(
g

λu

)2

�
�
, (1)

K =
eB0λu
2πmec

, (2)

where g is the undulator gap, λu is the undulator period

length, e is the electron charge, me is the electron mass and c
is speed of light. The goal FEL radiation wavelength (λrad)

can be calculated by the well-known undulator equation:

λrad =
λu

2γ2

(
1 + K2

)
, (3)

where γ is the Lorentz factor of the electron beam.

In order to achieve the shortest FEL saturation length,

the shortest period length of the undulator is expected. The

minimum gap is chosen to be 10 mm for sufficient space for

the beam pipe. In order to avoid strong space-charge effects

during the beam transportation, the minimum electron beam

momentum is limited to 15 MeV/c and the beam momentum

needs to be as high as possible for each radiation wavelength.

However, the maximum electron beam momentum is limited

at 22 MeV/c which is the practical maximum momentum

used at PITZ. Figure 2 presents the calculated beam mo-

mentum as a function of the undulator gap for each case of

radiation wavelength and undulator period length. Under

the above mentioned conditions, the proper period length is

40 mm, from which follows that the radiation wavelengths

of 20 μm and 100 μm can be generated with beam momenta

of 22 MeV/c and 15 MeV/c, and gap widths of ∼16.5 mm

and ∼10 mm, respectively.

OVERVIEW OF THE PARAMETER SPACE
An analysis of the parameter space of the SASE FEL at

PITZ is performed for two cases of radiation: 100 μm wave-

length using a 15 MeV/c electron beam and 20 μm wave-

length using a 22 MeV/c electron beam. It is performed

Figure 2: Electron beam momenta for radiation wavelengths

of 20 μm and 100 μm as a function of the undulator gap for

the different period lengths of the undulator.

by means of tools implemented in the code package FAST

[8–10]. We assume natural focusing properties of the helical

undulator, thus the remaining parameters of the problem

are photon wavelength, energy of the electron beam, peak

current, emittance, and energy spread. The numerical solu-

tion of the corresponding eigenvalue equation [8, 10] shows

that the main physical effects defining the operation of the

FEL amplifier are the diffraction effects and the space charge

effects. The influence of the longitudinal velocity spread

due to emittance and energy spread is negligible.

Figures 3 and 4 show an overview of the saturation charac-

teristics of the SASE FEL versus peak current and emittance.

The gray circles at these plots denote the points in the param-

eter space which we analyze below with detailed numerical

simulations with the code GENESIS 1.3. An important fea-

ture of the physical parameter space is the small value of

the diffraction parameter and the large value of the space

charge parameter [8]. In the largest fraction of the parameter

space we observe pretty slow dependence of the saturation

characteristics on the emittance which reflects the feature

of the logarithmic dependence of the FEL gain for small

values of the diffraction parameter [8]. At small emittances

we see degradation of the FEL gain due to strong space-

charge fields. Strong diffraction effects are important also

as a factor for a significant reduction of the slippage of the

radiation with respect to the kinematic slippage due to the

fact that the group velocity of the amplified wave, ∂ω/∂k,
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is less than the velocity of light (c) [8]. This effect allows

effective operation of the FEL amplifier driven by short elec-

tron pulses. Analysing the influence of the peak current

shows that operation at higher currents is more preferable

for a reduction of the saturation length and an increase of

the peak radiation power. Note that the parameter space of

the PITZ FEL is pretty close to that of the first SASE FEL

by the UCLA/LANL/RRCKI/SLAC group [8, 15, 16].

Figure 3: Contour plot for the saturation power [W] versus

peak current [A] and emittance [mm-mrad]. Top and bottom

plots correspond to the cases of 100 μm using a 15 MeV/c

electron beam and 20 μm using a 22 MeV/c electron beam,

respectively. The calculations have been performed with the

code FAST.

BEAM DYNAMICS SIMULATIONS
Beam dynamics simulations using the ASTRA code were

performed in order to deliver an uncompressed 4 nC electron

beam from the cathode to the undulator entrance. Space-

charge calculations were included in the simulations. The

beam transport line layout used in these simulations follows

the schematic diagram in Fig. 1. A flat-top cathode laser

pulse with a FWHM length of 20 ps and ∼2 ps rise/fall times

was used. In order to ensure that the rms laser spot size is

big enough for generating 4 nC bunch charge, the rms laser

spot size was set to 1 mm which is close to the maximum

size from the practical point of view. The peak electric field

Figure 4: Contour plot for the saturation length [cm] versus

peak current [A] and emittance [mm-mrad]. Top and bottom

plots correspond to the cases of 100 μm using a 15 MeV/c

electron beam and 20 μm using a 22 MeV/c electron beam,

respectively. the calculations have been performed with the

code FAST.

at the cathode was fixed at 60 MV/m and the booster peak

electric fields were set to 10 and 18 MV/m for the beam

momenta of 15 MeV/c and 22 MeV/c, respectively.

The contour plots in the previous section indicate that

the emittance values at the undulator entrance should be

large enough in order to get rid of strong space-charge fields.

However, if one realizes beams with high bunch charge and

quite low momentum, a huge increase of the emittance dur-

ing the beam transport can be expected. For this reason, the

main solenoid current at the gun was optimized for mini-

mum beam emittance values at the first screen station (S1)

for both cases of beam momenta. Figure 5 shows the normal-

ized transverse emittance as a function of the main solenoid

current. The minimum emittance values were obtained at

the main solenoid current of 388 A and 390 A for the cases

of beam momenta of 15 MeV/c and 22 MeV/c, respectively.

Simulations using the optimized main solenoid current

were done from the cathode to the undulator entrance. The

quadrupole magnets Q1 to Q10 were used for beam transport

and matching. The matching strategy is that the transverse

size is slightly focused during the transport in order to have a
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compromise between the smallest beam size and the weakest

beam divergence at the undulator entrance. Figure 6 shows

the evolutions of rms beam sizes and the emittance values

through the RF gun, the booster cavity and the matching

section (S1 to S5). The simulation results show that the

growth of emittance in vertical plane is bigger than that of

the horizontal plane for both cases of beam momenta. For

the case of 15 MeV/c, the emittance growth from the begin

to the end of the matching section is about a factor 3 while

it is about a factor 2 for the case of 22 MeV/c. The asymme-

try of the emittance values between vertical and horizontal

planes is due to asymmetric quadrupole focusing strength be-

tween two planes [17]. The final transverse parameters and

longitudinal profiles of the beams at the undulator entrance

are shown in Table 1 and Fig. 7, respectively. Parameters

denoted by the gray circles in Fig. 3 and Fig. 4 are illustrated

for these final beam profiles. Saturation power of more than

30 MW and a saturation length around 5 m can be expected.

The strategies of beam optimization and matching still have

to be improved in order to deliver beams which allow for

shorter saturation length.
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Figure 5: Simulated normalized transverse emittance at the

screen S1 as a function of main solenoid current.

Table 1: Transverse Parameters of the Matched Beams at

the Undulator Entrance

Paramaters 15 MeV/c 22 MeV/c
σx [mm] 0.36 0.25

σy [mm] 0.36 0.25

εn,x [mm-mrad] 6.34 2.95

εn,y [mm-mrad] 7.16 3.98

αx 0.62 0.20

αy 1.36 −0.03

FEL SIMULATIONS
Simulations of the FEL radiation were performed using

the GENESIS 1.3 code. The calculations in time-dependent

mode including space-charge effects were used in the simula-

tions. The simulations were performed for both cases of radi-

ε
ε

ε

ε

ε

ε

(a) Normalized transverse emittance.

σ
σ

σ

σ

σ

σ

(b) Transverse rms size.

Figure 6: Evolutions of the transverse emittances (εn,x , εn,y )

and transverse rms sizes (σn,x , σn,y ) of the electron beams

from the cathode to the undulator entrance.

Figure 7: The slice current (left) and the slice rms momen-

tum spread (right) of the matched beams at the undulator

entrance.

ation: 20 μm and 100 μm. The matched beams from the pre-

vious section were used as the input beams for GENESIS 1.3.

The undulator period length was set to 40 mm and the un-

dulator length is assumed to be 7 m (175 periods) in order

to be long enough to reach the saturation points for the both

cases. In this preliminary simulation, the grid size for the

field calculation was set to be larger than the transverse radi-
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ation size along the entire undulator length in order to avoid

complication of the boundary conditions.

Figure 8 presents the peak power along the undulator.

The saturation lengths are 4.12 m (103 periods) and 5.60 m

(140 periods) for the radiation wavelengths of 100 and

20 μm, respectively. Figure 9 presents the temporal and

spectral structures of the radiation pulses at the points of sat-

uration. For 100 μm, the saturation power is about 90 MW

while a spectrum bandwidth of the main peak is about 3 %.

For 20 μm, the saturation power is about 130 MW with a

bandwidth of the main peak in the spectrum spectrum is less

than 1 %. By comparing these results with the results from

the code FAST in Fig. 3 and Fig. 4, the saturation lengths

from the simulations are corresponding well to the results

from those contour plots. In contrast, the saturation powers

from the simulations are higher than those in the contour

plots for the both cases.

Figure 8: Output peak power along the undulator axis for

the cases of 100 μm using a 15 MeV/c electron beam and

20 μm using a 22 MeV/c electron beam.

CONCLUSION AND OUTLOOK

The parameter space of a new IR/THz source based on

PITZ setup was studied. Analysis of the physical parame-

ter space was done using the FAST code and preliminary

start-to-end simulations of the SASE FEL were performed

using the ASTRA and the GENESIS 1.3 codes. The results

show that a radiation peak power of more than 90 MW with

a narrow bandwidth below 3 % can be achieved. However,

the strategies of electron beam optimization and matching

still can be improved in order to enhance the FEL perfor-

mance. In a next step, FEL simulations including waveguide

boundary conditions will be studied and performed. Already

now this case study shows interesting options for a tunable,

synchronized IR/THz source for pump-probe experiment at

the European XFEL.

(a) Temporal profiles of the radiation pulses.

Δω ω Δω ω

(b) Spectral profiles of the radiation pulses.

Figure 9: Temporal and spectral profiles of the radiation

pulses at the saturation points. Left and right plots corre-

spond to the case of 100 μm using a 15 MeV/c electron beam

and 20 μm using a 22 MeV/c electron beam, respectively.
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