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Abstract
A proof-of-princle experiment for a THz SASE FEL is

undergoing preparation at the Photo Injector Test facility
at DESY in Zeuthen (PITZ), as a prototype THz source
for pump-probe experiments at the European XFEL, which
could potentially provide up to mJ/pulse THz radiation while
maintaining the identical pulse train structure as the XFEL
pulses. In the proof-of-principle experiment, LCLS-I undu-
lators will be installed to generate SASE radiation in the THz
range of 3-5 THz from electron bunches of 16-22 MeV/c.
One key design is to obtain the peak current of nearly 200 A
from the heavily charged bunches of a few nC. In this paper,
we report our simulation results on the optimization of the
space charge dominated beam in the photo injector and the
following transport line with two cathode laser setups. Ex-
perimental results based on a short Gaussian laser will also
be discussed.

INTRODUCTION
At the European X-ray free-electron laser facility (Eu-

XFEL) pump-probe experiments play important roles in
many research frontiers in biology, chemistry and condensed
matters, etc. Among them are the THz-pump X-ray-probe ex-
periments, where a THz pulse is used to excite a sample and
the following X-ray pulse is used to detect its reactions [1].
In order to provide the THz pump source, several proposals
are under consideration. In one proposal the high-energy
electron beam will be re-used to drive a THz undulator [2],
as already demonstrated at FLASH [3]. Another idea is to
put an independent PITZ-like photo-injector near the user
hall to drive a THz undulator [4], which is currently undergo-
ing a proof-of-principle experiment at PITZ. The expected
advantages include: 1) Due to the low beam energy, the ac-
celerator needs no big beam dump and can be installed close
to user experiments so that no long THz beamline has to be
built; 2) The PITZ-like accelerator with identical bunch train
structure as the XFEL pulses could support all the EuXFEL
end stations with THz pulses, provided that a switchyard for
the THz pulses is built. Previous studies [4–7] have showed
that milli-joule level THz pulses could be generated from
4 nC electron bunches with 200 A peak current in Apple-II
or similar undulators through the SASE process. For the
proof-of-principle experiment, the existing PITZ beamline
is to be extended with LCLS-I undulators installed in the
tunnel annex. In this paper, we will report the current sta-
tus of this project, including start-to-end simulation studies
∗ Work supported by the European XFEL GmbH
† xiangkun.li@desy.de

based on a regularly operating Gaussian cathode laser and
on a longitudinally shaped flattop laser. It will be shown that
similar peak current can be achieved from both laser setups
and the resulting radiation energies are close to 1 mJ. For
Gaussian laser pulses, experiments have been carried out to
demonstrate the production of a few nC bunch charge and
the possibility of matching the heavily charged bunch to the
undulator.

START-TO-END SIMULATIONS
The photo-injector at PITZ consists of an L-band pho-

tocathode RF gun, solenoids for emittance compensation,
an L-band booster cavity and many correction and focusing
magnets, with a total beamline length of 22 m [8]. In the
start-to-end simulations, we first optimize the photo-injector
and then design the transport line until the proposed un-
dulator entrance. The radiation from the optimized beams
is finally evaluated with Genesis 1.3 [9]. At PITZ, two
cathode laser setups are available: a short Gaussian laser
(FWHM=6∼7 ps) which is in stable operation and a long
flattop laser (FWHM∼22 ps) which can be realized by lon-
gitudinal pulse shaping with bi-diffracting crystals before
the laser is amplified [8]. Although both lasers are Gaussian
transversely, it is also possible to produce approximately uni-
form transverse distributions by overfilling a tunable beam
shaping aperture (BSA). For the THz project, both lasers
are under consideration. For the Gaussian laser, relatively
small bunch charge of 2.5 nC is employed to avoid emission
saturation, as shown later. In the presence of the long flattop
laser, the bunch charge of 4 nC is taken.

Optimization of the Injector
In the optimization we took the highest achievable gun

gradient of 60 MV/m into account to reduce the space charge
effects during emission. With this gradient, the highest
beam momentum downstream the booster is about 22 MeV/c,
which corresponds to a radiation wavelength of 60 µm in the
LCLS-I undulator. In this paper, we consider a nominal
wavelength of 100 µm (3 THz in frequency) with a beam
momentum of 17 MeV/c.

Since the beam emittance is not critical for FELs in the
THz range, the optimization is focused on the peak current
and the energy spread [5], as a higher peak current helps to
improve the FEL gain and a smaller energy spread simplifies
beam transport and also leads to higher FEL gain. With
the particle tracking code Astra [10], the laser spot size, the
accelerating phases in the gun and in the booster and the
solenoid current were searched by the differential-evolution

THz
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(DE) algorithm [11] in a manner that the beam energy spread
was minimized at the undulator center while the beam emit-
tance was relatively small (∼ 4 mm mrad). The simulations
stopped at 𝑧 = 20 m. From the optimization results, the
peak current at 𝑧 = 20 m has been analyzed against the input
parameters. It is found that the peak current (𝐼peak) strongly
depends on the laser spot size (BSA), as shown in Fig. 1. For
both laser setups, the peak current increases with the spot
size. Smaller BSA means higher charge density and stronger
space charge forces, which lengthens the beam when the
beam energy is still small before entering the booster cavity,
as shown later in Fig. 3. Meanwhile, higher peak currents
can be obtained from the flattop laser since more charge is
involved.
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Figure 1: Dependence of peak current on laser spot size
(BSA) for (a) the Gaussian and (b) the flattop laser.

Another important input parameter is the booster phase
(𝜙booster), which is related to the correlated energy spread
(𝜎corr

𝐸 = ⟨𝐸𝑘𝑧⟩/𝜎𝑧) in Fig. 2. By accelerating the beam off-
crest, the longitudinal phase space is chirped so that the tail
has higher kinetic energy than the head has at the booster
exit (𝜎corr

𝐸 < 0). In the following drift the beam energy
spread reduces gradually due to the space charge forces.
The difference in initial bunch profile and charge resulted in
different optimal booster phases for the two lasers, that is,
around -30 degrees for the Gaussian laser and is around -20
degrees for the flattop laser.
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Figure 2: Dependence of correlated energy spread on the
booster phase for (a) the Gaussian and (b) the flattop laser.

Beam Transport and Matching
From the above optimization results, two cases with rel-

atively high peak current (∼ 170 A) have been selected for
further transport to the undulator. The drift length between
the booster and the undulator is more than 20 m. Besides,
the LCLS-I undulator has a strong magnetic field (1.28 T)
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Figure 3: Beam transport for (a) the Gaussian and (b) the
flattop laser.

and very small vacuum chamber (5×11 mm), which strictly
defines the transverse phase spaces of the beam at the undu-
lator entrance [7]. Considering these facts, two quadrupole
magnet triplets have been chosen from the PITZ beamline to
deliver the beam to the undulator and another two to match
the beam into it. Fig. 3 shows the evolutions of the optimized
RMS beam size for both laser setups, where the location
of triplets can be found by changes in the beam size. The
optimized longitudinal profiles at the undulator entrance
are shown in Fig. 4 together with the slice emittance. The
peak current is around 175-180 A for both setups. Note
that the peak current has increased during the transport for
the beam being compressed by ballistic bunching. Since
the Gaussian laser is shorter, the resulting current profile is
narrower. Other beam parameters at the undulator entrance
are compared in Table 1.
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Figure 4: Current profile and slice emittance of the optimized
beam at the undulator entrance for (a) the Gaussian and (b)
the flattop laser.

Table 1: Simulated Beam Parameters at Undulator Entrance

Parameter Gaussian Flattop Unit

Laser FWHM 6 22 ps
Laser spot diameter 4.0 4.5 mm
Bunch charge 2.5 4.0 nC
Momentum 17 17 MeV/c
Energy spread 0.2 0.4 %
Peak current 175 179 A
Beam emittance 4.1/3.9 4.3/4.9 mm mrad
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THz Radiation Generation
The optimized beams were then treated as inputs for Gen-

esis 1.3 [9] for the calculation of THz SASE radiation. The
undulator has 113 periods with a period of 30 mm and a
peak magnetic field of 1.28 T. For statistics, 100 runs were
performed with various initial seeds for shot noise. The
pulse energies (𝐸) along the undulator are given in Fig. 5,
where the gray lines are individual simulations and the black
ones are the averaged results. The spectra (𝜆𝑠) of the pulses
are shown in Fig. 6. The main properties of the THz pulses
from both setups are compared in Table 2. As expected,
higher THz pulse energies are obtained from the flattop laser
setup because it has more charge.
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Figure 5: THz pulse energy along the undulator for (a) the
Gaussian and (b) the flattop laser.
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Figure 6: THz pulse spectra for (a) the Gaussian and (b) the
flattop laser.

Table 2: Simulated THz SASE Radiation Parameters

Parameter Gaussian Flattop Unit

Pulse energy 323± 99 493±109 µJ
Pulse power 97±30 53±12 MW
RMS arrival time jitter 3.3 1.5 ps
Center wavelength 103±1.1 102±0.7 µm
RMS spectrum width 3.6±1.0 2.0±0.4 µm

EXPERIMENTAL STUDIES
As the preparation of the extension beamline is in progress,

experimental studies have been performed in the existing
beamline, focused on the production, characterization and
matching of an electron bunch of a few nC. Since the Gaus-
sian laser was in operation for other parallel activities at
PITZ, it was used. To generate high bunch charge, the laser

energy has been scanned with BSA diameter varying from
3.0 to 4.5 mm. The emission curves are given in Fig. 7 (a).
For these large BSAs, more than 4 nC has been measured.
However, only 2.5 nC with a BSA size of 4.0 mm was con-
sidered in the following experiments in order to avoid strong
saturated emission (deviation of the extracted bunch charge
from linear fit).
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Figure 7: (a) Emission curves and transverse phase spaces
in (b) horizontal plane and (c) vertical plane.

The solenoid current was scanned for minimizing the
transverse beam emittance measured by the slit-scan
method [8]. The phase spaces for the lowest emittance are
shown in Fig. 7 (b) and (c), giving 4.0 and 3.8 mm mrad in
horizontal and vertical planes, respectively. The emittance
is comparable with the optimization (∼ 4 mm mrad).
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Figure 8: (a) Transport and matching of the electron beam
from simulation and measurement and (b) transverse distri-
bution at the matching screen (YAG in (a)).

To safely transport the beam through the undulator vac-
uum chamber, a flat electron beam which focuses both hor-
izontally and vertically is needed. The matching has been
demonstrated in the existing beamline with two quadrupole
triplets, as shown in Fig. 8. Next, the flattop laser will be in-
volved for investigating the possibilities of producing, trans-
porting and matching even more charge to the undulator.

CONCLUSION
An accelerator based THz SASE FEL is currently under

construction at PITZ as a proof-of-principle experiment for
pump-probe experiments at European XFEL. In this paper,
the start-to-end simulations were presented, with two dif-
ferent laser setups being considered and compared, both
yielding a THz pulse energy close to 1 mJ. Experimentally,
we have verified the capability of producing a few nC bunch
charge from the photocathode RF gun with the Gaussian
laser. The beam quality was comparable to simulation re-
sults and the beam matching was demonstrated in the existing
beamline. Next, experiments will be carried out with more
bunch charge from a long flattop laser.
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