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Abstract
A free-electron laser based THz source is undergoing de-

sign studies at the Photo Injector Test facility at DESY in
Zeuthen (PITZ). It is considered as a prototype for pump-
probe experiments at the European XFEL, beneiting from
the fact that the electron beam from the PITZ facility has
an identical pulse train structure as the XFEL pulses. In the
proposed proof-of-principle experiment, the electron beam
(up to 4 nC bunch charge and 200 A peak current) will be ac-
celerated to 16-22 MeV/c to generate SASE radiations in an
LCLS-I undulator in the THz range between 60 and 100 µm
with an expected energy of up to ∼1 mJ/pulse. In this pa-
per, we report our simulations on the optimization of the
photo-injector and the design of the transport and matching
beamline. Experimental investigations on the generation,
characterization and matching of the high charge beam in
the existing 22-m-long beamline will also be presented.

INTRODUCTION
As more user beamlines are put into use at the European

X-ray free-electron laser facility (EuXFEL), pump-probe
experiments will play an important role in many research
frontiers in biology, chemistry and materials, etc [1, 2].
Among those researches are the THz-pump X-ray-probe ex-
periments, in which a THz pulse is used to excite a sample
and a following X-ray pulse to detect the reaction of the
sample to the THz pulse [3]. To provide the THz pump,
proposals have been made at EuXFEL, for instance, by in-
jecting the used electron beam into a super-conducting THz
undulator [4]. Another promising idea is to put a separate
PITZ-like photo-injector near the user hall to drive the THz
source [5]. The advantages are: 1) it can produce the iden-
tical electron bunch train (thus THz pulse train) as the X-
ray pulses at EuXFEL; 2) the electron beam has moderate
energy so no large beam dump is needed and 3) it can be
installed near the user hall and thus is lexible in terms of
the THz transportation. Previous simulation studies [5–8]
showed that milli-joule level THz SASE radiations could
be generated from 4 nC electron bunches with 200 A peak
current in Apple-II or similar undulators. Currently, proof-
of-principle experiments funded by the EuXFEL are taking
place at PITZ by using the existing PITZ beamline extended
with an LCLS-I undulator module. In this paper, we will
report the progress of this project, including a start-to-end
simulation study based on the proposed beamline and exper-
imental investigations on the generation, characterization,
∗ Work supported by the European XFEL Gmbh† xiangkun.li@desy.de

transport and matching of the high charge, high peak cur-
rent beam in the existing beamline.

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 focus-
ing magnets with a total length of 22 m [9]. It will be ex-
tended with one LCLS-I undulator (see Table 1) located at
27.5 m from the photocathode to generate SASE radiations.
Since the beam emittance is not critical for FELs in the THz
range, our major attention has been paid to the peak cur-
rent and the energy spread [6]. While a higher peak current
means higher FEL gain, a smaller energy spread means eas-
ier beam transport as well as higher FEL gain. Considering
these facts the photo-injector is irst optimized for the peak
current and the energy spread and then two triplets are se-
lected for the beam transport. In addition, the very strong
focusing forces in the vertical plane in the small vacuum
chamber (11 mm width and 5 mm hight) of the LCLS-I un-
dulator posts another challenge. To avoid beam loss to the
wall, the transverse phase spaces should be matched prop-
erly. Therefore, another two triplets will be installed before
the undulator and their gradients need to be optimized.

Start-to-End Simulation
The capability of lattop laser shaping has been demon-

strated before at PITZ [9] and here we assume a lattop laser
of 21.5 ps in full-width-half-maximum (FWHM). Such a
long pulse will relieve the space charge force and is favor-
able for generating high peak current. The laser spot size at
the photocathode can be changed by a tunable beam shaping
aperture (BSA). The highest achievable gun gradient of 60
MV/m is taken into account to suppress the mirror charge
during emission. With this gun gradient, the beam momen-
tum out of the booster is around 22 MeV/c, corresponding
to a radiation wavelength of 60 µm in the LCLS-I undula-
tor. In this paper, we however tune the parameters for the
nominal wavelength of 100 µm (3 THz in frequency) and
the correponding beam momentum is 17.05 MeV/c.

At the bunch charge of 4 nC, the laser spot size, the
accelerating phases in the gun and in the booster with re-
spect to the maximum mean momentum gain (MMMG)
phase as well as the solenoid current were optimized by
the diferential-evolution (DE) algorithm [10] with the par-
ticle tracking code Astra [11] in such a way that the energy
spread was minimized at the undulator center while keeping
the beam emittance relatively small (e.g., ∼ 4 mm mrad). It
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was found that the peak current, �peak, was dependent on the
laser spot size, �, as shown in Fig. 1(a). The increase in
laser spot size reduces the longitudinal space charge forces,
especially near the cathode where the electrons have low ki-
netic energies. The density of the samples shows well the
preference of a large laser spot size during the search.

Figure 1: Dependence of (a) peak current on laser spot size
(BSA) and (b) correlated energy spread on booster phase.

The correlated energy spread, �corr� = ⟨��Ǭ⟩/��, where�� is the kinetic energy, Ǭ the position and �� the bunch
length, was found dependent on the booster phase, �booster,
as shown in Fig. 1(b). By accelerating the bunch of-crest
(�booster<0), the longitudinal phase space is chirped so that
its tail has higher kinetic energy than its head has, that is,�corr� < 0 at the booster exit. Then in the drift, the head
is accelerated by space charge force from the tail, therefore
reducing the energy spread. At minimum energy spread,�corr� = 0. The gathering of samples implied that the best
phase is around -20 degrees.

Figure 2: Start-to-end simulation: (a) rms beam sizes, (b)
normalized emittances and (c) rms energy spread and mean
momentum along the beamline.

After optimizing the photo-injector, the beam transport
line was designed. As mentioned above, the small vacuum
chamber deines the transverse phase spaces at the undula-
tor entrance [8], which are treated as the goal functions in
the design of the transport line. As shown in Fig. 2(a), two
triplets are used to smoothly focus the beam and the other

two are used to match the beam into the undulator. The
evolutions of normalized emittances, ��, the beam momen-
tum, �, and relative energy spread, ��/�, can be found
in Fig. 2(b) and (c). The emittances stay small through
the whole beamline and the minimum energy spread ap-
pears around the undulator. The transverse and longitudinal
phase spaces at the undulator entrance are shown in Fig. 3.
The main electron beam parameters can be found in Table 1.

Figure 3: (a) Transverse and (b) longitudinal phase spaces
at the undulator entrance.

Table 1: Summary of Simulations

Parameter Value Unit
Electron beam at und. ent.
Bunch charge 4.0 nC
Mean momentum 17.0 MeV/c
Energy spread 0.4 %
Peak current 180.5 A
Norm. emittance, Ǫ/ǫ 4.3/4.9 mm mrad

Undulator
Undulator period 30 mm
# of periods 113
Peak magnetic ield 1.28 T

THz radiation
Pulse energy 493.1±108.8 µJ
Center wavelength 101.8±0.7 µm
Spectrum width 2.0±0.4 µm
Arrival time jitter 1.45 ps

THz
The above beam was then used as an input to Genesis

1.3 [12] for the calculation of THz SASE radiations with
one LCLS-I undulator. For statistics 100 runs were per-
formed with various initial seeds for shot noise. The waveg-
uide efects from the vacuum chamber were not taken into
account. The pulse energy, �, along the undulator is shown
in Fig. 4(a), where the gray lines are the 100 runs and the
black one the average (0.5 mJ at the undulator exit). The
spectra, ��, are shown in Fig. 4(b) with the central wave-
length of 102 µm. Other parameters are given in Table 1.

EXPERIMENTS
Electron

The proof-of-principle experiments post several chal-
lenges. The irst one is the capability of extracting 4 nC

Radiation Generation

Beam Characterization
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Figure 4: (a) THz pulse energy along the undulator and (b)
its spectrum at the exit.

bunch charge from the Cs2Te photocathode. In Fig. 5(a), it
shows the dependence of the accelerated bunch charge on
the laser transmission rate (or laser energy) when a large
BSA of 3.5 mm was applied to the drive laser of 6 ps
long in FWHM. While more than 4.5 nC bunch charge was
measured, very strong saturation (deviation of the extracted
bunch charge from linear it) was also observed at the same
time, resulting from the strong mirror charge force during
emission at the presence of the short Gaussian laser pulse.

Figure 5: Measurement of (a) emission curve and (b) bunch
proile.

Table 2: Comparison of Measured and Simulated Beam
Parameters

Parameter Meas. Simul. Unit
Laser FWHM ∼6.2 6 ps
Spot size 4.0 4.0 mm
Bunch charge 2.53±0.05 2.5 nC
Momentum 17.0 17.0 MeV/c
Peak current 153±0.5 156.0 AǪǫ emittance 3.9±0.07 4.1 mm mrad

The second challenge is the transport of the high charge
beam while not deteriorating its quality. In order to avoid
strong saturation as observed at 4 nC, we decided to char-
acterize the beam at a reduced bunch charge of 2.5 nC. The
longitudinal bunch proile at this bunch charge, measured
by a transverse delecting cavity system (TDS), is shown in
Fig. 5(b). The peak current, measured as 153 A, is still high
and more importantly is enough for the proof-of-principle
experiments with the current laser setup. The transverse
phase spaces measured by the slit-scan method are shown
in Fig. 6. Simulations have been performed with the experi-

mental setup and very good agreement has been found (see
Table 2).

Figure 6: Measured transverse phase spaces in (a) horizon-
tal and (b) vertical planes: ��,� = 4.0, ��,� = 3.8 mm mrad.

Electron
As mentioned in previous section, the strong focusing in

the small vacuum chamber in the LCLS-I undulator puts
another challenge on the experiment. To safely transport
through the chamber, a lat electron beam which focuses
both horizontally and vertically is desired (see Fig. 3(a)).
Since the extension beamline is still under construction, we
utilized our existing beamline to test the matching proce-
dure, that is, to produce the same beam at a given location
as desired at the undulator entrance. With two quadrupole
triplets the matching was implemented and the lat beam
was observed at one of the screen stations, as shown in
Fig. 7(a) and (b). The transport of the beam has also been
compared to simulations with good agreement.

Figure 7: (a) Transport and matching of the electron beam
from simulation and measurement and (b) transverse distri-
bution at the matching screen (YAG in (a)).

CONCLUSION
A THz SASE FEL is under design study at PITZ as

proof-of-principle experiments for future pump-probe ex-
periments at European XFEL. In this paper, the start-to-end
simulations based on the proposed beamline was presented,
yielding a THz pulse energy of 0.5 mJ. Experimentally, we
have veriied the capability of producing more than 4 nC
bunch charge from the photocathode RF gun. And at a re-
duced bunch charge of 2.5 nC intended to suppress strong
saturation due to mirror charge during emission, we have
successfully transported and matched the beam to a screen
station close to the end of the existing beamline, with rea-
sonable beam quality measured. In the future, the beam will
be sent to an LCLS-I undulator installed in the second PITZ
tunnel, aiming at up to mJ level THz radiations.

Beam Matching
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