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Abstract
After about a decade of research, development and con-

struction work, the bERLinPro Energy Recovery Linac
project at HZB changed over into the commissioning phase
and started the operation of the SRF photo-injector with
the injection line of the accelerator. This system had al-
ready produced beam from a metal photo-cathode in 2018
in a dedicated test environment and was assembled in the
accelerator hall after a required refurbishment and repair
program. The 1.3 GHz SRF gun successfully generated first
photoemission beam from a high quantum efficiency (QE)
Na-based multi-alkali photocathode. In this contribution,
the results of the first two measurement campaigns will be
shown, including a review of the SRF design, the RF com-
missioning, the cavity performance, especially with respect
to dark current, the cathode quantum efficiency and lifetime,
as well as the measured beam parameters.

INTRODUCTION
The SRF cavity based photo-injector [1] at bERLinPro [2]

was initially designed to deliver a high power beam of about
2.5 MeV with an average current of 100 mA delivered in
bunches of 77 pC filling every RF bucket at 1.3 GHz. This
beam would have been transported and further accelerated
by the booster module [3] to the injection energy of 6.5 MeV
into the recirculator of the single loop high intensity Energy
Recovery Linac (ERL). As a design and manufacture of such
an high power system was regarded too risky, the injector
was developed in several stages, whereas the first prototype
featuring an high quantum efficiency photo-cathode in the
green wavelength regime was designed to allow a maximum
beam current of 5 mA, here limited by the power couplers.
Table 1 gives an overview about the original design parame-
ters and the potential performance of the current setup given
the prototype SRF gun cavity and the 50 MHz photo-cathode
laser for commissioning. An initially successful beam op-
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Figure 1: Picture and schematics of the bERLinPro injector.
The Booster is here still replaced by quadrupole magnets.

eration with a Cu photo-cathode with a dedicated beamline
in a testbunker [4, 5] led finally to a failure of the transfer
system with the Cs-K-Sb coated plug in 2018. A repair and
refurbishment program was initiated [6], as the replacement
cavity experienced a severe damage of the half-cell backwall
during HPR assembly at the manufacturer. Following delays
by the pandemic in 2020 to 2022, a large cyber-attack on
HZB in 2023, shifted the completion of the injector assem-
bly in the bERLinPro accelerator hall towards 2024 with
first cooldown and RF operation. This was followed by a
first beam trial in December 2024, which caused a failure
of a power coupler’s warm window, requiring replacement.
Finally, first beam was achieved 28th of March 2025, with
the first beam time ranging up to beginning of May, followed
by a short beam time in July that year. Here, a power outage
necessitated an early warm-up of the cryo-module and ended
the experiments.

Due to a redirection of HZB’s research focus on 4th gener-
ation light sources by storage rings, the original goal of an
high current ERL got out of reach and the whole bERLin-
Pro facility became an application based accelerator labo-
ratory under the new name SEALAB [7]. Still, ERL re-
lated research is as of submission of this manuscript part of
SEALAB under the label bERLinPro, e.g. in the framework
of the European Particle Accelerator Roadmap for High En-
ergy Physics [8].
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Figure 2: Layout of the SRF gun’s cold string.

Figure 1 shows a picture of the injector of bERLinPro with
the SRF gun module. Currently, the whole beam vacuum
system, cathode transfer system, the cathode laser, LLRF sys-
tem, magnets, diagnostics, machine protection system, beam
loss monitoring, control system, cryogenics, cooling water
and high power RF are installed. From the SRF systems
only the SRF gun is assembled for beam operation, whereas
the booster is currently in the cleanroom area for further
assembly. In Fig. 2 the layout of the SRF gun coldstring is

Table 1: bERLinPro/SEALab Parameters

Parameter ERL Injector/UED

Beam energy (MeV) 50 6.5-10/2
𝐼avg (mA) 100 6-10/0.0025
Laser freq. (MHz) 1300 50, 1300
RF freq. (MHz) 1300 1300
𝜖norm (mm mrad) 1 (0.6) 0.6/0.03
𝜎t (ps) 2 (0.1) 0.02-2
Bunch charge (pC) 77 0.05-400

depicted. The system features a 1.4×𝜆/2 cell design, which
is optimized for a high launch phase and thus emission field
for peak-on-axis electric fields of 20-30 MV/m. The peak
field seen by the electrons is shifted a bit downstream the
cathode to limit field emission and also improve the focusing
of the bunches by retraction of the cathode and an inclined
back-wall of the half-cell. The cathode system is a modified
version of the HZDR transfer system [9] using an SRF choke-
cell to suppress any RF losses from the fundamental mode
upstream in the cathode system. The cavity comes with two
layers of magnetic shielding, a twin pair of TTF-III CW
modified power couplers and a blade tuner system with four
piezo elements, which is based on Cornell’s ERL booster
cavity design. The cavity is followed by a SC solenoid, two
cold steerer magnets for both transverse planes surrounding
the SiC HOM beamline absorber.

CAVITY PERFORMANCE AND
DARK CURRENT

As the cavities for bERLinPro do not aim for highest field
level, at the time of production [10] it was chosen to follow

a conservative approach. The cavities were treated by BCP
followed by 120 °C baking. This showed to already impact
the cavity’s Q-slope, but was not of a concern regarding the
helium cooling budget of the cryo-plant and modules. In
Table 2 an overview of the cavity RF design parameter and
what could be measured or reconstructed of the manufac-
tured resonator is given. For the second cavity, which is
being installed, there is quite reliable data of the inner shape
due to X-ray tomography performed after production and
tuning [11], which revealed an over-tuning of the back-wall.
As a result, it is merely flat, by that loosing its RF focusing
ability and also resulting in a non-flat field distribution with
an higher field level in the half-cell.

Figure 3 displays the intrinsic quality factor 𝑄0 over the
peak on-axis accelerating field of the second gun cavity,
which ended up being installed in the bERLinPro injector.
Due to a damage during the final HPR process, the cavity

Figure 3: Evolution of cavity 1.1 𝑄0 vs peak on axis field
after production, damage during HPR assembly at the man-
ufacturer and following HZB’s repair program [6].

received a half-moon 50 µm deep dent next to the cathode
opening, which made it practically unusable. A follow-up re-
pair and refurbishment program, described here [6] allowed
to mostly recover the cavity performance with potential ki-
netic beam energies up to 2.2 MeV. After this processing
the cavity was also free of any measurable field emission.
However, during the rather long assembly process and re-
quired installations in the accelerator hall eventually the
cavity experienced a low level venting process with poten-
tial particulate transport. Unfortunately at this time, not all
measured parameters were already written to the archiver of
the control system. This was proven by the first field ramps
in cold conditions, see Fig. 4, which shows the measured
dark current from the cavity with a dose meter and also by
focusing the unwanted beam on the first view-screen and
Faraday Cup using the steerer magnets and the SC solenoid.
This result is already after RF conditioning. It was shown,
that the emitter persisted, but was able to be moved within
the resonator, as the Fowler-Nordheim slope of the dark cur-
rent curve changed during the processing. An example about
that commissioning result is shown here [12].

The distributions of the dark current on the view-screen
show the typical loop shapes, which result from the energy
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Table 2: RF Design Parameters and the Values Estimated
and Measured for the Prototype Cavity as Produced

Parameter Design As built

TM010 freq. (MHz) 1300 1300
𝑅/𝑄(Ω) 𝛽 = 1 150 132.5
𝐺(Ω) 174 154
𝑃forward max. (kW) 20 20
𝑄ext 3.6 ⋅ 106 3 ⋅ 107

Δ𝑓/Δ𝑃 (Hz/mbar) 0 30-40
Δ𝑓/Δ𝑙 (MHz/mm) 1.6 1.3
Δ𝑓/𝐸2

0 (Hz/(MVm−1)) 3.2 3.8
𝐸peak/𝐸0 1.45 1.66
𝐵peak/Epeak (mT/(MV/m)) 2.27 2.18
𝐸kin (MeV) 3.5 1-2.5

Figure 4: Measured radiation dose and dark current with
first Faraday Cup vs. peak on axis field after RF processing
of the emitters. The inserts show examples of dark current
distributions focused with the SC solenoid on the first view-
screen. The lower plot depicts the measured RF power vs.
expectation and level of kinetic beam energy to be reached.

distribution of the field emitted electrons subject to different
focusing strength of the solenoid. A further more detailed
analysis, measurement of the dark current energy by steerer
and also scintillator systems and thus reconstruction of the
emitters with tracking studies is planned for the future.

Here, also the impact of dark current electrons eventually
back bombarding the photo-cathode is of interest and the
contribution of the downstream traveling electrons on po-
tential beam losses needs to be analysed. First work in this
direction was done already here [13] and here [14].

The lower plot of Fig. 4 compares expected RF forward
power to the actual measured values and the expected beam
energy. The twin coupling scheme was balanced by a waveg-
uide phase shifter and adjusting the individual external cou-
pling quality factors to the same level with a VNA. Therefor,
this hints already at a systematic error of the field’s RF cal-
ibration, something we have also observed with the beam
energy measurements.

Figure 5: Cavity RF phase stability operated with a mTCA
LLRF system while being on a regular pattern subject to
strong kicks from the cryo-system.

LASER AND CATHODE PERFORMANCE
The cathode is driven by a 522 nm laser, which allows

various pulse lengths, pulse energies and repetition rates up
to 50 MHz. For the first measurements, we kept the laser
mainly at 1 MHz repetition rate and 4 ps FWHM pulse length.
More details are given here [12], but it is noteworthy, that the
power stability of the laser was measured to be better than
0.6-1.5% for short term fluctuations. However, as the cryo-
plant was going through its start-up phase in parallel, we have
observed strong kicks eventually by the 4 K system to the
cavity body, which causes a large detuning, reaching up to
50-100 Hz peak values with a semi-regular pattern. During
these times, the phase field stability drops from 0.04 deg
to 0.5 or even 15 deg rms. During these periods, a proper
synchronisation of the mTCA LLRF system to the laser
was not possible and any beam data taken was omitted. An
example of these ”cryo-kicks” on the cavity phase stability
with time is given in Fig 5. The cause for this is still under
investigation. External capacitive sensors gave a first hint
towards the lower cryo-connection between coldbox and
module.

Figure 6: Evolution of the second Na-K-Sb photo-cathode’s
quantum efficiency maps with time.

For the beam operation of the SRF gun, a bialkali-
antimonide Na-K-Sb [15] cathode was prepared in the cath-
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ode lab, transported with a vacuum suitcase to the transfer
system and then deployed to the cavity. The final position
was determined by optical means of the cathode camera, elec-
tric contact measurements, the frequency shift of the TM010
passband modes and finally checked by interferometric meth-
ods. As the first photo-cathode was already discussed in [12]
and more results will appear in future publications, we will
discuss here mainly the second cathode.

The cathode started out with an high QE of about 6%
and lost one order of magnitude during the transfer. This
is already one order of magnitude better than with the first
cathode, as the transfer had been improved since then. But
even here, problems with the pincer, which grabs the cathode
plug, required unnecessary handling steps, which have quite
possibly impaired the cathode’s QE.

Figure 7 depicts the QE maps of this cathode during the
operation of the about two weeks short second beam-time.
The QE was measured by the drain current of the cathode HV
DC bias power supply, operated at 5 kV and a laser power
of about 1 mW.

It can be seen, that the efficiency stayed rather constant in
the first days and the distribution was rather uniform. Then
first minima appear in the surface. Those might be caused
by field emitters, which needs to be studied as mentioned
before.

After one week (25.07) the quantum efficiency dropped
from 0.5-0.6% by one order of magnitude. This happened, as
after a short power outage we had to determine the RF phase
window of emission again, which caused a full 360 deg RF
phase scan and caused eventually back-bombardment of
the cathode, by that affecting its emission properties. In-
terestingly, as we already saw with the first cathode [12],
we observed a training or recovery of the cathode back to
its original value especially at the location, from which the
beam is emitted with now regular phasing between RF and
laser.

This effect needs more study in the future, as it would in-
crease potential lifetime of cathodes quite a lot, when they
can be recovered within the SRF resonator.

FIRST BEAM
First beam was demonstrated end of March 2025 at a

field level of 𝐸0=10 MV/m. This field level was chosen to
remain with a clean beam below any field emission onset.
Figure 7 displays in the lower row on the left the electron
beam focused on the first view-screen. The distribution left
to it is by reflection of the laser beam. The stability of the
latter with time demonstrated the good and stable pointing
of the laser by the transport system from the above ground
laser room to the cathode.

In later experiments, the laser was shaped by the institute’s
logo to image that via emitted electrons and proper solenoid
settings on the screen as well. This was also helpful to de-
termine the alignment errors of the solenoid, which showed

to be small with a potential tilt towards the beam axis. This
will be determined in more depth with future beam based
alignment measurements.

Figure 7: Overview of the SRF cryo-module with the main
findings of the first two beam times. In the lower row, the
pictures show the first beam on the viewscreen with a reflec-
tion of the laser beam on the upper left corner, the HZB logo
imprinted by the laser on the photo-cathode (center picture)
and transported via solenoid focussing and steering on the
first viewscreen by the electron beam.

It is important to point out, that the cathode showed very
few multipacting events, which usually occurs at very low
field ≤1 MV/m and some few MV/m level due to the coaxial
cathode channel. In the case here, it was only needed to
once activate the DC bias to 3 kV, which suppressed any
multipacting event. Here, we need to study, whether this
is a positive aspect of the Sodium based cathode material
compared to the often applied Caesium.

Longitudinal Beam Dynamics
To study the emission process and to evaluate the per-

formance of an SRF gun cavity design, it is of paramount
importance to analyze the longitudinal field dynamics of the
cavity system. Here, in Fig. 8 the obtained kinetic energy of
the beam, analyzed with the steerer magnets deflecting the
beam on the viewscreen, is shown in relation to the emission
phase between laser and RF field of the cavity.

We see the typical rather flat distribution for the low cavity
field emission. However, the curves are below the expec-
tation given by 3D CST [16] PIC simulations and other
tracking studies. For the CST study the field distribution
was even obtained by using the X-ray tomography model as
boundary condition. This discrepancy hints at systematic
errors with the measured RF field level, the assumed strength
of the steerer magnets and the field distribution for tracking.
Especially at lower fields deviations can have a large impact,
as the phase slippage and turnover point to a synchronous
phase between particle beam and RF can vary a lot with field
level in this range.
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Figure 8: Kinetic energy of the electron beam vs. launch
phase between laser and RF measured for two field levels
(𝐸010 and 14 MV/m compared to CST PIC tracking studies
and results obtained by a self-written Runge-Kutta tracker.

Figure 9: Average beam current measured vs. launch phase
(LLRF setpoint phase) in the Faraday Cup and the cathode
current system.

In Fig. 9 the emission process is studied to determine
the onset phase for electrons being ejected from the cathode
surface and the current level versus phase showing the launch
field dependent Schottky emission [17] effect.

In this case a full 360 deg scan was necessary, as the
phase information was lost after a power outage. Besides
the Schottky range, the distinct peak at around 100 deg and
above is caused by emitted particles being first completely
decelerated within the half-cell, traveling back towards the
cathode, to be accelerated again leaving the cavity, before
they collide with the half-cell backwall or cathode. Some
example trajectories of this rather narrow phase window
can be seen in Fig. 10. However, there is still emission

Figure 10: Tracking studies for electrons emitted at high
launch phases (90-105 deg) forming a second loop within
the half-cell before being extracted.

beyond that point to higher phases, which is not appearing
in simulations and need to be understood better. Also, there
is an offset between current measured at the Faraday Cup
compared to the drain current at the cathode DC bias. This
offset cannot be explained by beam loss and is possibly
caused by a sampling effect of the latter measurement, which
is better suited for close to DC measurements.

OUTLOOK
First beam was achieved with the bERLinPro SRF gun in

the accelerator hall with a Na-K-Sb photo-cathode. The first
measurement campaign, which was limited by field emission
and the stability problem of the cryo-plant in field level, still
leaves a large area of parameters to be studied in the future.
In upcoming beam-times there is need to study both the lon-
gitudinal and transverse beam dynamics at the full range of
field levels, especially going to the range towards 20 MV/m
and potentially beyond. Also, the complete parameter space
with respect to bunch charge, bunch length, beam current
needs to be studied. We also plan to transport the beam
further downstream to perform beam energy measurements
with the spectrometer dipole and bunch length studies using
the transverse deflecting cavity [18].

The here used cathode material showed a very promising
performance and makes it potentially an ideal candidate
for any SRF photo-injector driven facility. Studies within
DC guns might also be of interest for some facilities. We
need to further study the process of QE recovery and what
circumstances in operation have impact on reducing the
cathode performance and surface properties.
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