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Abstract

For future continuous wave (CW) and high-duty-cycle
operation of the European XFEL, research and development
of the DESY L-band CW photoinjector is ongoing. The
implementation of a superconducting radio frequency (SRF)
gun operated at 1.3 GHz with a copper photocathode is the
baseline option. The electron beam quality, in particular the
slice emittance, produced by this injector is key for the suc-
cessful operation of the free-electron laser. In order to study
the beam quality and stability of operation, a dedicated test
stand and diagnostics beamline is being developed at DESY.
Here, we present an overview of the foreseen diagnostic
components and methods at the SRF CW photoinjector test
stand.

INTRODUCTION

A future upgrade of the European XFEL to continuous
wave (CW) and high-duty-cycle (HDC) operation is being
explored to enable high average brilliance and a flexible
time structure of the produced photon pulses for the users
[1-3]. Such an upgrade requires a CW photoinjector capable
of delivering electron bunches with a high electron quality,
i.e., a small normalized emittance at the level of 0.2 um for
100 pC charge bunches. A photoinjector based on the DESY
CW L-band SRF gun cavity is the preferred solution. This
design allows for high field gradients, high peak currents,
and small transverse emittances and thus enables the direct
matching of the beam into a booster cavity [4, 5]. The
DESY CW SRF gun cavity with an integrated Cu cathode has
repeatedly demonstrated a peak electric field on axis of up to
55MV m™! in vertical tests [5]. In order to characterize the
electron beam quality produced by these SRF gun cavities,
a dedicated SRF photoinjector test stand (Ts4i) [6] is being
built at DESY. This includes a diagnostics beamline allowing
for measurements of the energy, charge, emittances, and
other beam parameters. Here, we present an overview of
this Ts4i diagnostics beamline with a main focus on the
foreseen diagnostic components and methods.

SRF PHOTOINJECTOR
TEST STAND - TS41
The SRF photoinjector test stand is designed and opti-

mized for the electron bunch parameters expected from the
DESY CW L-band SRF gun cavity. Bunches with 100 pC
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Table 1: Design Beam Parameters

Parameter Unit Value
Beam energy MeV 4-6
Charge per bunch pC 100
Normalized emittance um 0.2-04
Repetition rate of bunches MHz 0.1 -1
Average beam current pA  10-100

charge, an energy of 4 MeV to 6 MeV, and normalized trans-
verse emittances from 0.2 um to 0.4 um are expected. A full
list of the beam parameters is provided in Table 1. The Ts4i
beamline consists of a cryostat hosting the SRF gun cavity, a
superconducting (SC) solenoid for emittance compensation
[7, 8], and two dipole steerers. The SC solenoid was pro-
duced by the company Niowave and is an improved copy of
the model developed at HZB [9]. A commercial Pharos laser
(PH1-20-0200-10-N2-NYS) is foreseen to be installed on the
roof of the Ts4i bunker. The wavelength of the laser beam
will be converted from infrared to ultraviolet and is coupled
into the beamline downstream of the cryostat. The complete
layout of the test stand is shown in Fig. 1. The diagnostics
beamline starting downstream of the cryostat consists of a
straight and a dispersive section. Its main purpose is to char-
acterize the quality and stability of the produced electron
bunches as well as study the level of the dark current. A
small transverse emittance is key for the successful operation
of free-electron lasers (FELs) which require a high electron
brightness. Especially the value of the transverse slice emit-
tance is of interest as the performance of the FEL depends
on the transverse emittance within one cooperation length
[10, 11]. The diagnostics beamline is therefore specifically
designed to measure the slice emittance of the beam.

The different elements of the diagnostics beamline fore-
seen to perform all the above-mentioned measurements are
described in more detail in the following while a more de-
tailed description of the slice emittance measurement setup
is provided in the next section.

Screen Stations

Four screen stations (S1 - S4) will be installed in the Ts4i
diagnostics beamline to measure the transverse profiles of
the bunches. When inserted into the beam path, the bunch
repetition rate will be reduced to 10 Hz in order to protect
the hardware components. All stations are European XFEL-
type screen stations [12] with a 200 um thick Gadolinium
Aluminum Gallium Garnet doped with cerium (GAGG:Ce)
scintillating screen [13]. The setup uses a 1:2 optics with a
45° observation angle and a Scheimpflug optics to reduce
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Figure 1: Schematic layout of the Ts4i beamline (not to scale).

the depth-of-field effect. The field of view is 16.90 mm X
14.14 mm with a nominal resolution of 30 um X 8 um.

In addition, the first screen station includes a scintillating
screen with an increased thickness to measure the intensity
and profile of the beam halo.

To measure the horizontal and vertical emittances, one
horizontal and one vertical mover with one slit mask each is
installed in the screen station S2. The slit masks are foreseen
to be fabricated of Tantalum and have a slit width of 20 um
and a thickness of 0.5 mm. Simulations with the software
G4BEAMLINE [14] showed that this slit mask configuration
provides a sufficient signal-to-noise ratio with an expected
value between 1 x 10° and 1 x 10* for the central beamlet.
Space for an optional second slit mask on the horizontal
mover is foreseen, thereby allowing for a choice between dif-
ferent slit widths based on the beam parameters. A rotational
alignment of the slit mask can be performed remotely.

To resolve small features of the beam, the screen station
S4 will house an additional setup that comprises the same
scintillating screen material and thickness but a different op-
tics setup thereby allowing for a better transverse resolution
of approximately 3.5 um x 3.5 um [15].

Charge Measurement

The charge of the bunches can be measured by either using
a toroid or a dark current monitor. Both devices are installed
in series in the beamline to allow for cross-calibration. The
dark current monitor is constructed such that it resonantly
superimposes the dark current signal at the RF frequency
of 1.3 GHz and thereby produces a sufficiently strong signal
to measure the dark current. Additionally, the bunch charge
can be measured on a second channel. A second dark cur-
rent monitor is planned to be installed downstream of the
slit mask to measure the charge of the beamlets with high
precision down to < 10fC [16, 17].

Beam Position Monitors

Five beam position monitors (BPMs) of European XFEL
type [18] using the FLASH electronics design [19] without
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a delay line are foreseen along the beamline to provide non-
invasive beam trajectory measurements. After calibration
with the other charge measurement devices, the BPMs can
also be used to observe the charge transmission. Further-
more, the two BPMs at the end of the beamlines are used to
monitor the safe dumping of the beam.

Transverse Deflection Structure

One transverse deflection structure (TDS) will be installed
in the beamline to characterize the longitudinal properties
of the bunch and enable slice emittance, bunch duration,
current profile, and longitudinal phase space measurements.
The foreseen TDS is operated at a frequency of 1.3 GHz at
a 10 Hz repetition rate with a maximum streaking voltage of
approximately 230 kV resulting in an achievable longitudi-
nal resolution of 300 fs. Its design is identical to the TDS
installed at HZB and is described in detail in [20].

Magnets

The beamline contains five dual-plane steerers [21] for
the correction or the beam trajectory. Their locations are
chosen such that the beam can be aligned to all magnets and
screen stations as well as the TDS.

Two quadrupoles are foreseen upstream of the TDS to
optimize the longitudinal resolution for slice emittance and
longitudinal phase space measurements. The quadrupoles
have an effective length of 40 mm and an expected field
gradient of up to 5.7 Tm™".

One spectrometer dipole will be installed to measure the
energy and energy spread. The dipole deflects the beam by
90° onto the screen S3 with a horizontal offset of 0.88 m.
To ease the beam setup for the best energy resolution, the
screen station S4 in the straight section is placed at the same
beam path distance to the dipole as the screen station S3.
This allows for a minimization of the beta function at the
screen S4 before performing the energy spread measurement
on the dispersive screen S3.
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Dark current collimator

To reduce the amount of transported dark current, a colli-
mator with hole apertures of various sizes will be installed
similar to the device currently successfully in operation at
the European XFEL [22]. These apertures can be moved
into the beam path and aligned horizontally using actuators.

SLICE EMITTANCE MEASUREMENT
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Figure 2: Reconstructed (blue) and input (gray) normalized
slice emittance. Additionally, the input current profile is
shown in orange color.

As previously noted, the slice emittance is an important
parameter for FEL operation. The diagnostics beamline is
therefore specifically designed to measure the horizontal
slice emittance. This is done by combining a slit scan in the
horizontal direction with the streaking of the beam in the
vertical direction using a TDS.

The working principle of an emittance measurement based
on the slit scan method is described in detail in, e.g., [23,
24]. To measure the emittance, a slit is moved through
the beam path to cut out beamlets from the bunch which
then propagate to a downstream screen. From the measured
beamlet pattern at the screen, the beam matrix elements
and hence the emittance can be reconstructed. The RMS
spot size (x?) can be obtained from the slit positions x;
and the intensities I; of the beamlets, where the index i
refers to the i*” slit position. The RMS divergence (x?) is
calculated from the local angular deviation of the beamlets
x; = (X; —x;)/L and the RMS spread of the beamlets at the
slit ox; = ox, /L, where L is the drift length from the slit to
the measurement screen, X; are the mean beamlet position at
the screen, and oy, are the RMS spreads of the distribution
at the screen. The correlation term (xx’) is obtained from
the slit positions x; and angular deviations x; of the beamlet,
where both x; and x] denote the deviations from the centroids
of the distribution:

Z-Il-x.z
2y - &2
o = il
Y L(x2+02)
ny U N (1)
« il '
<xx'> = —le{:)le .

The emittance can then be calculated from these beam matrix
elements using ex = /(x2)(x"2) — (xx’)2. This slit-based
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method has the advantage over other emittance measurement
schemes, such as magnet scans [25-27] or multi-screen ap-
proaches, that it converts a space-charge-dominated beam
into the emittance-dominated regime, thereby improving the
accuracy of the measurement [24].

To obtain time-resolved information about the bunches, a
TDS can be used. A TDS imprints a longitudinally depen-
dent transverse kick onto the bunch. The longitudinal profile
is thereby mapped onto this transverse plane and can be mea-
sured at a downstream screen. The screen coordinate Ay can
be converted into the longitudinal bunch coordinate Az by
using the shear parameter S = Ay/Az [28]. The shear param-
eter is given by [28] S = 2me fV M »/(c*p), where p is the
average momentum of the bunch, e the elementary charge, f
the TDS working frequency, V the peak voltage, ¢ the speed
of light in vacuum, and the matrix element M; » = L for a
drift L between the TDS center and the screen. The achiev-
able longitudinal resolution is given by R = 0';’5 /S, which
is optimal for a phase advance of 90° between the TDS and
screen. In case of a pure drift, the optimal resolution can
be achieved by minimizing the unstreaked RMS spot size
0';’5 at the screen. By combining this vertical streaking of
the bunch with a horizontal slit scan, the horizontal slice
emittance can be measured.

Simulations of Slice Emittance Measurements

To verify the setup for the slice emittance measurements,
simulation studies with two million particles using ASTRA
[29] were performed. The solenoid and quadrupole strengths
were optimized using the Python library optimas [30] to ob-
tain a minimum transverse emittance at the slit location as
well as the best possible longitudinal resolution for the TDS
measurement. A radial uniform and longitudinal Gaussian
laser pulse was assumed as this is the expected setup for the
initial Ts4i operation. The gun gradient was set to a conserva-
tive estimate of 40 MV m™!. The optimization result yielded
a projected normalized horizontal emittance of 0.34 um at
the slit location. A longitudinal resolution of 530 fs was
achieved and a 0.33 um normalized horizontal emittance of
the central slice. For the simulated emittance measurement,
the 20 um wide and 0.5 mm thick slit was moved through the
beam in 50 um steps covering a transverse range of =30 of
the horizontal RMS spot size. Space charge effects were in-
cluded in the simulation. The reconstructed slice emittance
and the original slice emittance of the distribution at the slit
are shown in Fig. 2 together with the input current profile.
The reconstructed slice emittance shows excellent agreement
with the original distribution with a relative discrepancy be-
low 5 % for the central slice. As the transverse emittance
is reconstructed at the slit location and the longitudinal in-
formation is obtained at the TDS center, a possible bunch
lengthening between these two locations is investigated in
simulations. No significant differences between the current
profiles and RMS bunch durations at the two locations are
visible. The discrepancies are at least three orders of magni-
tude below the target resolution thereby indicating that no
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errors are expected due to the 43 cm drift between the two
elements.

To test the feasibility of the setup also for other expected
emittance values, the simulation of the slice emittance mea-
surement was repeated for beams with a 0.2 um to 0.4 ym
normalized emittance in 0.1 pm steps. The particle distri-
butions feature the same Courant-Snyder parameters as the
optimized and start-to-end simulated case but have a differ-
ent transverse emittance. As the unstreaked spot size at the
screen is directly linked to the emittance, the longitudinal
resolution of the measurement is different for each slice emit-
tance measurement simulation. In a final experiment, this
resolution would be optimized for each measurement sepa-
rately. All horizontal projected and central slice emittances
are reconstructed with an accuracy of < 10 % demonstrating
that the setup is suited for the slice emittance measurement
of beams with the envisaged parameters.

No asymmetries between the two transverse planes are
expected and therefore no direct measurement of the vertical
slice emittance is foreseen. The measurement of the pro-
jected vertical emittance and thereby a comparison to the
horizontal one will, however, be possible with the vertically
movable slit mask installed also at the screen station S2.

CONCLUSION

A dedicated test stand to characterize the electron bunch
quality produced by a 1.3 GHz SRF gun-based photoinjector
is being built at DESY. The test stand includes a diagnostics
beamline designed to validate the achievable beam parame-
ters required for the operation of free-electron lasers. The
presented beamline will allow for the characterization of
the produced dark current and enable measurements of the
charge and energy of the electron bunches, as well as of their
longitudinal phase space and both transverse emittances.
Particular emphasis is put on the measurement of the hori-
zontal slice emittance. Simulation studies show that the slice
emittance can be accurately reconstructed within 10 % for
all expected emittance values. The impact of misalignments
and jitters on the reconstruction is planned to be investigated
in a future study. Detailed start-to-end simulations that ver-
ify the applicability of such an SRF gun-based photoinjector
at the European XFEL show promising results [31] and are
currently ongoing. The first beam operation is expected in
2027.
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