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Abstract

The 250 MeV SwissFEL injector test facility is in oper-
ation since August 2010. Measurements with the “CTF2
Gun 5” photocathode S-band rf-gun show promising beam
parameters and satisfy the requirements of the SwissFEL
project. Since the performance of the electron source is
fundamental for the stability and brightness of a free elec-
tron laser, further gun optimization studies are pursued.
Under investigation is currently a 3.6 cell C-band gun. First
ASTRA simulations indicate that with this gun the peak-
current can be increased, thanks to a shorter laser pulse and
a higher initial acceleration, by almost a factor of two, at
slightly better emittance values than the S-band “PSI Gun
1”. Since the beam-quality depends also on the achieved
performance of the cathode, several copper cathodes had
been tested in the SwissFEL injector test facility to analyze
the observed rapid degradation of quantum efficiency.

INTRODUCTION

The 250 MeV SwissFEL injector test facility is in oper-
ation since August 2010, while the construction of the final
SwissFEL user facility has started at the beginning of this
year (2013), with the first beam being planned for 2016.
The test facility is currently running with the “CTF2 Gun
5” photocathode rf-gun [1, 2]. This gun will be replaced at
the end of this year by the “PSI Gun 17 [3], which is cur-
rently being manufactured at PSI. It will also be the first
gun operating in the SwissFEL user facility.

The measurements performed so far with the “CTF2 Gun
5” have shown very promising beam parameters and simu-
lations indicate that these can be improved even further by
the “PSI Gun 17 [4, 5, 6]. Despite these already satisfying
results, there is still potential for important improvements
in the rf-design. In particular, the possibility to produce
much shorter bunches employing a gun in C-band is inves-
tigated, following e.g. the example of Tsinghua university
[7]. Reducing the bunch size would relax the compression
factor to be achieved in the two bunch compressors and
therefore have important benefits for the beam quality.

Improvements are not only possible in the rf-design but
also in the photocathode performance. In fact, we present
some experience gained in the SwissFEL injector test fa-
cility which demonstrate that the performance and stability
of the copper photocathodes can be improved. Focusing in
particular on the surface finish, a reliable, systematic prepa-
ration technique should be determined and applied.
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COPPER PHOTOCATHODES

The photocathode is a crucial component of every pho-
tocathode rf-gun. Two main aspects should be taken into
consideration: Performance, in terms of intrinsic emittance
and quantum efficiency (QE), and reliability.

The latter aspect is considered by presenting some mea-
surements performed at the SwissFEL injector test facility.
The recent installation of a load-lock system allowed the
test of several copper cathodes of the same type (Cu7, Cus§,
Cull) during the last three months. All of them have shown
a very similar behaviour, characterized by a typical QE of
5-1075 at the operating phase and gradient of 83 MV/m at
the cathode. Fig. 1 shows QE maps (top) and absolute QE
measurements (bottom) for the cathode Cu7 after fifteen
days of beam operation at 10 Hz (the behaviour of Cu8 and
Cull was qualitatively identical). The lower yield mea-
sured at the center of the QE map (top left) corresponds to
the area illuminated by the laser spot. Comparing the QE
values from the charge versus laser energy scan (bottom)
for the central region (blue) and the outer region (red), the
QE in the central region is reduced by ~ 40%. This degra-
dation was already found after only three days of laser op-
eration. Moving the laser spot to a different location for
one night confirmed the short time scale of the process, as
the QE map taken in the next morning (top right) clearly
demonstrates.
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Figure 1: Top: QE maps of the copper cathode Cu7 af-
ter fifteen days of beam operation (units are arbitrary, but
width of the QE hole corresponds to the laser spot size of 1
mm diameter). Bottom: Corresponding QE measurements
in the central region (blue) and in the outer region (red).
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What is surprising in these observations is the fast degra-
dation: The formation of QE holes at the laser spot location
is a well-known fact but for much longer time scales which
are typically in the order of several months [8], as also ob-
served for the previous cathode Cu3.

An element analysis of the surface of Cu7 was performed
to investigate the possible sources of contamination. The
comparison between the relative abundances of the de-
tected elements in the central and in the outer region are
listed in Tab. 1. The only remarkable difference is the in-

Table 1: EDX analysis of atomic abundances (in %) of the
elements detected on the surface of Cu7 after operation.

Line | Central region Outer region Difference
CuK 51.44+£3.01 63.78£9.85 +12.34
CK 4548 £2.83 33.01£10.6 —12.47
OK 2.814+0.46 2.88 +1.08 +0.07
AlK | 0.19 £0.10 0.23 £0.23 +0.04
WK | 0.07 £0.02 0.10 £0.10 +0.03

creased amount of carbon in the region of low QE. This is
not surprising but rather a known phenomena when shoot-
ing a UV laser on a metallic surface on which organic sub-
stances are deposited [9]. This phenomena is however not
directly visible in SEM images, as e.g. those in Fig. 2 which
look very homogeneous and do not allow to distinguish be-
tween different regions or to note anything anomalous.
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Figure 2: SEM images (BSE, 30 kV) of the central region
of Cu7 after operation. The last manufacturing step for this
cathode was a single-tip diamond milling, which provides
mirror-like surfaces with average roughness in the range 3
- 10 nm.

Improvements in the QE could be reached either by sur-
face cleaning treatments or by reducing the contamination
rate by means of better vacuum and cathode preparation.

3.6-CELL C-BAND RF-GUN

With the aim of designing a future, optimized rf-gun for
the SwissFEL project, a 3.6 cell C-band gun has been inves-
tigated as a possible but very promising option. This future
rf-gun must operate at 100 Hz pulse repetition frequency,
provide similar beam-emittance like the “PSI Gun 17 [4]
and allow the acceleration of shorter electron bunches in
the injector. Reducing the initial bunch length from 10 ps
to 5 ps flat-top would relax the required compression factor.
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Figure 3: Electric field £, of the gun and magnetic field
B, of the gun solenoid on the beam-axis of the gun.

An rf-gun operating at American C-band would allow to
operate at a higher electric field on the cathode and to better
compensate the longitudinal space-charge effects immedi-
ately after emission. Since the main accelerator of Swiss-
FEL is operated at American C-band frequency, the syn-
chronization for the two bunch operation would be straight-
forward and has also the advantage of the already available
C-band technology at PSI. In order to limit the energy mod-
ulation, the travelling wave acceleration structures of the
injector are kept at S-band frequency. Having a full C-band
solution would require non-linear compression. The syn-
chronization of the gun, operated at American C-band with
5.712 GHz (40f;) and ”Swiss” S-band with 2.998 GHz
(21fp), together with the rescaled rf-pulse-length would
help to reduce the dark-current despite the higher electric
field on the cathode.

For a first, preliminary analysis, the geometry of the 2.6-
cells rf-gun was just rescaled from the S-band “PSI Gun 1”
to C-band. In order to get comparable beam energy at the
output of the gun, one additional cell was added. Fig. 3
shows the electric field distribution on the axis of the gun
and the magnetic field of the gun-solenoid. The fields were
calculated by the Superfish- and Poisson-solver. Similar
to the design proposed by Han [10], the gun solenoid was
moved close to the cathode in order to focus the electron
beam immediately after emission. This design would re-
quire coaxial coupling of the rf-power to the gun, which on
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Figure 4: Transverse normalized projected emittance and
beam size along the injector with C-band gun and two S-
band travelling wave structures for 200 pC operation. The
final energy is 180 MeV.
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the other hand might make it more sensible to multipactor-
ing.
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Figure 5: Slice emittance and mismatch parameter after the
second travelling wave structure at 180 MeV.
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Figure 6: Longitudinal phase-space at 180 MeV for the
LE = 0.63 eV case.

Table 2: Comparison of injector beam parameters for
200 pC operation. LFE defines the width of the initial en-
ergy distribution in ASTRA. For the short bunch option,
the gradient of the S-band travelling wave structures was
increased by 44%.

Parameter S-band C-band C-band
LE [eV] 0.63 0.63 0.15
Laser spot size [mm] 0.33 0.156 0.145
Laser pulse length [ps] 9.9 5.0 5.0
Frequency [GHz] 2.998 5.712 5.712
Gun gradient [MV/m] 100 134.8 134.9
Gun phase off crest —-2.6° —13.2° —-13.2°
Pos. 1st TW struct. [m] 3.6 0.98 1.03
Gun energy [MeV] 6.6 5.6 5.6
Emittance [pm] 0.25 0.25 0.20
Slice emittance [um] 0.21 0.19 0.15
Peak current [A] 20 38 36
Final energy [MeV] 130.4 184 185

ASTRA [11] was used for the beam-dynamics simula-
tions with ten thousand macro particles, together with a
MATLAB based optimizer [6]. In order to ease the opti-
mization of the gun and gun-solenoid, small adjustments of
the length of the gun half-cell and of the solenoid plateau-
region were implemented as additional knobs in the opti-
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mizer. Figs. 4, 5 and 6 show the corresponding results of
our optimizations which are summarized in Tab. 2. Since
the thermal emittance depends on the initial energy distri-
bution like et = o0,1/2LE/(3m.c?), simulations were
performed for the base-line design with LE = 0.63 eV.
This corresponds to the emission process on a copper cath-
ode with a laser with a wavelength of 266.7 nm. For com-
parison, also a second optimization was done for a more
progressive value of LE = 0.15 eV. Such values could be
achieved in the future by increasing the wavelength of the
laser or by using different cathode materials [12].

CONCLUSIONS

Our numerical simulations indicate that a C-band gun
brings interesting advantages for the beam dynamics. Most
of the beam parameters are very close to those which can be
reached with the S-band “PSI Gun 17, but with the advan-
tage that the peak current is increased from 20 A to 38 A.
This helps reducing the overall bunch compression factor
of the FEL facility.

A reduction of the width of the initial energy distribution
from LE = 0.63 eV to LE = 0.15 eV would decrease
the slice emittance by 21%. This indicates that it is worth
to study the problem also at the source, investigating the
surface physics aspects of the emission process and trying
to reduce the intrinsic emittance of the photocathodes [12,
13, 14]. On the other hand, the C-band gun and the gun-
solenoid can probably also be further optimized to reach
lower emittance and higher peak-current by fine tuning of
the fieldmaps and beam optics.
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