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Radio-frequency (rf) photoinjectors are commonly used to generate intense bright electron beams for a
wide range of applications, most notably as drivers for X-ray Free-Electron Lasers. The photocathode,
mounted inside an rf gun and illuminated by a suitable laser, thereby plays a crucial role as the source of the
electrons. The intrinsic emittance and the quantum efficiency of the electron source are determined by the
properties of the photocathode’s surface material. We present measurements of the intrinsic emittance and
the quantum efficiency performed with copper and cesium telluride cathodes in the same rf photoinjector,
thus comparing, for the first time, the performance of metal and semiconductor cathodes under the same
conditions. Our results are consistent with theoretical expectations and show that the difference in intrinsic
emittance for the two types of material is not significant in view of accelerator applications. We conclude
that cesium telluride photocathodes provide a much higher quantum efficiency at essentially negligible

degradation in beam emittance.
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I. INTRODUCTION

Radio-frequency (rf) photoinjectors [1] are the most
effective way to generate intense bright electron beams.
Electrons are produced via the photoelectric effect by a
suitable laser impinging on a photocathode mounted inside
an rf gun. The rf field of the gun is synchronized to
accelerate the electrons to an energy of up to several MeV.
Rf photoinjectors find a range of applications, for instance
in compact gamma-ray or X-ray sources based on inverse
Compton scattering [2,3], or as direct electron sources for
ultrafast time-resolved pump-probe electron diffraction
[4,5]. By far the strongest interest in rf photoinjectors
arises from their use as drivers for high-brightness electron
injectors for future linear colliders or X-ray Free-Electron
Laser (FEL) facilities, where, in addition to high bright-
ness, a well-defined pulse structure is required. X-ray
FELs are cutting-edge research tools for various fields of
science such as biology, physics, chemistry, medicine, and
material science. Most of the present and planned X-ray
FELs employ laser-driven rf photoinjectors as electron
beam sources, including SwissFEL under construction at
the Paul Scherrer Institute [6].

The photocathode material in an rf photoinjector is
of vital importance since it determines the intrinsic
emittance and the quantum efficiency (QE) of the electron
source. Semiconductor materials like cesium telluride
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(Cs,Te) provide a QE orders of magnitude larger than
metal photocathodes like copper (Cu), while the expected
intrinsic emittance for both types of material is similar. A
higher QE implies a more affordable laser system and allows
utilizing the potential excess of laser power to optimize the
transverse and longitudinal shape of the laser pulses, thereby
reducing the final emittance of the electron beam [7,8].

Extensive worldwide research and development has
been performed in the last years to measure the intrinsic
emittance of metals and semiconductors in rf photoinjec-
tors, see for example Refs. [9-11]. In general these earlier
studies have obtained emittance values in the upper range
or above of what is expected from theory. Furthermore
the performance of metals and semiconductors as electron
sources have so far never been compared systematically in
the exact same environment. Only in this case both the
accelerator conditions (including rf and laser) and the
measurement procedure are equal, thus allowing a clean
comparison. This is an important consideration in view of
the fact that emittance values between different facilities or
labs are notoriously difficult to compare.

We have measured the performance of Cu and Cs,Te
under the same conditions at the SwissFEL Injector Test
Facility [12]. This 250 MeV accelerator based on an S-band
(3 GHz) rf photoinjector was operated between 2010 and
2014 with the principal goal of demonstrating the high-
brightness electron beam required for SwissFEL [6]. We
have found that the difference in intrinsic emittance
between Cu and Cs,Te is minimal. In contrast to some
previous research, our results are consistent with theoretical
expectations. We attribute this advance to improvements in
the emittance measurement method: we have developed an
accurate high-resolution method to measure the emittance
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of very low charge beams (1 pC and less), which are not
affected by space-charge effects, a necessary condition to
measure the intrinsic emittance [13].

The intrinsic emittance is proportional to the transverse
size of the photo-emitted beam and is related to the initial
kinetic energy or effective temperature of the electrons
leaving the cathode surface. It has a strong impact on the
final emittance of the electron beam—for instance, numeri-
cal simulations done for SwissFEL for a bunch charge of
200 pC show that the contribution of the intrinsic emittance
to the final emittance is around 70% for a fully optimized
linac [14].

The electron beam emittance is of fundamental relevance
for FEL machines. First, transversely coherent radiation is
generated only if €,/y ~ A/4rx, where ¢, is the normalized
beam emittance, y is the Lorentz factor and 4 is the FEL
radiation wavelength. This condition implies that by
reducing the normalized emittance the final beam energy
can be decreased, which translates into a shorter and more
affordable accelerator. Second, for a given beam energy, a
smaller emittance implies a higher radiation power and a
shorter undulator beamline to reach FEL saturation. For
instance, for the SwissFEL case, the FEL power increases
about threefold if the emittance is reduced from the nominal
value of 0.43 ym to 0.25 ym [13].

The intrinsic emittance for both metal and semiconduc-
tor photocathodes can be expressed as [15-17]

| 2E
€int = 0] 3m 122’ (1)

where o, is the RMS laser beam size and m,c? the electron’s
rest mass energy. We call ¢;,,/0; the normalized intrinsic
emittance, expressed in gm/mm, as it is independent of the
laser beam size. The average kinetic energy of the photo-
emitted electrons at the cathode surface, denoted by E¥, is
expressed differently for metal and semiconductors:

metals: 2Ex = ¢; — ¢, + Pscns (2)
semiconductors: 2Ex = ¢, — E, — E, + ¢sch, (3)

where ¢, is the laser photon energy, ¢,, is the work function
of the material, E, is the gap energy, E, is the electron
affinity, and ¢g, is due to the Schottky effect, which takes
into account the reduction of the barrier in the presence of
an applied electric field. The Schottky contribution to the
intrinsic emittance is expressed as [18]:

JE
Psch = FeoﬂEc’ 4)

where e is the charge of the electron, ¢, is the vacuum
permittivity, f# is the local field enhancement factor, which

includes effects related to the cathode surface properties, and
E, is the applied field on the cathode.

The work function of copper, the electron affinity of
cesium telluride, and the local field enhancement factor f are
very sensitive to cathode surface properties. There is a large
range of reported work functions for copper in the literature:
from the different published values, the average work
functionis estimated tobe 4.66 £ 0.51 eV [19]. The reported
values of the threshold energy (E, + E,) for cesium telluride
vary between 3.5 eV and 4.6 eV [20-22]. Finally, published
values of the local field enhancement factor f range between
1 and 5 or higher [9,23]. For a  between 1 and 5, the Schottky
effect contribution, assuming a cathode field of 50 MV/m,
changes according to Eq. (4) from 0.27 eV to 0.60 eV.
Inserting the above numbers and a photon energy corre-
sponding to a laser wavelength of 262 nm into Eqgs. (1) and
(2), the estimated normalized intrinsic emittance for copper
varies from practically zero (taking ¢,, = 4.66 + 0.51 eV
and ¢gy, = 0.27 V) to about 0.9 ym/mm (with ¢, =
4.66-0.51 eV and ¢gy, = 0.60 eV). For the same laser
wavelength and cesium telluride, the predicted normalized
intrinsic emittance from Egs. (1) and (3) varies between
about 0.5 ym/mm (with E, + E, =4.6 eV and ¢sy, =
0.27 V) to about 1.1 um/mm (taking E, + E, = 3.5 eV
and ¢g, = 0.60 eV). In conclusion, due to the lack of
precise knowledge of the parameters to estimate the
normalized intrinsic emittance, an accurate theoretical
estimation for both types of material is very difficult and
measurements are required to compare the performance
between different photocathodes.

II. ELECTRON SOURCE

Electron bunches at the SwissFEL Injector Test Facility
are generated in an S-band rf photo-injector gun operated at
10 Hz repetition rate. There are two gun drive lasers: one
based on a Ti:sapphire chirped pulse amplification system
[24] with a nominal center wavelength of 266.6 nm and an
approximately flat-top pulse (9.9 ps FWHM) obtained by
pulse stacking, and a compact turn-key Nd:YLF amplifier
with a fixed wavelength of 262.0 nm and a Gaussian profile
(6.4 ps FWHM). Two different 2.6-cells rf guns were used
during the operation of the SwissFEL Injector Test Facility:
one originally developed for high-current operation at the
CLIC Test Facility at CERN [25], that gives a field at
the cathode at the injection phase of 50 MV /m, and, for the
run period after April 2014, a PSI-developed rf gun capable
of operating at 100 Hz with a field of 76 MV/m at the
cathode [26]. For both rf guns the total beam energy at
the gun exit is set to 7.1 MeV.

III. CATHODE PREPARATION AND
QUANTUM EFFICIENCY

We have tested five cathodes made of pure copper,
three without coating labeled Cu-3, Cu-19 and Cu-22,
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and two coated with cesium telluride labeled Cs,Te-8 and
Cs,Te-17. The backplane of the rf gun is designed such that
cathode plugs (see Fig. 1) can be inserted. The exchange of
a cathode plug is done under vacuum with an in-vacuum
manipulation arm. Up to four cathodes can be stored in a
loadlock system [27] mounted behind the rf photoinjector.
The exchange of a cathode from the loadlock to the gun
takes less than five minutes, thus enabling the characteri-
zation of different cathode materials within the same day.
This is important for the comparison of cathode materials
under the same environmental conditions, given by laser,
rf and vacuum characteristics. If a fresh cathode plug is
mounted, an rf conditioning period varying from one to
several hours is required. This conditioning is needed only
once and can be done in advance before storing the cathode
plugs in the loadlock chamber.

The copper cathode surface is diamond turned to an
average roughness of a few nanometers [28]. We apply a
careful cleaning of the cathodes consisting of ultra-sound
cleaning followed by an annealing cycle under vacuum at
250°C during 10 hours. After this procedure, the cathode
can be used in the gun or transferred to the Cs,Te
evaporation system. The deposition of the Cs,Te layer is
done by successively evaporating 15 nm of tellurium and
25 nm of cesium. This so-called blind deposition (because
there is no QE monitoring during evaporation) is adapted
from a CERN recipe [29,30]. The method is easy to
implement but produces cathodes with QE not larger than
a few percent, to be compared to the 10% QE obtained with
more efficient deposition methods. The diameter of the
deposited area is defined by a mask in front of the cathode
during the evaporation process and was 10 mm for Cs, Te-8
and 5 mm for Cs,Te-17.

Figure 2 shows the QE evolution for the five cathodes
studied at the SwissFEL Injector Test Facility. The QE is
measured by recording the charge at a calibrated beam
position monitor 2.6 m downstream of the rf gun. Our
preparation method has proven to be effective, ensuring
an initial QE for copper above 10~ and a QE still above
7 x 107 after the extraction of more than 17 mC charge
(accumulated during 100 days of operation at 10 Hz) at a
pressure (vacuum) level of around 10~ mbar. For cesium

FIG. 1. SwissFEL cathode plugs parked in the carousel holder
of the loadlock chamber. A disc of 10 mm diameter of Cs,Te has
been deposited on the front surface.
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FIG. 2. Quantum efficiency evolution of the five photocathodes
tested at the SwissFEL Injector Test Facility. Time zero indicates
the beginning of operation for each cathode individually.

telluride, our experience with Cs,Te-17 has shown that a
QE above 0.1% could be maintained for at least two
months, during which 3 mC were extracted, at around
10~ mbar without any signs of continuous degradation.

IV. EMITTANCE MEASUREMENT PROCEDURE

The emittance at the source is determined by three
different contributions related to intrinsic emittance, space
charge, and the rf field, respectively. When space-charge
and rf-field effects are negligible, the (transverse) emittance
of a single longitudinal slice of the bunch corresponds to
the intrinsic emittance. In our measurements we divide the
beam into ten slices per RMS bunch length and average the
emittance over five slices around the longitudinal beam
center to obtain the so-called core slice emittance. The error
we associate with each core slice emittance measurement
accounts for both the variation of the emittance along the
slices and the statistical fluctuations between individual
emittance measurements.

Establishing a reliable high-resolution method is crucial
for the precise measurement of the electrons’ slice emit-
tance. We measure the core slice emittance by streaking
the bunch and visualizing it on a high-resolution yttrium-
aluminum-garnet (YAG) screen in the high energy section
of the accelerator. We can streak the beam either directly
with an S-band rf transverse deflector or by introducing
dispersion to an energy-chirped beam.

The YAG screen is based on a novel imaging geometry
that observes the Snell-Descartes law of refraction as well
as the Scheimpflug imaging condition in the scintillating
crystal [31]. This allows reaching a beam size resolution
much better than the crystal thickness: the scintillator is
placed at an angle of 8.1 degrees with respect to the electron
beam and has a thickness of 100 ym, while the measured
resolution is 15 um.
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The slice emittance is reconstructed by measuring
the slice beam size for different optics transformations.
The optics are varied by using five quadrupole magnets: the
phase advance in the measurement direction is scanned at
equidistant intervals to cover a full range of about 150
degrees, the phase advance in the streaking plane is set to
optimize the longitudinal resolution, the f-function in the
measurement plane is kept between 10 m and 50 m to
have beam sizes that can be conveniently measured, and the
p-function in the streaking direction is set to less than 10 m
to limit the streaked beam size.

The resolution on the normalized emittance is
about 2-3 nm for a final beam energy of 250 MeV. The
longitudinal resolution is about 13 fs when the transverse
deflector is used. With the dispersion method we can
resolve more than ten slices per RMS bunch length for
an RMS energy chirp of 2%. Assuming a 5% beam-size
measurement error, the statistical errors of the slice
emittance measurement are between 2% and 3%. The
calibration uncertainty of the YAG screen is of the order of
1%, which causes a systematic error of the reconstructed
emittances of around 2%. The calibration error is dominant
over other systematic uncertainties such as quadrupole
field errors, energy errors, or optics mismatch. Overall the
errors of the slice emittance measurements are estimated
to be below the 5% level. A more detailed description
of the slice emittance measurements can be found in
Refs. [13,32].

The novel YAG screen has made possible reliable beam-
size measurements for bunch charges as low as 1 pC and
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FIG. 3. Measured emittance along the bunch length (slice

index) for different bunch charges Q (upper plot). Core slice
emittance as a function of the bunch charge (lower plot). For
charges equal or below 1.5 pC the slice emittance is not affected
by space charge.

below, where space-charge effects are negligible for our
laser beam sizes. The threshold in surface charge density
beyond which space charge becomes non-negligible is
around 30 pC/mm? at 50 MV/m field on the cathode
with a 9.9 ps FWHM pulse length. This has been identified
by reducing the bunch charge at fixed laser beam size until
the emittance was no longer reduced, as shown in Fig. 3 for
the cathode Cu-19.

The normalized intrinsic emittance &;,/o; is recon-
structed by measuring the core slice emittance as a function
of the transverse laser beam size, which in our case is varied
by changing the laser aperture. Once the space-charge limit
is found, the surface charge density is kept constant during
the aperture scan to avoid space charge effects. Figure 4
shows two examples of such aperture scans for the cathodes
Cu-19 and Cs,Te-17. The dependence of the emittance on
the laser beam size is not strictly linear as expected from
Eq. (1). The deviation can be explained by our gun design,
which exposes the electron beam to a quadrupole field
component due to non-coaxial rf feeds from opposing sides.
We have verified that the nonlinear dependence comes from
the rf field by performing aperture scans at different gun
gradients [33]. The effect is less pronounced in the new PSI
gun. Taking the quadratic component into account the
normalized intrinsic emittance is determined as the linear
coefficient in a quadratic fit to the measurements. The
errors of the normalized intrinsic emittances are the uncer-
tainties of the second-order polynomial fits, which take into
account the individual errors of each core slice emittance
measurement. The resulting error depends on the stability
of the accelerator conditions during a given aperture scan
and varies between 2% and 10% for the measurements
presented here.
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FIG. 4. Examples of normalized intrinsic emittance measure-
ments for two of the cathodes. In the Cs,Te-17 case accelerator
conditions were more stable than for Cu-19, resulting in a smaller
error on the normalized intrinsic emittance.
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TABLE L
Test Facility.

Measured normalized intrinsic emittances for the five cathodes tested at the SwissFEL Injector

Eint /Gl (raw)

Laser wavelength

Cathode field  &;,/0; (normalized)

Cathode Measurement day [¢m/mm] [nm] [MV/m] [¢m/mm]

Cu-3 30 October 2012 0.51 +£0.04 267.6 50 0.57 £ 0.04
Cu-3 31 October 2012 0.55 +0.01 260.1 50 0.53 £ 0.01
Cu-19 25 September 2013 0.44 £0.02 262.0 50 0.44 +0.02
Cu-19 04 April 2014 0.40 +0.03 262.0 50 0.40 + 0.03
Cu-22 13 June 2014 0.58 +0.03 262.0 76 0.54 +0.03
Cs,Te-8 04 April 2014 0.54 £+ 0.06 262.0 50 0.54 + 0.06
Cs,Te-17 08 October 2014 0.54 +0.01 266.6 76 0.54 +£0.01
Cs,Te-17 08 October 2014 0.50 +0.02 266.6 76 0.51 +£0.02
Cs,Te-17 08 October 2014 0.52 £0.02 266.6 76 0.53 +£0.02

V. MEASUREMENT RESULTS

Table I and Fig. 5 show the measured normalized
intrinsic emittances for the five cathodes tested at the
SwissFEL Injector Test Facility. The numbers listed in the
last column of Table I and displayed in Fig. 5 have been
normalized to a laser wavelength of 262.0 nm and to a
cathode field of 50 MV /m. The normalization to the laser
wavelength is done according to Egs. (1)—(3), and the
normalization to the field at the cathode is done based on
the Schottky effect [18]. The dependence of the intrinsic
emittance on the laser wavelength was demonstrated in a
pulsed diode gun at PSI [34]. More recently, the scalings
with both the laser wavelength and the cathode field have
been verified experimentally at the SwissFEL Injector Test
Facility [33].

Three consecutive measurements were done for the
cathode Cs,Te-17. The reconstructed normalized intrinsic
emittances for the three measurements were equivalent.
Two of the cathodes (Cu-3 and Cu-19) were measured
on two different days each. The measured normalized
intrinsic emittances for the same cathode do not differ

0.65

0.6}

LR

0.5

0.45¢
*

0.35

o copper
cesium telluride

Nomalized intrinsic emittance [um/mm]

Cu-3  Cu-19 Cu-22 Cs,Te-8 Cs,Te-17

FIG. 5. Measured normalized intrinsic emittances for the five
cathodes studied at the SwissFEL Injector Test Facility.

significantly between measurement days, indicating that
the uncertainty introduced by the overall stability of
accelerator and laser system is comparable to the errors
of individual measurements.

The normalized intrinsic emittance for the copper cath-
odes approximately ranges between 0.37 ym/mm and
0.61 ym/mm. This is consistent with the expected theo-
retical values and with our measured QE at the 10~ level
[15]. For cesium telluride, the normalized intrinsic emit-
tance varies between about 0.48 yum/mm and about
0.60 gm/mm, in reasonable agreement with the theoretical
expectations given in the introduction. Our measured
normalized intrinsic emittances are generally smaller than
the values obtained in previous studies. A notable exception
is given by Ref. [35], where an indirect measurement
method resulted in similar emittance values for Cs,Te.

VI. DISCUSSION

The intrinsic emittance and the quantum efficiency
depend on the surface atomic composition (number of
contaminants) and the surface morphology (local crystal
orientation, mechanical defects), which will locally
enhance more or less the applied electric field. These
physical parameters may vary during beam operation due to
activity on the cathode surface, such as field emission
produced by some local hot spots, the deposition on the
surface of vacuum contaminants that might be cracked or
removed by the laser, etc. Such dynamic activity may
change the cathode performance over time, as illustrated in
the case of the quantum efficiency in Fig. 2.

In addition, the surface material composition and mor-
phology depend on how the cathode was prepared. The
diamond machining of the cathode surface is not exactly
reproducible from one cathode to the next, leaving more
or fewer mechanical defects on the sub-micrometer scale.
In the same way the cathode cleaning/annealing will not
always produce the same surface state: the removal of the
contaminants (like water and machining grease) and the
size and type of crystal grains exposed to the laser
illumination may vary. These small differences between
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cathodes supposed to be identical can explain the variations
in intrinsic emittance between the copper cathodes shown
in Table I and Fig. 5 and the QE variations between
cathodes of the same material shown in Fig. 2.

The observed variations over time and between different
cathodes do not prevent to conclude that the QE is much
larger for cesium telluride than for copper, while the intrinsic
emittance is practically equivalent for both materials.

VII. CONCLUSION

We have measured the intrinsic emittance for copper and
cesium telluride for the first time under the same conditions
in the same rf photoinjector. Cesium telluride cathodes
provide a QE orders of magnitude higher than standard
copper cathodes at only minimal loss in emittance. The
excess of QE and hence laser energy can be used to improve
the beam emittance by optimizing the laser beam quality.
Alternatively, the photoinjector may be driven by a less
powerful and thus more affordable laser system. We have
measured normalized intrinsic emittances consistent with
theory and down to about 0.40 gm/mm. The experimental
verification of such small values was made possible through
the combination of our high-sensitivity profile monitor and
our reliable high-resolution measurement procedure.
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