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ABSTRACT

Electron photoinjectors provide high-brightness electron beams to numerous research applications in physics, chemistry, material, and life
sciences. Semiconductor photocathodes are widely used here, as they enable the production of low-emittance beams with variable charge at
high repetition rates. One of the key figures of merit of photocathodes is the minimum achievable bunch length. In semiconductor cathodes,
this is dominated by scattering effects and varying penetration depths of the extracting photons, which leads to a characteristic electron emis-
sion function. We present a method to determine this cathode time response with resolution on the tens of femtoseconds level, breaking the
resolution barrier encountered in previous studies. The method is demonstrated with cesium-telluride (Cs2Te) and gold cathodes, revealing
response times of (1846 41) fs up to (2536 58) fs for the semiconductor and an upper limit of (936 17) fs for the metal. Monte Carlo simu-
lations of Cs2Te emission benchmarked to these results give detailed information about the cathode material.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0078927

High-gradient, high-brightness photoinjectors1 are an enabling
technology for research fields such as ultrafast electron diffraction
(UED),2 free-electron laser (FEL) science,3–7 and novel particle acceler-
ators.8–11 These electron sources are based on emission of low emit-
tance12 beams from a photocathode by a laser pulse. By placing this
cathode inside a radio frequency (RF) accelerating cavity, the photo-
electron gun, the electrons are accelerated with accelerating fields of
tens of MV/m immediately after emission. To efficiently extract photo-
electrons, laser pulses of usually UV light are shone on cathodes made
of metal or semiconductors. In photoinjector physics and in this man-
uscript, semiconductor refers to semiconductor materials in which the
dominant scattering process during photoemission is electron-phonon
scattering. These allow for very high photon to electron conversion
rates, i.e., quantum efficiencies (QEs) of up to tens of percent, which
enables the extraction of high average currents with moderate size
laser systems, while metal cathodes exhibit typical QE values on the
order of only 10–4.

Aside from QE, another key parameter of the cathodes is the
length of the extracted electron bunch compared to the incoming laser
pulse.13 At high charge densities, this is dominated by bunch lengthen-
ing due to Coulomb repulsion between the particles at low energies. At
low charge densities and high fields at extraction, the bunch length is
defined by the emission process from the cathode. Whereas in metal
cathodes only electrons excited at a depth of a few to few tens of nano-
meters can escape the material, electrons excited in a semiconductor
cathode can still escape from depths of several hundred nanometers.
Such electrons have to travel a distance corresponding to the photon
penetration depth back to the surface, where they can be emitted.14

On this path, they are scattered off, e.g., lattice phonons. These two sta-
tistical processes, varying photon penetration depths and electron scat-
tering in the semiconductor, lead to a difference in the delay between
the photon arrival at the cathode and emission of an electron excited
by this photon from the cathode. In an ensemble of photons—and
consequently, in the ensemble of released electrons—the statistical
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variation in this delay causes lengthening of the extracted electron
bunch with respect to the original light pulse.15 This lengthening is a
fundamental property of the cathode material. The shape of the emis-
sion curve will here be called the cathode response function and its
characteristic time constant will be referred to as the cathode response
time. Retardation of bunch emission with respect to the arrival time of
the extracting laser pulse (i.e., the average delay between photon arrival
and emission) will not be considered here.

Modeling of the emission process of electrons from a cathode
requires detailed knowledge of its properties. Therefore, measuring the
cathode time response is a further step toward accurate modeling of
any electron source based on photoemission. This knowledge is also
especially important for photocathode-laser-based bunch shaping,16–19

manipulation of the bunch charge distribution at the photocath-
ode,20–22 ultra-short bunch applications like advanced UED set-
ups,23,24 or novel FEL schemes.25

Cesium telluride (Cs2Te)
26–31 is one of the most widely used

semiconductor materials in photoinjectors.7,32–41 Several calculations
of emission from Cs2Te have been published,15,42,43 and also experi-
ments have been performed to determine the time response of this
material27,28,44 as well as of others.45,46 The experiments employed a
streak camera, energy spectrum analysis, and an RF-deflector to
resolve the temporal distribution of electron bunches extracted from
semiconductor cathodes. Yet, due to insufficient time resolution, the
experimental studies were only able to set an upper limit to the

timescale of the cathode response but could not verify the predicted
response function, nor determine the response time. In this Letter, we
describe a method to measure the time response of any photoemissive
material compatible with vacuum and high electric field conditions in
a photoelectron gun with resolution down to a few ten femtoseconds
and demonstrate its applicability by measuring the cathode response
function and time of Cs2Te and gold.

The measurement method is based on precise measurement of
the extracted electron bunches’ longitudinal profiles. A schematic of
the measurement setup at the Photo Injector Test Facility at DESY in
Zeuthen (PITZ)47,48 is shown in Fig. 1(a): A UV laser pulse is sent into
a Michelson interferometer, where it is split into two pulses that travel
collinearly (blue line). By adjusting the length of one of the two inter-
ferometer arms, the delay between the two laser pulses can be con-
trolled. The two pulses are then transported to the photocathode,
which is placed at the backplane of a 1.3GHz normal-conducting
RF-gun on a cathode plug made of molybdenum, exchangeable via a
load-lock system. Here, they extract two electron bunches with a longi-
tudinal profile corresponding to the longitudinal profile of the laser
pulses, convoluted with the cathode time response function [Fig. 1(a),
green dots, red line]. The mode-locked ytterbium frontend laser is set
to full compression by maximizing the pulse energy of the UV laser
pulses, which are generated in two consequent frequency-doubling
stages with a final central wavelength of 257nm. A Gaussian function
is used to represent the longitudinal laser pulse shape.

FIG. 1. Schematic measurement setup (not to scale) for femtosecond photocathode time response measurements (a) with an excerpt from laser interferometry measurements
(b) and the simulated evolution of the longitudinal bunch profiles from extraction (black line) to measurement position (blue dashed line) to simulated reconstruction of the input
profile (red dashed line) (c). An example of a measured transverse-longitudinal bunch projection is shown in (d) with normalized projections on the time axis for the deflected
and non-deflected bunches in black and red, respectively.
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Relative positions of the mirrors in the laser interferometer are
measured via field autocorrelation by tilting one of the interferometer
mirrors by 40 lrad and observing the interference of the two laser
pulses while changing their delay on a charge coupled device (CCD)
camera. Equal arm length in the interferometer is determined by find-
ing the maximum difference between minimum and maximum inten-
sities in the interference pattern [shown in Fig. 1(b), orange and red fit
lines]. By the relative mirror position to equal arm length, the delay of
the laser pulses can be adjusted. For measurements shown here, a rela-
tive mirror position of 0.4mm (i.e., a relative path length difference of
0.8mm) was used, resulting in a laser pulse delay of 2.667 ps. The lon-
gitudinal profile of the cathode laser pulse was measured using a
transient-grating (TG) technique,49 which revealed a temporal
Gaussian shape with an RMS length of (1136 7) fs. The transverse
laser spot size on the cathode was 4mm.

Photocathodes made of Cs2Te are produced by subsequent depo-
sition of the two materials onto a polished molybdenum plug surface:
first, a layer of Te is deposited with a thickness of 10 nm, determined
by the deposition rate and duration.30 Subsequently, Cs is deposited
while monitoring the QE until a maximum is reached. The metal cath-
ode was produced by magnetron-sputtering a gold film onto a pol-
ished Mo plug.

After extraction of the bunches from the photocathode, they are
accelerated in the standing-wave RF-gun and the downstream RF
booster cavity, phased such that they acquire the maximum mean
momenta of 6.7 and 22MeV/c, respectively. A third, traveling-wave
RF-cavity, operating at 3GHz, accelerates the bunches transversely
with a maximum gradient of 1.8MV/m [Fig. 1(a), black dotted lines].
Setting the bunches close to the zero-crossing of the field in this trans-
verse deflecting structure (TDS)50–52 allows measurement of the tem-
poral profile of the electron bunches on a downstream cerium-doped
lutetium yttrium orthosilicate scintillator (LYSO) screen using a CCD
camera. Bunches are focused onto this screen using two quadrupole
magnets positioned between booster and TDS cavities. An example of
a measured transverse-longitudinal projection of the bunches is
depicted in Fig. 1(d).

Due to phase slippage at low energies, the bunches are slightly
compressed until they reach the position of the TDS. This can be seen
in Fig. 1(c), where the longitudinal profile of the two bunches at
extraction (black solid line) and the profile at the measurement posi-
tion (blue dashed line) as simulated in ASTRA53 are shown. To over-
come the effect of this compression on the measured profile, the time
axis of the TDS measurement is defined by setting the separation of
the bunches on the measurement screen equal to the relative path
length difference of the photocathode laser pulses in the interferome-
ter. The profile reconstructed using this method—simulation of which
is shown in Fig. 1(c), red dashed line—resembles the profile at the
cathode (black line) accurately.

Transverse-longitudinal correlations in the individual bunches or
the bunch pair, as well as interferometer mirror position errors due to
the mirror tilt for relative path length measurement can cause system-
atic errors in the measurement on the order of tens of femtoseconds.
To mitigate these errors, measurements are conducted on both zero
crossing phases of the deflecting field in the TDS as well as with the
relative mirror position in the interferometer changed to the opposite
path length difference. By averaging over all these measurements, the
systematic uncertainty on the longitudinal bunch profile measurement

can, in principle, be reduced to the resolution of the TDS measure-
ment, which is given by the transverse bunch size of the unstreaked
beam [see Fig. 1(b), red line] and is in the PITZ setup on the order of
45 fs root mean square (RMS) at the used bunch energy and laser spot
size on the cathode, which was optimized here to minimize space
charge effects. It should be noted that the transverse bunch profile is
usually close to Gaussian and, therefore, does not deteriorate asym-
metric functions that it is convoluted with but only contributes to the
timescale of the symmetric part of the measured bunch profile. The
expected exponential response function is hence not modified by this.

Applying the measurement method described above, the time
response of various photocathodes has been measured at PITZ.
To determine the characteristic cathode response function of semicon-
ductor materials, bunches extracted from well understood metal
cathodes54 have been measured as a reference. Figure 2(a) shows an
example of the longitudinal bunch profiles measured for a gold cath-
ode. The mean profile (red solid line) of 40 consecutive shots (green
dots) is fitted with a Gaussian function, as expected from the laser lon-
gitudinal pulse shape, and the error mitigation procedure described
above is applied. A Gaussian RMS length of (1836 10) fs is found for
the gold emission data, and the RMS error of the fits is 0.59mA. In
Fig. 2(b), similar traces are depicted for a beam extracted from a Cs2Te
cathode. Here, mean bunch shapes were fitted using a Gaussian con-
voluted with an exponential function. This exponential contribution to
the bunch profile, which is merely present in the case of the gold metal
cathode, is also predicted to be the characteristic response of Cs2Te in
simulations.43,55 Again, good agreement can be seen with significant
exponential time constant at the bunch tail. The error mitigation pro-
cedure reveals an exponential time constant of (1846 42) fs and a
Gaussian contribution of (1936 17) fs RMS, at an RMS fit error of
0.47mA. Fitting with a Gaussian function results in a nearly doubled
RMS fit error of 0.8mA. When applying a Gaussian-exponential fit to
the gold cathode data, an exponential time constant of (936 17) fs is
found at an RMS fit error of 0.64mA, which is similar to the error of
the pure Gaussian fit. Therefore, the measured value is considered to
be close to the resolution limit for the exponential response time at the
used experimental parameters (laser pulse shape, screen material,
bunch charge, streaking strength, etc.) and to represent a first upper
limit for the response time of gold. One possible reason for such a
time constant if it was confirmed in future measurements—which
would be rather long compared to the expected response time of met-
als in the 10 fs range—is surface roughness, which will be the subject
of future work. Figure 2(c) illustrates the difference between bunch
shapes extracted frommetal and semiconductor cathodes.

Measurements with different bunch charges up to (2.66
6 0.50) pC total charge showed similar Gaussian and exponential time
constants, which implies negligible influence of space charge forces on
the bunch shape. Furthermore, measurements with different maxi-
mum field gradients at the cathode of down to 45MV/m have been
performed, showing no change in the measured cathode response.
This might allow for increasing the TDS resolution by optimization of,
e.g., bunch energy in future studies. Measurement errors are domi-
nated by statistical variations, mostly due to rather low signal to noise
ratios at the low bunch charges.

The Cs2Te cathode used in the measurement shown in Fig. 2(b)
had been used for electron bunch production at PITZ for more than
one year with several intermediate storage periods under ultra-high
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vacuum conditions. Directly after first insertion into the gun, the
quantum efficiency was measured to be 12.45% at a maximum field
gradient of 60MV/m. At the time of the response time measurements,
the QE had dropped to (7.06 0.4)%. For comparison, a Cs2Te cathode
produced in the same setup at DESY Hamburg under the same condi-
tions was inserted and conditioned in the PITZ gun. At first usage, the
exponential cathode response time was measured to be (1846 41) fs
at a total bunch charge of (1.046 0.44) pC. Its measured QE was
(9.16 0.5)%. Another previously unused cathode, produced with a
similar procedure in a similar setup at INFN Milano, Italy, was finally
inserted into the PITZ photoelectron gun. This cathode’s exponential
response time was measured to be (2536 58) fs at (0.986 0.48) pC,
and its QE was (23.46 1.4)%.

Monte Carlo calculations have been performed to verify that the-
oretical predictions conformed to the measured cathode responses and
quantum efficiencies. The cathode material is treated here as a homo-
geneous body, thus giving average parameter values for all different,
polycrystalline structures that are present in the investigated cathodes.
These calculations are based on 1-to-1 photoemission according to
Spicer’s three-step model.14 Initial electron excitation conditions are
derived from density of states according to Refs. 42 and 56. The con-
sidered room temperature work function of Cs2Te is decomposed into
the fixed bandgap (3.3 eV) and variable electron affinity. Electron-
phonon scattering is assumed to be the dominating scattering process
with a mean free path (MFP) of 1.6 nm and a mean energy loss per
collision of 4meV.15,43 Upon exit of the cathode surface, emission
angle dependency is taken into account. Every simulation result is
achieved from 200 simulations with 150 000 particles each.

Simulated and measured response times and quantum efficien-
cies are summarized in Fig. 3. An exponential time response is
observed in these simulations, similar to experiment. To achieve the
measured cathode parameters of the used DESY-type cathode, an elec-
tron affinity of 0.36 eV is used. Slight modification of this value to
0.34 eV allows it to shift the QE to reproduce the measured values of
the fresh DESY-type cathode, while maintaining a similar response
time. This is compatible with the assumption that during cathode
aging, surface conditions change, which is represented by the electron
affinity. Reproducing the measured parameters of the INFN-type cath-
ode requires an electron affinity of 0.257 eV and a modification of
the mean free path to 1.3nm. Similar agreement can be achieved by,
e.g., varying the cathode thickness instead of the mean free path.
Nevertheless, all simulation parameters that were used to achieve
agreement between model and measurement results are in line with
previously reported values,43,57,58 which confirms the general validity
of the used model and suggest that this benchmarking can be used to
determine material parameters by measuring the response time.
Further investigations are needed to clarify how and why the two cath-
ode types are different, despite similar production procedures.

In summary, we presented a method to measure the time
response of photocathodes in RF-photoelectron guns and demon-
strated its validity by measuring shape and time constant of the Cs2Te

FIG. 3. Measured and simulated exponential response times and QE’s for different
Cs2Te cathodes. Markers show response times, and bars show quantum efficien-
cies. Blue color corresponds to measurements and red to simulated results.

FIG. 2. Bunch current profiles of 40 consequent bunch pairs extracted from gold
(a) and Cs2Te (b) photocathodes. Traces were centered to the same peak current
positions, and the average waveform was fitted with a sum of two Gaussian func-
tions (a) and a sum of two Gaussian functions, each convoluted with an exponential
decay (b). Plots (a) and (b) share the same bunch orientation and trace coloring.
Average total charges of the bunches were (1.096 0.19) pC in (a) and
(1.026 0.49) pC in (b). Inset (c) shows an overlay of normalized and centered
bunch current profiles extracted from gold and Cs2Te cathodes as well as the nor-
malized photocathode laser pulse profile acquired from TG measurements, con-
volved with the TDS resolution and the expected pulse lengthening due to group
velocity dispersion in the beamline to the photocathode.
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photocathode time response, which could previously only be estimated
to be on a timescale of around 400 fs.36 This method differs from pre-
vious approaches by operating in a regime of significantly higher accel-
eration gradients and by rigorous error mitigation. The longitudinal
shape of electron bunches extracted from the cathode is measured by
means of a transverse RF-deflector. The measured Cs2Te cathodes
show exponentially decaying electron emission with time constants of
(1846 42) fs up to (2536 58) fs, depending on the exact setup and
procedure of production, as so far all cathodes produced at the same
institute with the same procedure also exhibit similar response times.
Monte Carlo simulations were benchmarked with these results and
could reproduce the measured shape and timescale of the emission
process as well as the measured quantum efficiencies. For electron
emission from gold, a response time of (936 17) fs was measured,
which represents a first, upper limit for the response time of metal
cathodes.

Knowledge of the exact time response of photocathodes will
allow one to check and ultimately optimize their compatibility with
applications requiring short response times like femtosecond ultrafast
electron diffraction23 or novel, short bunch free-electron laser
schemes25 as well as with applications requiring longer response
times.22 This might open up new operation modes and also improve
the performance of existing facilities.

Future studies and simulations along with, e.g., x-ray spectroscopy
measurements may also reveal fundamental properties of different
photoemitting materials.59 In the field of photoinjectors, these studies
will enable more complete modeling of the emission process, which is
critical for the achieved bunch quality. Further work will concentrate
on different cathode thicknesses, deposition techniques, and also other
cathode materials like Cs2KSb and Cu, while further improving our
measurement resolution by optimizing the streaking strength, laser pulse
length, and signal to noise ratio.
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