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K-Cs-Sb bialkali antimonide photocathodes grown by a triple-element codeposition method have been
found to have excellent quantum efficiency (QE) and outstanding near-atomic surface smoothness and have
been employed in the VHF gun in the Advanced Photoinjector Experiment (APEX), however, their
robustness in terms of their lifetime at elevated photocathode temperature has not yet been investigated.
In this paper, the relationship between the lifetime of the K-Cs-Sb photocathode and the photocathode
temperature has been investigated. The origin of the significant QE degradation at photocathode tem-
peratures over 70 °C has been identified as the loss of cesium atoms from the K-Cs-Sb photocathode, based
on the in situ x-ray analysis on the photocathode film during the decay process. The findings from this work
will not only further the understanding of the behavior of K-Cs-Sb photocathodes at elevated temperature
and help develop more temperature-robust cathodes, but also will become an important guide to the design
and operation of the future high-field rf guns employing the use of such photocathodes.

DOI: 10.1103/PhysRevAccelBeams.20.113401

I. INTRODUCTION

APEX, the Advanced Photoinjector Experiment at
Lawrence Berkeley National Laboratory (LBNL), is an
operating injector test facility developed for characterizing
the VHF gun, a new concept with high-brightness and high-
repetition-rate radio-frequency (rf) gun designed to deliver
free electron laser (FEL) quality electron beams at MHz
repetition rate [1]. The mA-class current requirement for
the gun imposes the use of high quantum efficiency (QE)
semiconductor photocathodes if a realistic laser power is
considered. Owing to its high QE, low emittance and a fast
response time in the visible range, K-Cs-Sb has emerged as
an excellent photocathode material for such high repetition-
rate FEL applications which require mA range current
requirements [2]. The use of these cathode materials has
been successfully demonstrated in low field dc gun based
photoinjectors designed to deliver several tens of mA
currents [3]. However, these cathodes have two possible
drawbacks when used in high repetition rate, moderate-
high electric field rf guns like APEX: (1) the traditional

recipe to prepare K2CsSb photocathodes involves the
deposition of a 10–30 nm of Sb film followed by sequential
deposition of K and Cs, which usually creates a film with a
rough surface that can dramatically raise the intrinsic
emittance at the photocathode, making it problematic to
use for low emittance applications in moderate to high
cathode field photoinjectors, such as APEX [4]; (2) the QE
of K-Cs-Sb cathodes is sensitive to vacuum conditions and
the operating cathode temperature, which limits the opera-
tional lifetime of the cathode in rf guns.
Recently, it was shown that nearly atomically smooth

films of K-Cs-Sb can be obtained by a triple-element
codeposition recipe in which all three elements of K, Cs
and Sb are evaporated simultaneously onto the substrate.
This recipe yields cathodes with ∼5% QE at 532 nm and
provides a better reproducibility compared to the traditional
sequential deposition recipe. This solves the roughness
related emittance growth issue and enables the use of these
photocathode materials in high-field electron guns [4,5].
So far, over a dozen of K-Cs-Sb photocathodes prepared by
the codeposition method have been employed in the APEX
VHF gun and have successfully demonstrated operational
capabilities required by high repetition-rate FELs like
LCLS-II [6].
The other issue faced by these cathodes in high repetition-

rate rf guns is the photocathode operational lifetime, which
is usually defined by the time for the QE of the cathode to
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drop to 1=e of its initial value [7]. There are several factors
that can reduce the lifetime of the alkali antimonide photo-
cathode [8]. Due to their extreme sensitivity to chemical
contaminations, the oxidizing residual gas species of H2O,
CO2, O2 and CO inside the growth chamber and the gun
cavity can affect their lifetime [7]. Maintaining a clean UHV
environment with total pressure controlled in the low
10−10 mbar range can minimize the effect of the gas
contaminants on the lifetime [9]. Another crucial factor is
the temperature of the photocathode during operation.
The operational temperature of the photocathode can rise
due to the tremendous rf power being dissipated in the walls
of the cavity of an rf gun. For example, during the operation
of the APEX VHF gun about 100 kW rf power is applied to
the gun cavity, which generates a huge amount of heat.
Even with the help of the effective water cooling system the
temperature at the photocathode can increase by few tens of
degrees Celsius above room temperature. Hence, it is impor-
tant to measure the performance of the alkali antimonide
photocathode at elevated temperatures to understand its
behavior and operational lifetime in a VHF gun.
A previous study [10] on K-Cs-Sb photocathodes grown

by traditional recipe has shown that their lifetime at 120 °C
dropped by 3 orders of magnitude compared to that at room
temperature, but the exact temperature at which the decay
starts has not been measured. The triple-element codepo-
sition creates a cathode with a smooth surface and possibly
a different grain structure as compared to the traditional
sequential deposition method. Hence, it is necessary to
explore the robustness of the K-Cs-Sb photocathode grown
by triple-element codeposition method and understand the
QE degradation mechanism both in the growth chamber
and in the operational VHF-gun environment at temper-
ature elevated by few tens of degrees Celsius above the
room temperature.

In this paper, we first report results of the cathode
temperature and the performance of the K-Cs-Sb photo-
cathode under the operational condition in the APEX VHF
gun in Sec. II. In Sec. III, we present the results of the
temperature-dependent lifetime measurement of K-Cs-Sb
photocathodes grown by the triple-element codeposition
method. Finally, we present results of in situ x-ray
characterization, spectral response measurement and rece-
siation experiment throughout the decay process of the
K-Cs-Sb photocathode to understand the mechanism for
QE degradation at the elevated cathode temperature. These
studies as an entity will provide a guidance regarding the
optimal operation temperature of the K-Cs-Sb photoca-
thode for its application in moderate-high gradient rf guns
and shed light on the QE decay mechanisms at elevated
temperatures, providing guidance to developing new cath-
ode growth recipes for improved temperature robustness.

II. PHOTOCATHODE CONDITION
IN THE APEX VHF GUN

A. Photocathode temperature

Figure 1 shows a cross section of the gun and its main
components. The gun was fabricated and tested at LBNL,
and based on its successful performance, a close version
of the gun is being fabricated at LBNL to operate as the
electron source for the LCLS-II, the high-repetition-rate
x-ray FEL at SLAC [11]. The back wall of the gun is
connected to a vacuum load lock system [12] that allows for
the in-vacuum transfer of cathodes from the deposition
chamber, located elsewhere, to the gun using a dedicated
UHV vacuum “suitcase.” The cathode material is deposited
on a polished sintered molybdenum plug over a 1 cm
diameter circular surface, which after insertion in the gun

FIG. 1. Cross section of the APEX VHF gun with its main components in evidence. The inset shows the detail of the cathode plug
area.
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receptacle is exposed to the rf fields. The inset in Fig. 1 shows
the detail of the cathode plug inserted in the gun nose cone.
At the nominal operation about 100 kW of rf power is

dissipated on the gun cavity walls. The large majority of
this power is removed by a water cooling system, and at
equilibrium, the temperature of the different parts of the
gun assumes a determined reproducible distribution.
From the cathode material QE point of view, the relevant
information is the operation temperature of the cathode
plug because it can potentially be one of the main factors
determining the QE lifetime in operation.
Radio frequency and mechanical constraints do not

allow placing a temperature probe directly on the cathode
plug, for this reason finite element analysis (FEA) was used
for calculating the temperature of the part. ANSYS [13]
simulations of the gun “nose cone” (where the plug is
located) were performed using, as visible in the left part of
Fig. 2, a refined mesh and exploiting the cylindrical
symmetry of the gun to get the required accuracy while
still maintaining a reasonable calculation time.
In order to accurately reproduce the experimental

situation, operation parameters such as rf power, cooling
water flows and temperatures were measured and used in
the simulations. Figure 2 (right) shows the results of the
analysis, indicating an operational temperature of the plug
slightly above 45 °C. The simulation assumes a minor
thermal conduction path between the plug and the cathode
insertion arm. Themagnitude of such conduction depends on
the pressure that the arm exerts on the plug, the lesser the
pressure the higher the temperature of the plug. In the worst-
case scenario (negligible thermal conduction) the equilib-
rium value can rise to about 47.6 °C, which is the temperature
of the adjacent nosecone part. For future VHF rf gun based
photoinjectors that are designed for higher electric fields,

more rf power will be needed and the photocathode temper-
ature will be affected accordingly.

B. Photocathode performance

Over a dozen K-Cs-Sb photocathodes grown by code-
position have been characterized in the APEX VHF gun.
The overall performance of the photocathodes has been
summarized below. For all the K-Cs-Sb photocathodes
prepared at LBNL, no significant reduction of QE was
recorded during the transfers from the preparation chamber
to the vacuum suitcase, and from the vacuum suitcase to the
gun. No enhancement of electron field emission (dark
current) from the surface of the cathodes was measured.
A cathode intrinsic emittance of 0.5–0.6 μmper mm rms
was measured in the gun over several cathodes at 532 nm.
This measurement agrees well with the previous intrinsic
emittance measurements of K-Cs-Sb cathodes in dc guns
[14]. No evidence of QE depletion in the cathode central
area due to ion back-bombardment or heating or sputtering
induced by the laser used for inducing photoemission from
the cathode was found.
The 1=e QE lifetime of about three days in APEX was

observed.During this period thegunwas operational roughly
40% of the time. The QE decay rate during operational and
nonoperational time was very similar with the rate during
operational time beingmarginally higher. TheQE decay was
with reasonable approximation uniform over the cathode
surface. Initial QE of these K-Cs-Sb photocathodes ranged
between 2% to 5%. During operation the pressure in the
gun was about 6–8 × 10−10 Torr with hydrogen being the
dominant residual gas. Other atomic/molecular components
(H2O, O2, CO, CO2 and by-products) showed partial
pressures always 1 to 2 orders of magnitude smaller than
the total pressure. A fluorine partial pressure of about

FIG. 2. Left: Detail of the fine mesh used for the FEA analysis. Right: FEA analysis results.
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5 × 10−12 Torr was also present as the residual of an earlier
contamination accident.

III. LIFETIME MEASUREMENT

In order to investigate the influence of the increased
operating temperature on the relatively short (∼3 days)
lifetime of the cathodes in the APEX photoinjector, the
decay rate of K-Cs-Sb was measured in the growth chamber
at various cathode temperatures. In this section, we present
the details of this measurement and discuss its implications
on the operational lifetime of cathodes and design of future
photoinjectors.

A. Experimental details

The experiment of lifetime measurement of K-Cs-Sb
bialkali antimonide photocathode at various cathode temper-
atures was carried out in the Photocathode Lab in Lawrence
Berkeley National Laboratory. A series of K-Cs-Sb photo-
cathodes were prepared using the three-element deposition
method, which is based on the growth recipe in Ref. [4].
In our experiments, phosphorus-doped N-type Si (100),
of size 1 cm × 1 cm, were used as the substrate. The Si
substrates were first cleaned in an ultrasonic acetone bath,
followed by an ultrasonic isopropanol alcohol bath and then
blown dry with nitrogen. In this paper, we assume that the
degradation in QE is either due to temperature or chemical
contaminants changing the surface and/or the bulk of the
alkali-antimonide film and that the substrate (eitherMoor Si)
has no role to play as far as the QE degradation is concerned.
After being transferred into the growth chamber, the sub-
strates were heated up to 200 °C for one hour, which was
sufficient to remove residual water on the surface. High
purity Sb beads were installed into an Sb evaporator that was
positioned at about 20 cm away from the sample. K and Cs

dispensers purchased from the SAES Group [15] were used
as alkali sources and were positioned at about 5 cm away
from the sample. The substrate temperature was stabilized at
about 80 °C prior to the growth. The Sb crucible was then
heated up to 420 °C, K and Cs sources were turned on when
the Sb crucible temperature was stabilized. The ratio of the
evaporation rate of K and Cs was set at about 1∶1 by
controlling current through the sources. Partial pressure of all
the major gas species including potassium and cesium was
recorded by a residual gas analyzer. Typical total pressure in
the growth chamber during deposition is kept in the mid-
10−10 Torr range with a partial pressure of water in the
10−12 Torr range. During the growth, the photocurrent from
the photocathode was monitored by Keithley 6517B elec-
trometer [16]. The photocathode surfacewas illuminated by a
532 nm dc laser with a laser power of 0.44 mW for
photocurrent measurement. The growth was terminated
when the photocurrent stopped increasing at a typical QE
of 4%–6%. The K and Cs sources are turned off after the
Sb evaporator. The entire growth process usually takes
2–3 hours.
The as-grown photocathodes were heated at different

temperatures for QE degradation measurements, which
were performed by continuously shining the green laser
onto the photocathode. A measurement at one temperature
was done on one unique photocathode sample. The spectral
response measurements were carried out before and after
the decay using a laser-driven light source (Energetiq
EQ1500) [17] and a stigmatic Czerny-Turner monochro-
mator [18] with a resolution of about 1 nm. A step size of
2 nm was used for all the spectral response measurements.
In order to confirm that the observed decay was not due

to the outgassing of the heater, the sample was moved from
the heating position onto the transfer arm in the growth
chamber. In this position the cathode is affected by the

FIG. 3. (a) Decay curves of a series of K-Cs-Sb photocathodes at different temperature. The photocurrent was monitored by
illuminating the cathode surface with a 532-nm laser. (b) 1=e lifetime of photocathodes as a function of different decay temperature. Due
to the very large decay constants below 71 °C we indicate the 1=e lifetimes below these temperatures as the lower bounds for the lifetime.
All other error bars of the estimated lifetime values that are calculated based on the 95% confident bounds of the fitted decay constants
and amplitudes are within 10%, therefore smaller than the points. The red line is an exponential fit of 1=e lifetime data of 77 °C, 93 °C
and 110 °C.
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heater outgassing without getting hot. A current of 8.4 A
was passed through the heating filament for 12 hours.
This current is sufficient to heat the sample to 110 °C if it
was in the heating position. No QE decay was observed
during these 12 hours, indicating that the outgassing from
the heater is not significant enough to affect the decay
measurements. Heater outgassing was also confirmed to be
negligible from the measurements of the residual gas
analyzer spectra before and during heating.

B. Results and discussions

Figure 3(a) shows the (at 532 nm wavelength of light)
decay curves of a series of K-Cs-Sb photocathodes at
different sample temperatures, with the initial photocurrent
normalized to unity. To obtain the 1=e lifetime value from
each measurement, exponential decay functions are used to
fit the experimental data. In the lifetime measurements at
room temperature (RT), 55 °C and 71 °C, the photocurrent
gradually rises during the first 40 hours, 25 hours and
10 hours respectively before it starts to drop, hence the
exponential fits are performed on the data points after the
maximum photocurrent is reached. The experimental data
at these decay temperatures is fitted by one exponential
equation, It ¼ A1e−t=τ1 , where It is the photocurrent after a
certain length of time t, A1 and τ1 are the amplitude of the
exponential decay and the decay constant. For the photo-
cathodes decayed at 77 °C, 93 °C and 110 °C, a much faster
photocurrent decay rate has been observed in the early stage
of the experiment and it appears to slow down as the decay
time increases. These decay curves can be better fitted by
the double exponential equation, It ¼ A1e−t=τ1 þ A2e−t=τ2 ,
where A2 and τ2 are the second decay amplitude and decay
constant.
All the exponential fits are shown as red lines in

Fig. 3(a), from which the time needed for the photocurrent
to drop to 1=e of the initial value can be calculated. At room
temperature, the photocathodes grown by the three-element
codeposition method generally have a 1=e lifetime of over
3000 hours. No significant QE degradation due to photo-
cathode temperature is observed at the photocathode
temperature of 55 °C, where the measured photocathode
has a lifetime of over 3400 hours. The lifetime reduction

becomes discernible at the decay temperature of 71 °C
and higher. The 1=e lifetime from one exponential fit on the
decay data at 71 °C is calculated to be 741 hours. For the
photocathodes decayed at 77 °C, 93 °C and 110 °C, the time
for their QE to drop to the 1=e of the initial value based on
the two exponential fits are found to be roughly 225 hours,
24 hours, and 2.3 hours respectively. These lifetime values
are plotted as a function of photocathode temperature in
Fig. 3(b). As can be seen, an exponential drop in the
lifetime regarding cathode temperature becomes prominent
when cathode temperature exceeds 77 °C and an exponen-
tial fit to this range of data is marked as the red line.
The good agreement between the photocurrent decay

curves at the higher temperatures and the double exponen-
tial fits indicates the coexistence of two decay mechanisms.
The decay constants and the amplitudes of the exponential
fits at different temperatures are listed in Table I for
comparison. As the decay temperature increases from
77 °C to 110 °C, the first amplitude A1 decreases and the
second amplitude A2 increases, furthermore, the first decay
constant τ1 is always more than an order of magnitude
larger than the second decay constant τ2. This indicates that
the decay mechanism corresponding to A2 and τ2 that
causes the fast decay at temperatures above 77 °C is
suppressed at the lower temperatures, putting the threshold
activation temperature for this decay mechanism between
71 °C and 77 °C.
The calculated temperature of the photocathode during

operation based on the FEA analysis is below 50 °C, hence
the temperature-induced QE degradation during the oper-
ation of the K-Cs-Sb photocathode would be very insig-
nificant. The cause for the three-day operational lifetime of
these photocathodes in the APEX gun could possibly be the
chemical contamination (by fluorine) inside the gun cavity.

IV. DECAY PROCESS CHARACTERIZATION

So far we have demonstrated the temperature depend-
ence of the lifetime of K-Cs-Sb photocathodes and their
complex lifetime degradation behavior at different temper-
atures. To fully understand the decay mechanism, it is
essential to obtain information on the chemical composi-
tion, crystal structure, spectral response and many other

TABLE I. Decay constants and amplitudes from exponential fits with one term and two terms used for different
sets of experimental data. The errors of all fitted parameters are within 10%.

Exponential fit—first term Exponential fit—second term

Temperature (°C) Decay constant (τ1) Amplitude (A1) Decay constant (τ2) Amplitude (A2)

RT 3167 1.06 � � � � � �
55 3443 1.08 � � � � � �
71 741 1.05 � � � � � �
77 761.9 0.51 15.7 0.52
93 114.3 0.39 7.63 0.61
110 28.8 0.18 1.65 0.85
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properties of the photocathode throughout the decay
process. In this section, we first show using x-ray fluores-
cence, diffraction and reflectivity measurements that the
fast decay above 77 °C can be attributed to the loss of Cs
from the cathode film. Then we show that it is possible to
recover most of this loss by a straightforward recesiation
process. We also present spectral response measurements to
shed light on the decay process with longer decay time.

A. X-ray Characterization

In order to study the decay process, the QE degradation
experiment was carried out in an in situ growth chamber at
beam line G3 of the Cornell High Energy Synchrotron
Source (CHESS), which has a photon energy of 11.24 keV
(λ ¼ 1.103 Å), following the same procedure as that used
in LBNL. With the help of the specially designed growth
chamber, in situ x-ray fluorescence (XRF), x-ray diffraction
and x-ray reflectivity were recorded during the photo-
cathode growth and decay process. Growth of K-Cs-Sb
photocathodes was reproduced using the triple-element
codeposition method. Pure metallic Sb beads were installed
into a crucible and were used as the antimony source. K and
Cs were evaporated from pure metal K and Cs ampoules
that was installed into two separate pure alkali metal
effusion cells. Deposition rates were checked by a quartz
crystal microbalance that was placed alongside the sample.
Growth temperature and deposition rates were controlled to
be similar to that of the experiment performed at LBNL.
Photocurrent was monitored by illuminating a 532-nm laser
onto the photocathode, while simultaneously real-time
x-ray fluorescence was recorded by a Vortex detector.
The growth was terminated when the photocurrent reached
the maximum, following the same criteria used in LBNL.
K-Cs-Sb photocathodes with similar QE at 532-nm

wavelength as those grown at LBNL were reproduced in
the beam line experiment. After the growth, the photo-
cathode temperature was raised up to 100 °C to initiate the

decay process. Photocurrent and x-ray fluorescence were
recorded simultaneously during the decay process. The
decay was terminated after the process was monitored for
about 90 minutes while the QE decreased to 50% of the
initial value after the growth. The lifetime of the photo-
cathode decayed at 100 °C was calculated to be approx-
imately 2.2 hours. Since the decay was measured only for
90 minutes, it could be fitted with only one exponential
decay term corresponding to the quicker decay process.
Hence, the decay constant of 2.2 hours corresponds to the
decay constant of the quicker process only. This agrees well
with the results obtained at LBNL. X-ray fluorescence,
x-ray diffraction and x-ray reflectivity measurements were
carried out before and after the decay by using a PILATUS
100 K 2D detector [19] to investigate the change in the
composition, crystal structure, film thickness and surface
roughness due to the decay process.

1. X-ray fluorescence

Figure 4 shows the x-ray fluorescence raw data and the
fitted stoichiometry of the K-Cs-Sb photocathode before
and after the decay [Fig. 4(a)], as well as the real-time
atomic ratio of K:Sb and Cs:Sb of the film with error bars
during the decay process [Fig. 4(b)]. The raw data is fitted
by the program PYMCA [20]. The stoichiometry of the as-
grown photocathode is found to be K2.44Cs0.6Sb, which
turns out to be excessive in potassium and deficient in
cesium compared to the targeted K2CsSb. After the decay
process which drops the QE by 50%, there appears to be no
decrease in the potassium Kα and antimony Lα and Lβ

fluorescence peaks but only obvious drops in the cesium
peaks including the two highest peaks of Cs Lα and Lβ, as
shown in Fig. 4(a). The real-time atomic ratio evolution for
K:Sb and Cs:Sb during the decay also demonstrates that the
photocathode continuosly loses cesium during the decay
process. The final stoichiometry after the decay is fitted to

FIG. 4. (a) X-ray fluorescence results of the photocathode before and after the decay, the stoichiometry of the photocathode before and
after the decay are shown in the inserted table. (b) Atomic ratio of K to Sb and Cs to Sb during the decay.
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be K2.44Cs0.46Sb, which is clear evidence that the cesium
depletion is the main cause for the K-Cs-Sb photocathode’s
QE degradation at 100 °C.

2. X-ray diffraction

The XRD scans were performed on the photocathode
before and after the decay to investigate the change in the
crystal structure; the details of the measurement can be
found elsewhere [21]. The positions of the observed
diffraction peaks, which are indexed based on the
K2CsSb crystal structure established in Ref. [22], before
and after the decay are listed in Table II. A different grain
structure has been observed based on the acquired dif-
fraction pattern from the codeposited as-grown K-Cs-Sb
photocathode which has a predominant (2 2 2) peak and
weak (2 2 0) peak, when compared with the powder
diffraction pattern acquired from polycrystalline K2CsSb
samples prepared by traditional recipe which has a pre-
dominant (2 2 0) peak [22,23]. Such a result is in good
agreement with the previous study on the characterization
of codeposited K-Cs-Sb photocathodes [5] and this indi-
cates that a highly textured K-Cs-Sb thin film is formed by
the codeposition method which contrasts with the poly-
crystalline film formed by the sequential deposition.
It has been observed that all the diffraction peaks are

shifted to slightly higher 2θ values which indicates an
average decrease of 0.31% in the lattice constant of the
K-Cs-Sb crystals before and after the decay. Based on
McCarroll’s study [23], the K-Cs-Sb crystal lattice is
expected to shrink as the bulk becomes more Cs deficient
and K rich, which in our case is supported by the direct
observation of the Cs depletion based on the XRF result.
The peak intensities of the (222) and (220) peaks remain
mostly identical which suggests the good integrity of
the cubic crystal structure of the photocathode film. The
intensity of the insignificant (111) peak increases by nearly
an order of magnitude after the QE degradation, indicating
conversion of the lattice from ordered K2CsSb cubic
structure to a disordered K-Cs-Sb cubic structure due to
the Cs depletion from the lattice [23].

3. X-ray reflectivity

X-ray reflectivity (XRR) measurements were also per-
formed before and after the decay process. The details of
the measurement setup and data processing are given

elsewhere [5]. The experimental and simulated XRR curves
for the K-Cs-Sb photocathode before and after the decay
are shown in Fig. 5, with the corresponding simulation
results of each step that provide the best fit to the
experimental data shown in Table III. It can be seen from
the analyzed data that the final photocathode film after
growth has a thickness of 54.1 nm, with observable
oscillations up to 2θ ¼ 4°. The simulation yields a rms
roughness of 1.15 nm. The simulated thickness and rough-
ness of the photocathode film grown by the three-element
codeposition method are on a comparable level to those
reported in a previous study [5]. After the decay is finished,
the period of the XRR oscillations appears to be slightly
larger, indicating a reduced film thickness. The simulation
determines film thickness to be 51.6 nm, with an increased
rms roughness of 1.39 nm, hence a reduction of 4.6% in the
film thickness can be calculated after the decay.
It should be noted again that the XRD analysis indicates

the lattice size reduction of only 0.31%, which is
much smaller than the total thickness reduction of 4.6%.
This suggests that most of the Cs atoms released from the
cathode during heating do not come from the lattice, but
from a layer of excess Cs on the surface of the cathode or
between the grain boundaries. Thus, it can be deduced that
the main reason for the fast QE degradation of K-Cs-Sb
photocathodes at elevated temperature is the depletion of
surface Cs atoms that are not part of the lattice. The slower
decay mechanism could not be studied using x-ray analysis
due to the lack of time available at the x-ray beam line.

TABLE II. Diffraction peak positions obtained from the XRD
scans performed on the photocathode before and after the decay.

Diffraction
peaks

2θ position before
decay

2θ position after
decay

(1 1 1) 12.59° 12.62°
(2 2 0) 20.44° 20.51°
(2 2 2) 25.02° 25.11°

FIG. 5. X-ray reflectivity experimental data (circles) and
simulated curves (red lines) of the K-Cs-Sb photocathode at
different stages during the beam line experiment. The reflectivity
intensity that was measured from the Si substrate, before-decay
photocathode and after-decay photocathode, is demonstrated
with an offset for clarity.

TABLE III. Simulation results to fit the XRR experimental data
measured from the substrate and the photocathode before and
after the decay. The simulation errors are shown in brackets.

Layer Thickness (Å) Roughness (Å)

After decay 516 (−4.49, 3.81) 13.9 (−0.10, 0.25)
Before decay 541 (−2.76, 4.02) 11.5 (−0.24, 0.63)
Substrate � � � 2.35 (−0.01, 0.02)

TEMPERATURE-DEPENDENT QUANTUM … PHYS. REV. ACCEL. BEAMS 20, 113401 (2017)

113401-7



B. Spectral response and recesiation process

Insight into the slower decay mechanism can be obtained
by measuring the spectral response and by recesiating the
decayed cathode to see whether the reduced QE can be
recovered. For this purpose, two identical cathodes were
grown at LBNL. One was heated to 110 °C for one hour
and the other was heated to 110 °C for 12 hours. Upon
completion of the heating, Cs was deposited on both
cathodes while they were hot. Cs deposition rate during
this recesiation process was identical to the Cs deposition
rate during initial cathode growth.
The spectral responses over the range of wavelengths

from 350 to 575 nm for the two photocathodes are shown in
Figs. 6(a) and 6(b). In the case of one-hour decay in which
the QE loss is mostly from the first exponential term of the
fitted two exponential function, the recesiation step could
renew the QE back to over 90% of the initial QE. In the
12-hour case where a larger contribution from the second
term of the two exponential fit is expected, the recesiation
step doubled the overall yield after the decay but could not

return it to its former value, resulting in approximately 50%
of the initial QE. Figures 7(a) and 7(b) show the ratio of the
QE before decay to that after decay, as well as the ratio of
the QE before decay to that after recesiation at different
wavelengths for the two cathodes respectively. From these
figures, it is clear that both photocathodes have undergone
the largest reduction in QE in the long wavelength region,
indicating an increase in the work function. The curve of
the ratio between the QE before decay and after recesiation
is nearly flat, indicating that the work function reaches the
predecay value after recesiation.
These observations further support the claim that the fast

decay is due to the loss of surface Cs which tends to
increase the work function. Upon recesiation, this surface
Cs layer is reformed reducing the work function back to its
predecay value. This also suggests that mechanism for the
longer decay does not change the work function and is not
reversible by simply adding Cs. One possible mechanism
that satisfies these criteria is the slow breakdown of the
K-Cs-Sb lattice.

FIG. 6. Spectral response comparisons of the K-Cs-Sb photocathodes decayed at 110 °C for 1 hour (a) and 12 hours (b).

FIG. 7. Ratio of the QE before decay to the QE after decay and the ratio of the QE before the decay to after recesiation on
photocathodes decayed at 110 °C for 1 hour (a) and 12 hours (b).
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V. CONCLUSIONS

Studies on the temperature-dependent QE degradation of
K-Cs-Sb photocathodes grown by three-element codepo-
sition have been carried out at LBNL and CHESS. It has
been found that these K-Cs-Sb photocathodes generally
have a lifetime of over 3000 hours at room temperature in
our growth chamber and still possess over 700 hours at a
cathode temperature of 71 °C. No reduction in the lifetime
has been observed up to a temperature of 55 °C. The
cathode temperature in the APEX VHF gun was deter-
mined to be less than 50 °C. The temperature degradation
measurements indicate that the K-Cs-Sb cathodes grown
were stable up to 55 °C suggesting that the relatively short
cathode lifetime (∼3 days) in this gun is not due to the
temperature degradation of the cathode, but due to the
chemical contamination (fluorine) in the gun. However,
the QE degradation measurements presented acts as a
guideline for the design of the future VHF gun which
may operate at higher electric fields and result in higher
cathode temperature.
Furthermore, the temperature-dependent decay of the

K-Cs-Sb was studied using x-ray techniques and spectral
response measurements. Above 77 °C the decay process
was composed of two processes—a quick decay which can
be attributed to the loss of Cs that was unreacted on the
surface or between the lattice grains and a second slower
decay that can possibly be explained by the slow degra-
dation of the lattice. It may be possible to eliminate the
quick decay of the cathode by growing a stoichiometrically
correct K2CsSb lattice by adjusting the deposition rates and
substrate temperature during the codeposition based growth
and ensuring that all Cs atoms have reacted. This could
result in cathodes that are more robust to temperature.
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