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High-average-current, high-brightness electron sources have important applications, such as in high-
repetition-rate free-electron lasers, or in the electron cooling of hadrons. Bialkali photocathodes are promising
high-quantum-efficiency (QE) cathode materials, while superconducting rf (SRF) electron guns offer
continuous-mode operation at high acceleration, as is needed for high-brightness electron sources. Thus,
we must have a comprehensive understanding of the performance of bialkali photocathode at cryogenic
temperatures when they are to be used in SRF guns. To remove the heat produced by the radio-frequency field
in these guns, the cathode should be cooled to cryogenic temperatures. We recorded an 80% reduction of the
QE upon cooling the K,CsSb cathode from room temperature down to the temperature of liquid nitrogen in
Brookhaven National Laboratory (BNL)’s 704 MHz SRF gun. We conducted several experiments to identify
the underlying mechanism in this reduction. The change in the spectral response of the bialkali photocathode,
when cooled from room temperature (300 K) to 166 K, suggests that a change in the ionization energy (defined
as the energy gap from the top of the valence band to vacuum level) is the main reason for this reduction. We
developed an analytical model of the process, based on Spicer’s three-step model. The change in ionization
energy, with falling temperature, gives a simplified description of the QE’s temperature dependence. We also
developed a 2D Monte Carlo code to simulate photoemission that accounts for the wavelength-dependent
photon absorption in the first step, the scattering and diffusion in the second step, and the momentum
conservation in the emission step. From this simulation, we established a correlation between ionization
energy and reduction in the QE. The simulation yielded results comparable to those from the analytical model.
The simulation offers us additional capabilities such as calculation of the intrinsic emittance, the temporal

response, and the thickness dependence of the QE for the K,CsSb photocathode.

DOI: 10.1103/PhysRevAccelBeams.19.103401

I. INTRODUCTION

A high-average current beam is essential for linac-based
light sources, electron-ion colliders, and electron cooling.
To deliver a high average current requires both a high
quantum-efficiency (QE) photocathode, and high laser
energy. Among the existing cathodes and drive lasers, to
assure having a high QE, a low thermal emittance, and a
long lifetime, many facilities choose the bialkali photo-
cathode as their electron source [1-3].

In 1992, a collaboration of researchers from Los Alamos
National Laboratory (LANL) and Boeing [4] demonstrated
a record of 32 mA operation in a 433 MHz normal
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conducting photoinjector using a bialkali photocathode. In
Cornell University’s DC gun, a new record of 75 mA average
current was achieved using a bialkali photocathode [5]; 1/e
lifetime of the cathode was extrapolated to be about 2.6 days.
BNL has two SRF guns with bialkali photocathodes. One is
the 704 MHz SRF gun, used as the prototype for the Energy
Recovery Linac (ERL) [6], and the other is the 112 MHz
QWR SRF gun used for the proof-of-principle experiments
for coherent electron cooling (CeC) [7].

In contrast to the DC gun, in the SRF gun, both the
normal conducting cathode and the cathode’s support stalk
are in a high rf field. The heat this field produces can reach
up to hundreds of watts. The guns therefore, must be cooled
by water or by liquid nitrogen. In BNL’s 704 MHz SRF
gun, the calculated heat load on the cathode stalk is about
650 watts; it is dissipated by liquid nitrogen. In one
experiment, we found that the QE of the K,CsSb photo-
cathode dropped from 4% to 1% at 532 nm when it was
cooled from room temperature to the temperature of liquid
nitrogen, a significant loss of effectiveness. Hence, it is
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very important that we gain an understanding of the
performance of the cathode at cryogenic temperatures
and identify a means to mitigate this problem.

In looking at the cryogenic performance of other semi-
conductors, we concluded that several effects could cause
this reduction in the electron yield: gas trapping at the cold
surface [8], a reduction in electrical conductivity [9] due to
the decreased density of carriers at cryogenic temperatures,
or an increase in ionization energy (bandgap -+ electron
affinity) due to a change in the structure of the lattice at low
temperatures [10].

To better understand the contribution from each of these
mechanisms, we undertook several experiments and devel-
oped an analytical model. We formulated a Monte Carlo
PyTHON [11] code, based on a three-step model, to simulate
the QE and its temperature dependence, temporal response,
and the thermal emittance of the electron bunch. In the
following sections, we describe our experimental arrange-
ments and detail our results. We also derive an analytical
expression to describe the temperature dependence of the
spectral response. In addition, we develop the Monte Carlo
code to simulate the spectral response and other properties.
Finally, we compare our experimental results to our
predictions.

II. EXPERIMENTAL ARRANGEMENTS

We systematically studied the K,CsSb photocathode in a
dedicated photocathode material-deposition system.

Load lock

Deposition chamber

RGA

|

Crystal monitor

FIG. 1.

This system consists of a transport suitcase, a storage
chamber, a deposition chamber, a load-lock chamber, and
three manipulators to transfer the sample between them. The
substrate, on which the photocathode is deposited, is initially
kept in the transport suitcase, and then transferred by a
manipulator to the load-lock section. Utilizing two other
manipulators, the substrate can be moved to the storage
chamber, and the deposition chamber. Three sources, Cs, K,
and Sb, are mounted on the deposition chamber, each
separated from one another and from the chamber by
ultrahigh-vacuum (UHV) gate valves. The vacuum in the
deposition chamber, pumped by an ion pump and a titanium
sublimation pump, can attain the low level of 10~° Pa and the
vacuum in the three source arms can reach 1078 Pa. We
employed a quartz crystal monitor to record the film’s
thickness during evaporation and utilized a residual gas
analyzer (RGA) to analyze the partial pressure of the
gases in the deposition chamber. Figure 1 provides a
schematic diagram of this system. The cathode is irradiated
by a 532 nm, 0.5 mW green laser, and the photocurrent
leaving the cathode is monitored by a Keithley 6485
picoammeter [12].

The substrate is heated by a boron-nitride resistance
heater, which is mounted beneath it, and it can be cooled by
a cooling block with flowing cold nitrogen gas/liquid. The
cooling rate is controlled by adjusting the flow rate of
nitrogen. The lowest temperature which the substrate can
reach is 166 K, due to a limitation of the thermal contact
between the cooling block and the cathode.

t=h

Transport suitcase

Storage chamber
Lens
Monochromator

White light source

A schematic of the BNL’s K,CsSb photocathode deposition system.
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We grew a fresh K,CsSb photocathode on a molybde-
num substrate following our standard procedure [12]. In the
first step, the substrate was heated at 350 °C for approx-
imately 6 hours to release the gas adsorbed on the surface;
then it was held at 90 °C, ready for the cathode fabrication.
During the cathode fabrication, we evaporated a 10 nm
thick Sb layer on the substrate from an effusion cell at a rate
of approximately 1 A/s; then, we raised the substrate’s
temperature to 130 °C, and deposited a ~20 nm of potas-
sium at an average rate of 0.6 A /s. At this time, the QE was
measured as ~5 x 10~*. Then the heater was turned down
in order for the substrate to be cooled at around 1 °C/ min,
while Cs was evaporated, and the QE increased steadily.
When the photocurrent reached a plateau, the heater was
turned off, and the substrate was cooled by flowing cold
nitrogen. At this time the evaporation of Cs was reduced to
keep the QE constant until the cathode cooled to 80 °C.
Then the cathode was cooled quickly to room temperature
by increasing the nitrogen flow. Using this procedure,
we reproducibly fabricated cathodes with QE of 10%
at 532 nm.

The spectral response of the cathode was measured at the
storage chamber using a monochromatic source derived
from a white light. The light was transported via a fiber
from the lamp to the cathode through a monochromator and
vacuum viewport. The central wavelength of the light
irradiating the cathode could be adjusted by the setting
of the monochromator. The wavelength of the light was
changed from 200 to 660 nm in 20 nm steps. We calibrated
the optical power at these different wavelengths using a
Newport 1930C power meter before and after measuring
the cathode’s spectral response. An electrometer was used
to measure the photocurrent leaving the cathode with a
biased voltage of —50 V. After we had measured the
spectral response at room temperature, the cathode was
slowly cooled from 300 to 273 K. When the cathode’s
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FIG. 2. The spectral response of K,CsSb cathode as it was
cooled from room temperature to 166 K. The inset is the zoomed-
in change in QE due to cooling; it dropped as the temperature was
lowered.
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FIG. 3. The percentage of QE change from RT to 166 K as a
function of the photon energy. The negative change is from the
measurement errors.

temperature stabilized, we measured the spectral response
by the same procedure. We then increased the flow of the
liquid nitrogen, and repeated the procedure at 241, 223,
201, 183, and 166 K. The measured photocurrents, together
with the calibrated light power at different wavelengths,
were used to calculate the QE. The spectral response of the
cathode at these seven different temperatures was obtained
as shown in Fig. 2.

Figure 2 shows that about a 20% drop occurred at
532 nm from room temperature to 166 K from the insert,
while Fig. 3 shows that QE drops more at lower photon
energies. At higher photon energies, the QE experienced
minimal change.

III. RESULTS AND DISCUSSION

The experiments detailed above showed that the QE
decreased with the falling temperature. We discuss several
plausible explanations for this reduction: gas trapping on
the emission surface, change of the photocathode’s electric
conductivity, and the change in ionization energy.

A. Gas trapping at the emission surface

The cold surface of the cathode acts as a cryogenic pump
and adsorbs the residual gas inside the chamber. The gas
trapped on the cathode surface may increase the ionization
energy and reduce the probability of the emission of
electrons. To explore this effect, we illuminated the cathode
at 166 K with a 0.5 mW green laser. The base pressure of
the deposition chamber is 8 x 10~!! Torr in room temper-
ature. It reduces to 6.5 x 107!" Torr at LN2 cooling.
Approximately 80% of the residual gas is hydrogen and
18% is nitrogen or CO. The rest are CO, and water. Both
are 2 orders less than hydrogen. When illuminating the
0.5 mW laser, the baseline pressure went up to
5 x 1071° Torr. We observed the peak of H,, N,, H,O
increase. After 2 minutes, the pressure dropped down to
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6.5 x 107! Torr. However, the QE did not recover. The
cathode was then brought to room temperature by the
heater and then the QE was fully recovered, suggesting that
if gas was adsorbed during cooling, it neither reacts with
the cathode film nor damages it permanently. Hence,
surface contamination by residual gas is not the reason
for the reduction of the QE. With respect to the 704 MHz
SRF gun, in order to avoid the adsorption of gas on the
cathode’s surface, the gun was first cooled to the temper-
ature of liquid helium, and the cathode was then inserted
into the gun, while still being cooled by liquid nitrogen
prior to making its final contact with the gun. The inner
surface of the SRF cavity, held at a much lower temper-
ature, then acts as a large cryogenic pump. Consequently,
the surface of the liquid nitrogen cooled cathode would
adsorb only a negligible amount of the residual gas.

B. Change in electrical conductivity

Other researchers have measured the temperature
dependence of the conductivity of K,CsSb [9]. By fitting
the curve from that data, we estimated that its conductivity
is approximately 5.63 x 10> Ohm™m at 166 K. The maxi-
mum current that can flow through the crystal is derived
using the following expression:

I :AKE()/S,, (1)

where A is the emission area, k is the conductivity of
K,CsSb, ¢, is the relative permittivity, and E; is the
external field. The K,CsSb photocathode’s relative permit-
tivity, €, is 7.87 [13], E, is about 500 V/m in our
equipment (the distance from the cathode to the anode is
about 10 cm, and the bias is 50 V). Thus, we calculated that
the upper limit of the current that can flow through the
cathode is 0.35 A, based on Eq. (1). The photocurrent we
measured during the cooling process was ~10 pA, which is
far from the upper limit set by conductivity, indicating that
conductivity is not the limiting factor for this current.

C. Change in ionization energy

The spectral response of the cathode at different temper-
atures shows that the QE depends strongly on temperature
for photon energies below 3 eV. In the long wavelength
regime, the QE declines with decreasing temperature. At
532 nm, the QE of the cathode had dropped by 20% when it
was cooled from room temperature (300 K) to 166 K. The
threshold of photon energy increases with decreasing
temperature.

From Ref. [14] the spectral response of the QE can be
expressed as follows:

_1=R(®) (ho—0u)*
1+ jupt((‘;’))) 8Qeff(EF + Qeff) ’

e—e
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FIG. 4. Ionization energy, E,, as a function of temperature.

where R(w) is the cathode optical reflectivity, @z is the
effective work function of the cathode, Er is the Fermi
energy of the cathode, A,y (@) is the photon absorption
length, and A._.(w) is the electron-electron mean-free path.

The ionization energy for the K,CsSb cathode is given
by the intercept with the photon energy axis in the plot of
the square root of the QE versus the photon energy Aw.
(Here, we used the ionization energy to substitute for the
effective work function.) For the data shown above, we
determined that the ionization energy increases by 0.03 eV
when the cathode is cooled to 166 K.

The measured ionization energy as a function of temper-
ature is plotted in Fig. 4. In order to get the ionization
energy of 77 K, we fitted the results with a linear equation.
The best fit of the linear equation can be expressed as

E, = 1.89 — 0.00025T (3)

where T is the temperature of the cathode (in K). Using
Eq. (3), the ionization energy at 300 K and at 77 K can be
calculated as 1.81 and 1.875 eV, respectively.

Spicer [15] found that the QE of the Na,CsSb cathode at
visible and IR wavelengths degraded when the cathode was
cooled to the temperature of liquid nitrogen. Cultrera [16]
also observed such behavior when the Cs;Sb photocathode
was cooled to 90 K. Electrons in the donor levels near the
Fermi level of the semiconductor can be emitted when
they absorb photons with an energy lower than the sum of
band gap and the electron affinity. According to Spicer,
at cryogenic temperatures, there are fewer donor-level
electrons. Hence, the QE of the bialkali photocathode
would drop as the cathode is cooled [15].

The difference between Spicer’s finding and our experi-
ment is that we observed a reduction in the QE, even for
photon energies larger than the ionization energy. Therefore,
some other mechanisms besides the reduction in number of
electrons in donor states should be considered.

To explain the experimental results, we developed two
models to characterize the temperature dependence of the
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QE for the K,CsSb photocathode, based on Spicer’s three-
step model [15]. An analytical model was developed to
explain the general temperature dependence of the QE, and
a simulation program was written to give a more precise
description of the photoemissive mechanism of the bialkali
photocathode and at the same time to describe the cooling
effect on the bialkali photocathode.

IV. ANALYTICAL MODEL

We started with the fundamental assumption that, for a
given cathode, only the ionization energy changes as a
function of temperature. This change could be caused either
by the change in the band gap due to an alteration in the
lattice, or a change in electron affinity at the surface. The
following additional assumptions were made to simplify
the model. 1. The photon reflection of the surface was not
considered, and all the transmitted photons are assumed to
be absorbed. So the initial photon number of the model
is defined by the photon penetrate into the crystal.
2. Multiphoton excitation is not considered due to its very
low probability. 3. The probability distribution of the
electron energy in the valence band is assumed to be
Maxwell-Boltzmann [17], with a cutoff at the top of the
valence band. This is a first order simplification. A more
accurate distribution is used in the Monte Carlo simulation.
4. The probability distribution of the electron energy in the
conduction band after excitation is similar to that in
the valence band, but with a tail caused by collisions in
the conduction band. Because our experiment laser power
is in the yW level, the electron density in the excited state is
very low. Thus the conduction band has sufficient states to
accept the excited electrons. Due to electron phonon
scattering, a fraction of electrons will lose or gain the
energy and diffuse to both the high energy side and the low
energy side giving rise to a tail as described by the
Maxwell-Boltzmann distribution. 5. According to [18],
the density of states in the topmost valence band has a
half width half maximum of ¢/2. 6. Scattering or collision
is not considered explicitly during the transport step.
However, the tail in the density distribution and the
constant C in Eq. (11) takes these effects into consideration
implicitly. 7. As a first order approximation, the energy is
conserved. Momentum conservation is not considered here.
Both energy and momentum conservation are applied in
Monte Carlo simulation.

The first step in the three-step model is photon absorp-
tion. The laser power inside the cathode decays exponen-
tially, due to absorption of photons by the cathode material.
The laser’s power /(z) at a depth z from the surface can be
expressed as

I(Z) _ Ioe—a(hw)z, (4)

where I is the incident light power, A® is the photon
energy, and a(hw) is the absorption coefficient of the

K,CsSb at the photon energy Aw. So, the fraction P, of
laser power absorbed by the cathode with a thickness of
L (nm) can be written as the integral of I (z):

LI(z)d
Py, = Js ](Z) L _ palhw)L (5)
0

Based on the absorption data for the K,CsSb material at
different wavelengths in Ref. [19], we derived an analytical
expression for a(hAw) (valid for Aiw < 4 eV):

a(hw) = 19.82 —27.95hw + 11.15(hw). (6)

Thus, if the number of the incident photons (photon
energy is hw) is N,, the total number of the photons
absorbed by the electrons is

N, (1 — e-oholL), (7)

The electrons in the valence band absorb the photons,
and those with energy higher than the band gap are excited
to the conduction band. Figure 5 shows the band structure
and the electron-energy probability distribution inside the
K,CsSb. From the electron energy density of states given in
Ref. [18], the spread of electron energy in the valence band
o is ~1.2 eV. When the photon energy is higher than the
sum of the band gap and o, all the electrons will be excited
to the conduction band. The probability distribution and the
energy spread of these excited electrons will be the same as
those in the valence band. If the photon energy is lower than
the sum of band gap plus ¢ (Fig. 5), the distribution is the
Maxwell-Boltzmann distribution with a cutoff.

We consider only the process wherein the electrons
absorb the photons, and are excited from the valence band

Vacuum level

N
E
A Ia

hw-o hwl E Ee

Conduction Band

Valence Band

_________________ _ o
______________ i"/ZVI
FIG. 5. The probability distribution of the electrons in the band
structure of the crystal. The solid parabola is the electron energy
probability distribution in the valence band, while the dashed
parabola curve is the electron energy probability distribution after

being excited to the conduction band. ¢ is the width of the band
below the maximum of the valence band.
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into the conduction band; then, the distribution on the
conduction band can be simplified by a Maxwell-
Boltzmann energy distribution [17],

f(E)E = z\ﬁ <ki> Vet (8)
B

where E is the energy of the electron above the minimum of
the conduction band (the energy zero point starts from the
bottom of the conduction band), and kzT/2 is the most
probable energy. The spread of electron energy in the
valence band is ¢ with the maximum likelihood at o/2.
After electrons are excited above the conduction band, the
value of ¢ for the distribution has not changed. Thus, we
replaced kzT by o in the following calculation.

Meanwhile, we moved the relative energy level from the
bottom of the conduction band to the top of the valence
band. Thus, the modified Maxwell-Boltzmann energy
distribution can be written as

fIE = (hw — 0),0]dE
p WGY/Z A, (9)

T o

where E is the energy of the electron. Since our model does
not consider explicitly electron scattering during transport,
and it is assumed to be independent of temperature,
the probability distribution of the electron energy in the
cathode is not changed when the electrons reach the
emission surface.

Here the ionization energy E,(7T) can be expressed as

E.(T) = E.(0) + ¢(T). (10)
where E,(0) is the ionization energy at room temperature,
which equals the sum of band gap energy E, and the
electron affinity E, at room temperature. ¢(7) was set as
zero at room temperature. The temperature has an effect on
the crystal’s lattice and its surface properties, and hence,
changes the energy band gap or electron affinity [10]. ¢(7T')
can be due to the temperature dependence of either the band
gap, or in the electron affinity.

Only those electrons with energy higher than the
ionization energy E, can be emitted. The emission prob-
ability P,.,; of the electron can be written as

TABLE L

P = </f

C is a constant accounting for electrons that are
either trapped in the cathode material, or diffuse back
to the substrate, which is related to the second step,
and is considered not to change with temperature in this
model. The number of electrons that can be emitted is
expressed by

(ho — o), ]dE) (11)

N,=N (1 - e_a(hw)L)Pemit

= N,C(1 — e~elho)L </f

(ha — o), ]dE) ,

(12)

where N, is the number of photons. Since the QE of the
photocathode at photon energy A® can be expressed as the
ratio of the number of emitted electrons over the number of
incident photons

QF = =<, (13)

then Eq. (13) can be written as
QE = (1 — ¢~(h®) L)(/f (hw—o0), ]dE) (14)

and Eq. (14) can be transformed to

E¢(0)+9(T)—(hw—o)

QE = C(1 — e @lh)ly | 1 — f(E,o)dE

(15)

Since ¢ (T) critically depends on the cathode material
and the growth process, it should be a fitting parameter for a
given cathode. With the equations above, and using the
constants and parameters listed in Table I, we determined
the temperature dependence of the ionization energy, E,,
using the following steps. 1. Calculate QE at room temper-
ature at 532 nm, and compare it to the measurement to

Parameters used to calculate QE from Eq. (15).

Value

Absorption coefficient, a(hw) (hw < 4 V)
Cathode’s thickness, L
Photon energy, hm

a(hw) = [19.82 — 27.95ha)11.15(fza))2] cm~! [19]
40 nm
2-55eV
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FIG. 6. The calculated curve fits with the measured spectral-
response data at room temperature (red line), and at 166 K (blue,
dashed). The R? of these two nonlinear fits are 0.99. The black
curve is the expected spectral response of the cathode at 77 K.
The vertical dashed line shows the QE change at 532 nm.

determine C. 2. Calculate the spectral dependence at room
temperature, and use E, as the fitting parameter to match
theoretical prediction to the experimental measurement.
3. Given these values of C and E,(0), calculate the spectral
dependence for each temperature with a single fitting
parameter, ¢ (T).

From the fitting to the experimental results, the best fit
for ¢(T) can be expressed as follows:

o(T) = —0.0003T. (16)

The fitted (7) at 166 K is about 0.05 eV, very close to
the value of 0.04 eV calculated from Eq. (3).

Both the model and the experimental data suggest that
for photon energies higher than 3 eV, the QE is independent
of temperature. Although we completed the data analysis
for all the measured temperatures, for clarity we show just
two of the experimental data sets, along with the analytical
results in Fig. 6. This fit confirms that the change in E, with
temperature is the dominant mechanism for reducing the
electron yield at lower temperatures, especially for photon
energies close to E,.

E, was expected to increase by 0.15 eV when the
cathode has been cooled to the temperature of liquid
nitrogen based on Ref. [20]. By using this analytical
model, when irradiated with a 532 nm laser, a 50% drop
in QE could be expected when the cathode is cooled from
room temperature to that of liquid nitrogen. However, when
we measure the QE of another K,CsSb cathode in the
704 MHz SRF gun at the temperature of liquid nitrogen, we
observed an 80% drop in the QE. We attribute this
discrepancy to the simplifications we made to the three-
step model, especially our exclusion of the scattering
process in the transport step, and the conservation of
momentum.

V. MONTE CARLO SIMULATION

The analytical model explained the trend of QE
while the cathode is being cooled down. However, it does
not incorporate the change in electron energy due to
scattering during the transport of electrons to the cathode
surface. Thus, to understand the effect of these various
scattering events, we developed a Monte Carlo code for
simulating more precisely the photoemission with the three-
step model.

The first step in the simulation is photon absorption.
When the cathode is illuminated by the laser, the absorbed
energy decays exponentially along the cathode’s thickness,
as described in Eq. (4). The absorption coefficient we used
here is interpolated from Ref. [13]. The electrons occupy-
ing the valence band absorb the photon energy and can
only be excited when there is an empty state above the
minimum of the conduction band with the same energy as
the photon energy plus the initial energy of the electron.
To calculate this, we generated the discrete electron
density of states at energy FE; with a resolution of
0.01 eV, matching the continuous density of states
(DoS) of the K,CsSb semiconductor from Ref. [13] where
the density of states (DoS) for K,CsSb has been calculated
with the localized spherical-wave method. The initial
electron exciting conditions are based on the DoS of
K,CsSb below the maximum of valance band. A function
N(E) was used to interpolate the DoS of K,CsSb from —2
to 5 eV, based on the data in Ref. [18]. The number of the
electrons, n;, with energy E;, in the conduction band can
be determined by the convolution of the DoS in the
valance band and in the conduction band. Equation (17)
shows the number of excited electrons with discrete
energy E;:

N(E;)N(E; — ho)AE

. =N, , 17
"= N, ha)N(EydE )

where N, is the initial number of photons, Aw is the
photon’s energy, E; is the energy of the electron in the
conduction band after absorbing the photon energy, and
(E; — hw) is the energy of the electron in the valence
band. The denominator of the Eq. (17) is the normalization
factor. Figure 7 shows the distribution of the generated
electrons.

In the second step, the electrons will diffuse with the
initial velocity and then experience three possible types of
scattering: Electron-electron scattering, electron-hole scat-
tering, and electron-phonon scattering. Here we did not
consider the electron-hole recombination in electron
transport.

In the photoemission process, electron-electron scatter-
ing could occur when the energy of the electron is higher
than 2E,. The electrons in the conduction band can scatter
off an electron in the valence band, and the electrons in the
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FIG. 7. (top) The histogram of the electron-energy distribution

in the conduction band excited by 2.32 eV laser photons at room
temperature; the electron energy is (hw — E,) with a resolution of
0.01 eV. The Y axis is the probability distribution of electrons at
different energies. (bottom) The longitudinal distribution of
excited electrons along the cathode’s thickness (40 nm) with
exponential decay.

valence band then absorb sufficient energy to be excited
above the conduction band. Figure 8(a) shows the e-e
scattering process. The e-e scattering’s mean-free path of
the bialkali material was obtained from Spicer’s paper [15].
If the energy of electrons is higher than the minimum of the
conduction band by n E, it is possible that e-e scattering
can happen up to n times, where n is an integer. The
probability of scattering is then given by the single
scattering probability raised to the power n. During the
electron-electron scattering process, the electron in the
conduction band would lose more energy than the band gap
so as to excite the electron in the valence band to the
conduction band. Since the width of the outermost valence

™ Conduction Band = Conduction Band

Valence Band i Valence band

Electron-electron scattering Electron-hole scattering

(a) (®)

FIG. 8. Electron-electron scattering (a), and electron-hole
scattering (b). The solid/ring circles are the initial states of
electrons/holes respectively, and the dotted rings are their end
states after scattering.

band is 1.2 eV, the scattering process is not allowed wherein
the electron in the conduction band loses energy to occupy
the valence band, and simultaneously excites a valence
band electron to a higher level within the valence band. The
range of change in electron-electron scattering energy can
extend from E, to E, + 1.2 eV.

In a semiconductor photocathode, p-doping can lower
the Fermi level as well as that of the vacuum level, which
helps to increase the QE. The overcesiated bialkali photo-
cathode could result in p-doping, and then the Fermi level
could lie closer to the maximum of the valence band,
enabling holes to exist in the valence band [21]. The high-
energy electrons in the conduction band scatter with a low
energy electron in the valence band, and bring up an
electron from the bottom of the valence band to fill the hole
on top, and leave a hole at the bottom. Using another point
of view, this can be seen as the scattering of a high-energy
electron off the hole. So during the scattering process, the
electron will lose energy in the range of zero to 1.2 eV (the
width of the valence band from the DoS of K,CsSb [18])
to the hole. Figure 8(b) is a schematic of electron-hole
scattering.

Electron-phonon scattering happens when electrons are
scattered from one energy minimum to another during their
interaction with lattice vibrations. During this process, the
electrons may absorb or emit an optical phonon. The
phonon energy was estimated to be about 0.027 eV [17]
at room temperature. Electron-phonon scattering will stop
once the energy of the electron is less than one phonon
energy above the minimum of the conduction band.

A list of parameters has to be generated for the transport
step, including the longitudinal and transverse position,
longitudinal and transverse velocity, and energy. The
energy of the electron was generated, as described in
Eq. (17). The magnitude of the velocity of the electrons
can be calculated from the energy of the electron using its
average effective mass that was taken as 0.1175 m, based
on Ref. [22],

E
:imo, (18)

m*

where R, is the Rydberg constant, 13.606 eV, and m, is the
free electron’s mass. The effective mass is an average over
values the electron can take on within the calculated band
structure. The direction of the velocity is randomly gen-
erated uniform distribution. The transverse position of the
electron is also a randomly generated uniform distribution
inside the size of the laser spot (the diameter of the laser
spot used here was 2 mm). The longitudinal position of the
electrons is randomly generated along the cathode’s thick-
ness with an exponential distribution as the laser power
decays. We neglected the influence of the laser’s arrival
time on the longitudinal distribution. Figure 7, bottom,
shows the particles’ distribution along the cathode’s
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TABLE II. Parameters used in the Monte Carlo simulation.
Parameters Value
Electron-phonon scattering MFP 3 nm
Thickness 1 to 300 nm
Photon number 100,000
Photon energy range 1.6 to 5.5 eV
Phonon energy in K,CsSb 0.027 eV
Band gap 1.2 eV

thickness. Based on the above process, we obtained the
initial parameters of the electrons in the conduction
band that we needed for the transport calculation in the
second step.

The scattering probability we used here is calculated as
follows:

time step X electron velocity
MFP '

scattering probability =
(19)

The time step was set a factor of 5 less than the minimum of
the three scattering mean-free paths (MFPs), divided by the
mean velocity of the electrons. The mean-free path of
electron-electron scattering and electron-hole scattering,
which are energy dependent, are derived from Ref. [15].
Table II shows the mean-free path of electron-phonon
scattering. Thus, all three scattering processes are repre-
sented accurately.

The electrons’ energy will change according to the laws
of energy conservation during the scattering process. The
direction of the movement of electrons after scattering will
change randomly. A random angle was generated after each
scattering. Hence, the velocity vector of the electrons after
each scattering can be obtained based on the energy change
in the collisions, and the random velocity distribution.

By repeating the scattering process above, a fraction of
the electrons excited by the photons will arrive at the
cathode’s emission surface. If the energy of the electron at
this point is lower than the electron affinity, it would be
reflected back and continue the diffusion process in the
conduction band. If the electron reaches the surface with
energy higher than the electron affinity, it can be emitted
into the vacuum. In this step, both the energy and
momentum conservations are taken into consideration, as
shown in Fig. 9. Equations (20) and (21) show the
momentum-conservation condition:

P!Fnran = P%]atn (20)
PO = \/2m(E — E, + Eyy,). (21)

where E is the energy of the electron before being emitted,
E, is the electron affinity, and E, is the reduction due to

Yy
p Oout
PLign
eout
zZ
I
6171 P, Tgan
—_

FIG. 9. The transverse momentum conservation diagram; the y
axis is the cathode surface-vacuum interface, and the z axis is the
direction of electron emission. There is a maximum value for 6,
for the electrons to be emitted out.

the Schottky effect. In our simulation, the Schottky effect is
not considered.

The transverse momentum conservation condition in the
simulation is shown as Eq. (22),

PO > P, (22)

Those electrons with energy higher than the electron
affinity and transverse momentum conserved will be
emitted into the vacuum. Once there, the effective mass
of the electron is replaced by the rest mass for calculating
the emittance. Electrons that were not emitted will be
reflected back, and continue to scatter with other electrons
or phonons. They still will have some probability to be
emitted, if the emitting condition is satisfied. A metal
substrate (Mo, Cu, or Cr) is used as the cathode’s substrate.
The Fermi level of the metal is aligned to the Fermi level of
the semiconductor. Thus, electrons that diffuse back to the
substrate could be absorbed totally by the substrate without
any reflection. When the energy of all electrons inside the
cathode is less than one phonon energy, the simulation is
terminated.

The QE is expressed as

B number of electrons emitted out of cathode

QE (23)

number of incident photons

The intrinsic thermal emittance, normalized to the spot
size o, of the laser, was calculated using Eq. (24),

2
e _ (py >, 2

Uy mc
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FIG. 10. The results of our simulation of spectral response with
and without electron-hole (e-h) scattering, and thermal emittance
at room temperature. The dots are the experimental results
of the spectral response of the K,CsSb photocathode at room
temperature.

where £ is the cathode thermal emittance (per unit of spot

size) with the unit of mm-mrad/mm. We ran the code with
the parameters listed in Table II, and scanned the electron
affinity to fit the spectral response of K,CsSb at room
temperature. The postprocessing function was able to scan
the photon energy and thus obtained the spectral response
shown in Fig. 10.

The simulation for different photon energies, together
with a fitted value of the ionization energy of 1.7 eV,
matches very well our experimental data at room temper-
ature. The smaller ionization energy is caused by the
distribution of electron energy used in the simulation. In
the simulation, the initial distribution of the electrons is
derived from the density of states; in the analytical model
we used the Maxwell-Boltzmann distribution as the starting
condition.

It is important to note the difference in the simulation
results when electron-hole scattering is also included. In
contrast to the expected reduction in QE for Aw > 2 E,
both the simulation and our experimental results indicate a
continued increase in the QE. For the bialkali photocathode
fabricated in our experiment, the last step is evaporating the
Cs until the QE reaches a plateau. This process could lower
the vacuum level in this semiconductor, and result in the
heavy p-doping of it. Once the Fermi level lies below
the valence band, there are holes below the maximum of the
valence band, and the scattering of electron and holes
should be considered. If electron-electron scattering alone
is taken into account in the QE calculation, for 2w > 2Eg,
the QE would drop dramatically. If both electron-electron
and electron-hole scatterings are considered, the spectral
response in this range would be significantly different.
Since in electron-electron scattering, the minimum energy
loss from an excited electron is the band gap energy, while
the maximum energy loss in an electron-hole scattering is
1.2 eV, the rate of energy loss in the former process is much

40
20
10
< s
o — 166 K, MC simulation
154 — 297 K, MC simulation
2 * 166 K, Experiment
1 * 297 K, Experiment
— 77 K, MC simulation
0.5
1.8 2.5 3 3.5 4 4.5
PhotonEnergy[eV]
FIG. 11. Simulated spectral response of the bialkali photo-

cathode at room temperature (297 K), 166 K, and liquid-nitrogen
temperature (solid lines) and experimental data at room temper-
ature (297 K) and 166 K (dots).

larger than that in the latter. Hence, if electron-hole
scattering is taken into consideration in the simulation,
the QE continues to increase, even for 2w > 2E,.

The simulated result of thermal emittance at 532 nm is
0.4 mm-mrad for a 1-mm spot size, which is smaller than
Cornell’s measurement (about 0.56 mm-mrad/mm) [23].
This difference could be attributed to the effect of the
surface roughness of the cathode on the emittance in the
experiment, which was not considered in the simulation. It
also could be attributed to the different laser transverse
distribution. We are using uniform transverse distribution in
our simulation and Cornell used Gaussian distribution with
a cutoff radius in their laser system [24]. With increasing
mean transverse energy, the thermal emittance would
increase when the energy of the illuminated photons
becomes larger.

Based on prior literature [20], the band gap of K,CsSb
increases with the lowering of temperature. To determine
the QE as a function of temperature, we used the band gap
as a fitting parameter. We found no published data on the
temperature dependence of phonon energy and the prob-
ability of electron-phonon scattering; hence, we still used
the phonon energy corresponding to room temperature.
Figure 11 shows the spectral response curves obtained by
simulations and experiments. The change in band gap
energy we used in the simulation is derived from Ref. [25].
As depicted, the QE at the long-wavelength end of the
spectrum decreases with decreasing temperature and
increasing band gap, matching our experimental observa-
tions. At cryogenic temperatures, above 3.2 eV, the QE
slightly increased. This could be due to the increase in the
energy loss in electron-electron scattering, and its reduced
probability due to the larger band gap. The simulation
shows that at 532 nm, there is a QE drop of 50% at LN2
temperature, which is close to the analytical model. This
smaller reduction compared to another experimental
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measurement in the 704 MHz SRF gun may be due to the
fact that we used room-temperature phonon energy instead
of the cryogenic temperature.

The reduction in QE could be compensated for by the
Schottky effect when the cathode is operated in a high-field
environment. This compensation already was observed in
preliminary measurements with a K,CsSb cathode in the
704 MHz SRF gun, with an accelerating gradient of
11 MV/m. More systematic measurements are planned.

VI. OTHER APPLICATIONS OF THE
SIMULATION

During the simulation process, the number of emitted
electrons can be counted by time steps. By the end of
emission, with the moving average function for each 50
particles, we obtained the temporal response shown in
Fig. 12. For the typical 50 nm thickness cathode, the
simulated response time is 170 fs (90% of the electrons
emitted) from the curve, which is in agreement with the
sub-ps response time measured in Ref. [26]. When the
cathode is thinner, the response time is shorter, as shown in
Fig. 12, due to shorter diffusion time from the back of the
cathode to emission. Thus, a thin (~1 nm) multialkali
cathode is a candidate electron source to generate an
ultrashort bunch.

The effect of the thickness on the QE of the cathode was
also investigated by the simulation as shown in Fig. 13. The
laser’s energy would not be fully absorbed if the thickness
of the cathode is less than the absorption length of the
cathode material. Based on our simulations for a thickness
>20 nm, the QE is independent of the cathode’s thickness.
If the cathode is thicker fractionally more photons may be
absorbed, but these energetic electrons need to travel
distances longer than the electrons’ escape depth, resulting
in diminishing returns. Furthermore, thicker cathodes
usually have a rougher surface resulting in a larger
emittance, especially in high accelerating fields [21].

1400
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1000} %
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= 10 nm

Counts
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== 20 nm

Lo = 50 nm
400"
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200 — 200 nm

of e b .
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Time/10™'5s

FIG. 12. Simulated temporal response of the K,CsSb cathode at
room temperature with various thicknesses. The red dashed lines
are the temporal response including 90% electrons.
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FIG. 13. QE changes with different thicknesses. The dots are
the experimental results of the QE of different thickness that
matched the simulation very well.

However, a thicker cathode may prolong the lifetime
[27]. Similar high QE (~10% at 532 nm) has been obtained
with a 20 nm thick cathode. The simulation result confirms
that thickness has no effect on the QE when the cathode is
thicker than 20 nm.

VII. CONCLUSIONS

Our experiments measure in detail the quantum effi-
ciency as a function of photon energy and photocathode
temperature, and show that the QE of bialkali photocathode
inside the SRF gun will drop by at least 50% if it is cooled
down to the temperature of liquid nitrogen. We conclude
that the increase in the ionization energy at low temperature
is the main reason for this QE reduction. We built an
analytical model that fits our data very well, and indicates
increase in ionization energy and corresponding decrease in
QE as the cathode temperature is lowered. A Monte Carlo
simulation that includes electron scattering, and momentum
conservation, was also developed. Both of the models fit
our experimental data down to 166 K. Extrapolation of the
model beyond the range of the detailed experimental results
indicate that the QE will decrease by 50% as the cathode’s
temperature is lowered from room temperature to that of
liquid nitrogen, slightly underestimating the reduction in
QE compared to the experimental results. During the initial
beam experiment in BNL’s 704 MHz SRF gun, preliminary
results indicate that the Schottky effect can partially
compensate for this reduction in QE. Our Monte Carlo
simulation provides additional information on the temporal
response of the emission, the emittance as a function of
photon energy, and the effect of cathode thickness on the
quantum efficiency.
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