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QE evolution of bialkali
photocathode at cryogenic
temperature

Yonglong Zhao, Dongming Ouyang, Huamu Xie*, Kexin Liu and
Senlin Huang

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China

Photocathode plays an important role in generating high brightness and low
emittance electron beam and K-Cs-Sb photocathode is preferred in SRF injectors
for its high quantum efficiency, long lifetime, and low thermal emittance. To
predict the QE change of K-Cs-Sb at cryogenic temperature more correctly, we
have modified the QE formula of Spicer’'s photoemission model considering the
temperature dependence of work function and mean free path of photocathode
material, which is obtained by fitting experimental data. The calculated QE drop of
about 90.1% at 36.4K fits well with the measured QE change in DC-SRF
photoinjector at Peking University. This improved formula could provide a
method to evaluate the QE performance of semiconductor photocathodes at
cryogenic temperature.

KEYWORDS

photocathode, SRF injector, quantum efficiency, cryogenic effect, macro-pulse
operation

1 Introduction

Accelerator-based large scientific devices, such as X-ray free electron lasers (XFEL) [1, 2]
and electron cooling [3], require electron beams with high brightness, low emittance, and
high average current. While most electron injectors adopt photocathodes to generate high-
quality beams, the beam emittance at the injector exit still needs to be improved for practical
applications [4-7]. With the development of the high-gradient accelerating technique and
the optimization of beam dynamics, the emittance growth caused by the RF field and space
charge force would have a minor contribution to the final beam emittance. Hence the
thermal emittance of the photocathode has become the main limiting factor of the final beam
emittance [8].

Thermal emittance represents the ratio of the normalized emittance at the cathode
surface to the RMS size of the driving laser, and it can be evaluated using the mean transverse
energy (MTE) of emitted electrons. According to [9], the MTE can be roughly estimated as
Eexcess/3> Where E,yos=(hw-¢) is the excess energy defined as the difference between the
photon energy, 7w, and the work function, ¢, of the photocathode material. Therefore, any
method that reduces the excess energy of photoelectrons would lead to a smaller thermal
emittance of the photocathode. For decreasing thermal emittance, three methods are mainly
used: near-threshold emission [10], back-illumination [11], and photocathode cooling [12,
13]. Among these methods, cooling the photocathode down to cryogenic temperature is
more promising for superconducting radio frequency (SRF) injectors because it is
compatible with the photoinjectors’ operating environment. Thus, only minor changes
in the structure of photoinjectors are needed. For semiconductor photocathodes with an
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initial QE of ~ 1072 [14, 15], electron beams with lower emittance
and relatively high average current could be generated at cryogenic
temperature. For example, a MTE of 22 meV was reported for the
Cs3Sb photocathode cooled down to 90 K with a QE larger than 7 x
107 [12].

Among semiconductor photocathodes, K-Cs-Sb is an ideal
candidate for electron sources [7, 16, 17] to obtain low-emittance
beams at cryogenic temperature due to its high QE, low thermal
emittance, and months-long lifetime in SRF injectors [15]. However,
it is necessary to investigate the performance of the K-Cs-Sb
photocathode at cryogenic temperature to establish a proper
theoretical model for predicting the temperature-dependent
behavior of QE. It was reported that the K-Cs-Sb photocathode
suffered from QE degradation when the temperature drops to
cryogenic temperature [13, 18-20], and different models for the
observed behaviors were proposed.

BNL first established a QE formula based on the Maxwell-
Boltzmann energy distribution of conduction band electrons and
concluded that the increase in work function was the main reason
for the QE drop at low temperatures [13]. However, the linear fit
overestimated the work function at cryogenic temperature [21],
limiting the temperature range where this model can be used. A
photoemission model based on the Fermi-Dirac distribution of
electrons was developed by the University of Wisconsin [22], and
it was used to fit the experimental spectral response data of K-Cs-Sb
by JLab. The basic assumption of this model is that the work
function is independent of temperature, which is unsuitable for
the K-Cs-Sb semiconductor photocathode [20].

Thus, it is necessary to establish the correct work function to
predict the QE change of K-Cs-Sb at cryogenic temperature more
precisely. The temperature dependence of transport property
should also be included [23]. Cornell laboratory considered the
influence of temperature change on the scattering rate of phonons
in their photoemission models of Cs;Sb [24] and GaAs [25]. In the
photoemission model of Cs;Sb proposed by Tsinghua University,
the contribution from the acceptor level was included. While the
absence of photoelectrons from the acceptor level was considered
to cause QE drop at cryogenic temperature [26], the application to
K-Cs-Sb should be careful due to its weak doping property
[27, 28].

Therefore, to obtain a more accurate photoemission model of
K-Cs-Sb at cryogenic temperature, the temperature dependence of
work function and electron transport property should be considered.
In this paper, we tried to modify the QE formula of Spicer’s three-
step model for K-Cs-Sb, and compared the calculated results with
experimental data of our DC-SRF photoinjector in which the
temperature of the K-Cs-Sb photocathode is about 36.4 K.

2 Performance of a bialkali
photocathode at cryogenic
temperature

The performance of the K-Cs-Sb photocathode at cryogenic
temperature was tested with the DC-SRF photoinjector proposed
and developed at Peking University [29]. With the improvements in
using K-Cs-Sb photocathode instead of Cs,Te and drive laser of
truncated Gaussian distribution in the transverse direction and a

Frontiers in Physics

10.3389/fphy.2023.1157729

TABLE 1 Comparison of QE in the DC-SRF photoinjector and a suitcase for four
K-Cs-Sb samples.

Sample index  QE in suitcase

QE in DC-SRF photoinjector

[%] [%]

#2 3.0 0.31
#3 52 0.47
#4 4.5 0.44

flat-topped distribution in the longitudinal direction, replacing the
original 3.5-cell SRF cavity with a new 1.5-cell cavity, careful design
of DC high voltage electrode structure and beam dynamics, the
emittance of electron beams from DC-SRF photoinjector has been
decreased obviously.

To improve the performance of the K-Cs-Sb photocathode, we
developed an improved sequential deposition procedure [17], where
a faster Cs evaporation rate was adopted, and the cesiation process
took less than 10 min. The K-Cs-Sb samples fabricated according to
this recipe exhibited a typical QE of 5%-8%, and could be stored
without deterioration for more than 2 weeks.

During the commissioning of the DC-SRF photoinjector, we
observed a QE drop at the temperature of about 36.4 K. The
temperature of the K-Cs-Sb photocathode was estimated using
Comsol software [30] according to the heat distribution. The
accuracy of temperature simulation has been verified by the
measured values of upstream and downstream beam tubes using
thermocouples, and the simulation results agreed well with the
measured values. We compared different K-Cs-Sb samples, and
the results are listed in Table 1. The typical QE drop is about 90%,
and the QE could recover to its initial value when we transferred the
K-Cs-Sb photocathodes to a room temperature environment after
2 weeks of operation [17].

3 Analytical QE formula

QE-related behavior of K-Cs-Sb
photocathode at cryogenic temperature, we modified the QE

For describing the

formula as a function of temperature based on Spicer’s three-
step model, which is widely used to describe the photoemission
process of semiconductors [31]. Band bending [32], initial
photoelectrons generated from the doping energy level [26],
and the built-in electric field [24] were discussed in the
simulation process of GaAs and Cs;Sb photocathodes. For
K-Cs-Sb photocathode, less change was added, and the band
gap was mostly focused on [13, 20]. This seems reasonable at
room temperature because K-Cs-Sb is a weak p-type or even
intrinsic semiconductor [27, 28], and suffers little influence
from acceptor impurity. However, when we try to estimate the
photoemission performance at cryogenic temperature, the changes
of phonon scattering [23-25] and conductivity [33] should also be
considered, because they affect the scattering rate [34], main
scattering channel [35] and energy loss rate [36], changing the
transport process compared to that at room temperature.
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3.1 Basic QE formula

Generally, the initial electron energy distribution is related to the
band gap, and the emission probability is influenced by the electron
affinity [37]. For the convenience of analysis, we consider the
contributions of band gap and electron affinity together as a
threshold [38], and only photoelectrons with energy higher than
work function could emit from the surface. Therefore the QE can be
expressed as [38]:

QE (hw) = J(1 - R(hw))at, (hw)G (z, hw)e ™ *)dz, (1)
0

where R (hw) and ar (hw) are the reflectivity and absorption
coefficient of K-Cs-Sb at the photon energy of iiw, respectively, o
(hw) is the part that contributes to photoemission, and G (z, hw) is
the probability of an electron excited at depth z by a photon of
energy hw escaping from the material.
By applying relations a, (hw) = C (hw — ¢)** [38] and G (z,
hw) = Ae™@e " [39], we obtain the final QE formula:
(hw_¢)3/2 Phw - (1/A+ar (hw))D
QE(ha) = (1= RU)C 3= teme™[1 - (t/tsor )],

)

where C is a constant, A is the mean free path of electrons, D is
the thickness of the photocathode, and P is the photocathode
parameter characterizing disorder degree and emission properties.

Eq. (2) represents the QE of the photocathode at a specific
photon energy, with included photoemission parameters, like
work function, mean free path and cathode’s thickness, enabling
of the of different
photocathode materials using related experimental data. By

the calculation spectral responses
changing the structure parameter P and the work function
value, it can also be used to fit the spectral responses of
degraded photocathodes.

While the calculated fit well with
experimental results for many alkali photocathodes [38], Eq. (2)

is only suitable at room temperature since some photoemission

spectral responses

parameters are temperature-dependent. To evaluate the cryogenic
performance of a photocathode more precisely, the work function
and mean free path should be considered as a function of
temperature.

3.2 Temperature dependence of work
function

Typically, the work function of semiconductors consists of the
band gap, electron affinity, bulk potential and surface potential [40],
which have different temperature coefficients. As K-Cs-Sb is almost
an intrinsic semiconductor where band bending at the surface can be
omitted [28], and the electron affinity, which is related to the surface
state, can be considered constant, we assume that the temperature
dependence of the work function originates only from the band gap
[41]. As shown in many experimental results, the band gap of
semiconductors increases as the temperature decreases [21, 41, 42].
Here, we choose a simplified phonon dispersion model [43], which
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FIGURE 1

Spectral responses of the K-Cs-Sb photocathode at 302.4, 178,
and 95.5 K during a cooling-warming cycle.

includes the influence of electron-phonon interaction and lattice
thermal expansion and thus is almost suitable for all semiconductor
materials [42], to explain the pinch effect in band gap. The band gap
and work function with respect to temperature can be expressed as
follows [43]:

2
Ey(T) = Egen — AEzp <1 + W) (3)
efsT — 1
2
o(T) = ‘/)gcn —AEzp| 1+ Ty ) (4)
efsT — 1

where Egand T are the band gap and temperature of the K-Cs-Sb
photocathode, respectively, Eg, and g, are constants, AE,p is the
electron-phonon coupling strength parameter, 7w, is the energy of
optical phonon, and kg is the Boltzmann constant.

It is generally assumed that the K-Cs-Sb photocathode has a
band gap of 1.2 eV and an electron affinity of 0.7 eV [33]. However,
the work function values reported by different laboratories usually
vary by about 0.1eV around 1.9eV [20, 44] due to different
fabrication processes. Since the work function of the
photocathode is a key parameter in the QE formula, it is
necessary to use a suitable value to fit the QE behavior of the
K-Cs-Sb  photocathode
method [17].

Figure 1 shows the spectral response curves of the K-Cs-Sb

fabricated using our fast-cesiation

photocathode measured using our cryogenic platform. The cathode
was first slowly cooled down from 302 to 95.5 K, and then warmed
up to 178 K and 302 K in turn using a pressured N, flow cooled by
liquid nitrogen. The laser wavelength varied from 300 to 600 nm
with a step of 20 nm. The measured QE at 520 nm decreased by
more than 30% at the temperature of 955K, but it gradually
recovered during the cathode’s warming up, giving almost the
same spectral response as before the cooling-warming circle at
room temperature.

Near the photoemission threshold, QE approximately satisfies
the following relationship with photon energy [37]:
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TABLE 2 The work function of the K-Cs-Sb photocathode at different
temperatures.

Temperature Work function
(K] [eV]
302.4 1.838
178 1.901 ‘
95.5 1.922 ‘
VQE o (hw - ¢). (5)

Then the values of the work function at different
temperatures are derived by linear fitting of the data in
Figure 1, and the results are shown in Table 2. The average
work function of K-Cs-Sb samples is 1.838eV at room
temperature, which is slightly lower than the value of 1.9 eV.
This is probably caused by our fabrication procedure, where the
fast cesiation process generates excess Cs on the photocathode
surface and, thus, decreases electron affinity [45]. Besides, the
work function increases by 0.084 eV when the cathode is cooled
to 95.5 K, which is consistent with the BNL result [13]. Using the
data in Table 2, the parameters in Eq. (4) are determined to be
$gen = 2.015 [eV] and AEzp = 0.084 [eV].

3.3 Temperature dependence of mean free
path

The change in electron transport property also needs to be
considered when evaluating the QE of a photocathode at
cryogenic temperature. Typically, the scattering rate and
energy loss from lattice scattering decrease at low
temperatures due to weakened lattice vibration [46]. Thus, the
QE of alkali-antimonide photocathodes at high photon
energies should increase as the temperature decreases [19].
However, the imperfection of the crystal structure and the
micro-grained and porous nature of the photocathode [47]
additionally complicate the situation, where the actual
energy loss rate seems to be less temperature dependent [35],
and the photoemission might be limited by the high resistivity
of the photocathode [47]. As we focus more on the average
scattering effect in the analytical model, this problem can
be simplified by considering the temperature dependence of
mean free path, which is proportional to free drift time.
The photoelectrons  belongs to  the

transport process of non-equilibrium carriers, where the free

movement  of

drift time 7 between two scattering events can be evaluated as
follows [46]:

r=", (6)
ne
where o is the electric conductivity of the material, n. is the
density of carriers, and e is the electric charge.
For semiconductors, the electric conductivity decreases as the
temperature decreases [33], indicating a shorter free drift time.
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FIGURE 2

Comparison of the analytical and experimental results of spectral
responses for the K-Cs-Sb photocathode at different temperatures.
The black line represents the calculated spectral response at 36.4 K.

TABLE 3 Parameters used to calculate QE from Eq. 9.

Parameters Value

Reflectivity, R (hw) Results from [48]

C 555
dgen 2015 eV
Coefficient of band gap contraction, AEzp 0.084 eV
Ao 2.601 x 10° nm [31]

Characteristic temperature, T, 4.2 x 10° K [47]

Absorption coefficient, ar (hw) Results from [49]

Photocathode parameter, P 0.89 [39]
Cathode’s thickness, D 32 nm
Optical phonon energy, hiw,, 0.027 eV [13]

Photon energy, hw 2.134-2.813 eV

Other researchers measured the temperature dependence of the
conductivity of K-Cs-Sb and expressed it as follows [47]:

o(T) = g )

where T, and oy are calculated as 4.2 x 10° K and 7 x 10° (Qm) 7},
respectively.

Therefore, the mean free path as a function of temperature can
be evaluated as follows:

AT) = e (D ®)

where the constant ), can be calculated as 2.601 x 10° nm when the
mean free path of K-Cs-Sb at room temperature is estimated to be
5nm [31].

Combining Egs 2, 4, and 8, we obtained the general QE formula
as follows:
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FIGURE 3

Calculated relative QE drop at 519 nm of K-Cs-Sb in DC-SRF
photoinjector compared to room temperature; star dots represent the
experimental results. The blue [13] and green [20] dots were reported
by other laboratories with an extraction voltage of less than

300 V; therefore, the discrepancies might originate from the
differences in work function and the lack of the Schottky effect.

32
<ha) - ¢ n + EZp(l + ﬁ))
i ekBT 1

e (T?D)M //10 + ar (hw)

QE (h,T) = (1 - R(hw))C

- e(TTO)M Mo+ar (hw) |D

xeff1—e . 9)

The temperature dependence of QE originates from the changes
in work function and mean free path.

4 Discussion

To verify the validity of the obtained analytical formula, we
compared the calculated spectral responses and relative QE drop of
the K-Cs-Sb photocathode with experimental results.

4.1 Validation of the QE formula

Figure 2 shows the spectral responses of K-Cs-Sb at different
temperatures calculated using the parameters in Table 3. The
experimental and analytical results generally agree, but some
discrepancies exist at longer and shorter wavelengths. This might
be due to the neglect of electron-electron scattering and trajectory
change after scattering.

When operating in SRF injectors, the Schottky effect of a strong
surface field should also be considered to evaluate the QE of
photocathodes, as the applied electric field would cause a
decrease in electron affinity, which can be evaluated as follows [50]:
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FIGURE 4

Macro-pulse operation results of a QE-degraded K-Cs-Sb

sample with a fixed laser power during each operation. The applied
laser power was 375 mW during the CW operation. For macro-pulse
operation at the duty cycle of 20% and 50%, the laser power was

75 and 187.5 mW, respectively. The average beam current increased
by more than 20 pA during the CW operation, but there was a minor
increase at 20% duty cycle.

e £-¢&

A¢ = % e+ EOEcat, (10)

where ¢, and ¢ are the permittivity of vacuum and photocathode,
respectively, and E,, is the applied electric field strength. For DC-SRF
photoinjector, a drive laser of 519 nm and a cathode surface field
strength of 3.1 MV/m are adopted, causing a decrease of 0.059 eV in
work function, where the permittivity of K-Cs-Sb is estimated as 7.87¢,
[50]. Figure 3 shows the calculated relative QE drop compared to the
value at room temperature with the photon energy of 2.38 eV. At a
temperature higher than 100 K, the increase in work function is the main
mechanism of the QE drop. The huge decrease in electric conductivity at
lower temperatures, which causes a shorter mean free path, contributes
to the rapid drop. The analytical curve predicts a QE drop of 90.1% at
36.4 K, which fits well with our experimental result of about 90% in DC-
SRF photoinjector. The QE drops reported by other laboratories were
also compared, showing some discrepancies that might originate from
the differences in work function caused by fabrication procedures and
the influence of the Schottky effect.

4.2 QE variation during macro-pulse
operation at different duty cycles

In our model, we assign the QE drop at cryogenic temperature to
the changes in work function and mean free path. However, gas
trapping at the emission surface in the cryogenic temperature
environment may also cause a QE decrease. To verify whether gas
trapping is the main reason, we measured the average beam current
during macro-pulse operation at different duty cycles with DC-SRF
photoinjector, where the extraction electric field strength was 3.1 MV/
m, and the laser spot size and FWHM pulse width were set to 5 mm and
24 ps, respectively.
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FIGURE 5

Simulation of QE changes in DC-SRF photoinjector during
macro-pulse operation at different duty cycles. (A) Simulated
temperature rise during laser illumination. (B) Comparison between
the experimental data and the calculated relative QE increase
using Eqg. 9 with different 1¢ values.

Figure 4 shows the extracted beam current from a degraded
K-Cs-Sb sample during macro-pulse operation at different laser
duty cycles, where the laser power remains constant during each
operation. During the first CW operation, the beam current
increased from 60 to 81 A with a fixed laser power of
375 mW. At a duty cycle of 20%, the beam current increased
slightly from 11.5 to 12.2 A with the laser power of 75 mW. When
the duty cycle increased to 50%, the beam current increased faster
and gradually stabilized at 34.3 yA. Finally, during the second CW
operation, the beam current showed the same behavior as the first
CW operation. The intervals between operations at different duty
cycles were long enough to reach the thermal equilibrium of the
photocathode.

In the UHV environment of injectors, the average time to
form a single molecular layer was in the range of several seconds,
much longer than the macro pulse duration [51]; therefore, the
effective number of absorbed gas molecules decreased
continuously during operation, which resulted in the QE

recovery before stabilization. If the QE degradation is mainly
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caused by gas trapping, after enough time, the QE should be able
to recover to the same value for low and high duty cycles, as the
single laser pulse energy is the same at different duty cycles.
From the experimental data, we found that the QE recovered to
different values at low and high duty cycles. Thus, we can
conclude that gas trapping is not the main reason for the QE
drop at cryogenic temperature. The different duty cycles of the
drive laser only changed the temperature of the cooled
photocathode by thermal effect, which was the real reason for
the QE increase during macro-pulse operation.

The heating effect of the drive laser arises from the relaxation of
photoelectrons  during and the
recombination of non-emitted electrons [52]. For simplification,

transport non-radiative
we used a conversion coefficient #,ermar to express the proportion of
thermal energy in the absorbed laser energy, and the heat power can
be expressed as follows:

Phear = (1 - R(hw))”thermalplﬂser’ (11)

where P, is the laser power at a specific duty cycle.

We used Comsol software to simulate the temperature rise of the
photocathode in DC-SRF photoinjector when illuminated by a 5-
mm-diameter laser spot of different powers. The conversion
coefficient #y,ermq is fitted to 0.7, so the maximum heat power of
0.205 W was applied to the cathode surface during the CW
operation. Figure 5A shows the simulation results of the
temperature change during macro-pulse operation. Within
60 min, the photocathode temperature increased from 36.4 to
38.7 K at the duty cycle of 20%, while the increase during the
CW operation was 10.3 K.

The calculated results of QE changes during macro-pulse
operation are shown in Figure 5B, which agree well with the
experimental results and show the same trend as the
temperature rise in Figure 5A. Due to the low initial value
and rapid change rate at cryogenic temperature, the QE
increases by nearly 50% during the CW operation, but less
than 10% at 20% duty cycle, and the difference is obviously
caused by the slow temperature increase at a lower duty cycle.
This confirms that the laser-induced temperature rise of the cold
photocathode is the main reason for the QE increase during
macro-pulse operation.

5 Summary

Based on Spicer’s three-step model, we modified the
analytical formula of QE for semiconductor photocathodes at
cryogenic temperature. The temperature dependence of work
function and mean free path of the photocathode material is
included in the expression. The calculated QE drop of about
90.1% at 36.4 K fits well with the measured QE change in DC-
SRF photoinjector at Peking University. This modified formula
provides a method to evaluate the QE performance of
semiconductor photocathodes at cryogenic temperature more
precisely, and may help design photocathode SRF injectors to
generate ultra-low emittance electron beams. The reliability of
this analytical formula needs to be confirmed with more
experimental results.
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