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Photocathodes based on bialkali antimonides have great potential in the field of high-brightness electron
sources. In this paper, the influence of incident light absorption on the performance of K2CsSb
photocathodes was studied using Monte Carlo simulations. The surface plasmon polaritons (SPPs) were
first introduced into K2CsSb photocathodes employing a nanopattern structure to improve the effective
absorption of incident light and adjust the initial distribution of the photoelectrons. To evaluate the effect of
SPPs on the photocathode performance, photoemission from such photocathodes was modeled using
Monte Carlo simulations. Simulations show the quantum efficiency of the K2CsSb photocathode increases
by 2–3 times that of the photocathode without SPPs. Moreover, the thermal emittance of the photocathode
remains unchanged. These results are crucial to the future development of high-brightness electron beams.
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I. INTRODUCTION

High-performance photocathodes have become the ena-
bling technology for advanced light sources and acceler-
ators, such as x-ray free electron laser, energy recovery
linac, and ultrafast electron diffraction [1–3]. Quantum
efficiency (QE), which characterizes the photoelectron
emission capability, is an important parameter for evalu-
ating the performance of photocathodes. Photocathodes
with high QEs can effectively reduce the power require-
ment of the photocathode laser system, thereby reducing
the cost of the photocathode laser system [4]. They can also
reduce the operational risk of the high-power photocathode
laser damaging the optical elements of the laser system.
Moreover, they effectively increase their operational life-
time and reduce interruptions in the continuous operation
of a facility [5]. A higher QE also allows the use of
photocathode lasers with lower photon energies, reducing
the thermal emittance of the photocathode [6,7].
The K2CsSb photocathode with high QE and low

thermal emittance driven by visible light plays an important
role in the field of the high-repetition-rate, high-brightness

electron sources. At present, a photocathode is usually
prepared by depositing a thin film of K2CsSb on a substrate
through thermal deposition [8], molecular beam epitaxy
[9], and sputter deposition [10]. With optimized preparation
processes, the typical QE of multialkali photocathodes
driven by green light is approximately 10% [8,11]. It is very
challenging to improve the QE and maintain the low
thermal emittance for this cathode material.
In recent years, surface plasmon polaritons (SPPs) have

been used in various fields because of their unique
characteristics, such as exceptional absorption and local
near field enhancement [12–14]. These features also have
the potential to improve the performance of photocathodes.
It has been demonstrated that the introduction of SPPs can
effectively improve the photoelectron yield of metal photo-
cathodes due to the improved light absorption and local
near field enhancement, while the thermal emittance is
degraded [15–17].
In this paper, the SPPs were first introduced into the

K2CsSb photocathode. In order to improve the QE and
obtain low thermal emittance, a nanopatterned K2CsSb
photocathode was designed to excite the SPPs, enhancing
the effective absorption of the incident light and artificially
modulating the initial photoelectron distribution in the
photocathode. To better understand the effect of SPPs on
the K2CsSb photocathode performance, Monte Carlo sim-
ulations were performed.
The remainder of this paper is organized as follows. The

typical Monte Carlo model of photoemission is briefly
described in Sec. II A. Based on Monte Carlo simulations,
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the effect of incident light absorption and initial photo-
electron distribution on the K2CsSb photocathode perfor-
mance is discussed in Sec. II B. Section III A presents the
design of the plasmon-enhanced K2CsSb photocathode.
The modification of the Monte Carlo model to simulate the
photoemission processes of the K2CsSb photocathode with
SPPs is presented in Sec. III B. The performance of the
plasmon-enhanced K2CsSb photocathode with different
film thicknesses is evaluated and analyzed in Sec. III C.
The effect of tuning the incident laser photon energy on the
performance of the plasmon-enhanced K2CsSb photoca-
thode is elucidated in Sec. III D. The influence of the
plasmonic near field (PNF) induced by SPPs and distor-
tions of the applied accelerating field caused by the
nanopattern structure on the thermal emittance is inves-
tigated in Sec. III E. A summary is provided in Sec. IV.

II. MONTE CARLO SIMULATION OF
PHOTOEMISSION

A. Monte Carlo simulation model

In order to optimize the performance of the plasmon-
enhanced K2CsSb photocathode, Monte Carlo simulations
were performed to better understand the photoemission
characteristics. The Monte Carlo model is based on
Spicer’s three-step photoemission model, including the
generation of photoelectrons, transport of electrons, and
photoelectron emission at the surface [18].
The first step, which involves photon absorption and

photoelectron transition from the valence band to the
conduction band, determines the initial energy, velocity,
and location of each photoelectron. The K2CsSb film is
deposited on a flat metal substrate. When the laser
penetrates the K2CsSb film, electrons in the valence band
can absorb photons and be excited to the empty state above
the conduction band bottom with the energy equal to the
sum of the photon energy and initial electron energy. In the
simulations, the multiphoton absorption processes were
ignored. Without considering the reflections, the laser
power exponentially decays along the transmission path
due to the absorption, as given by Eq. (1):

I ¼ I0e−αðℏωÞz ð1Þ

where I0 is the initial incident laser power and αðℏωÞ is the
absorption coefficient of K2CsSb determining the absorp-
tion depth of the incident light relative to the photon energy
ℏω [19]. z is a position along the thickness of the K2CsSb
photocathode. The initial photoelectron distribution, which
is also exponential along the z axis, can be obtained by
Eq. (1). The position of y is generated randomly and
uniformly in the simulations. The initial electron energies
are determined by the photon energy of the laser and the
density of states (DOS) of K2CsSb [20], as given by
Eq. (2):

ni ¼ N0

NðEiÞNðEi − ℏωÞΔER
ℏω
Eg

NðEi − ℏωÞNðEiÞdEi
ð2Þ

where N0 is the initial number of photoelectrons; NðEÞ is
the DOS function of K2CsSb; Eg is the band gap of
K2CsSb; Ei is the electron energy in the conduction band;
ni is the number of electrons with energy of Ei; and ΔE is
the energy interval of the DOS interpolation. The initial
velocities of the electrons are given by their energies, and
the velocity directions are generated randomly and uni-
formly in the simulations.
In the second step, the electrons start to diffuse with the

initial velocities. Three types of scatterings are considered
in this step: electron-electron scattering, electron-hole
scattering, and electron-phonon scattering. The mean-free
path of the electron-phonon scattering used in the simu-
lation is 3 nm. The mean-free paths of the electron-electron
and electron-hole scatterings, which are energy-dependent,
are derived from Ref. [21]. The drift step for this process is
less than the minimum of the scattering mean-free path of
the three scatterings [18]. In the scattering process, the
electron holds the possibility in either losing or gaining
energy [21], and the law of energy conservation is always
satisfied. The electron velocities change with energy, the
velocity directions are randomly generated after each
scattering event.
When electrons arrive at the photocathode surface, the

electrons whose energies exceed the electron affinity can
escape from the cathode, emitting into the vacuum. In such
a process, the conservation laws of energy and transverse
momentum are always satisfied, as presented in Eqs. (3)
and (4), respectively:

EOut ¼ EIn − Ea þ Esch ð3Þ

POut
k ¼ PIn

k ð4Þ

where EIn and EOut are the electron energy values before
and after emission, respectively; Ea is the electron affinity
of photocathode; Esch is the barrier reduction by the
Schottky effect, and PIn

k and POut
k are the transverse

momentums of the electron before and after emission,
respectively. If the energy of the electron arriving at the
photocathode surface is lower than the electron affinity,
then the electron is reflected back into the photocathode
and can continue to scatter with other electrons or phonons.
When the energy of each electron remaining inside the
cathode is less than one phonon energy, the simulation is
terminated. The number of electrons emitted into the
vacuum is counted during the simulation. The QE of the
photocathode is given by Eq. (5):

QE ¼ Nvac

Ntot
ð5Þ
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where Nvac is the number of electrons emitted into the
vacuum and Ntot is the total number of incident photons.
The emittance of the electron beam emitted from the
photocathode is given by Eq. (6):

εn
σy

¼
ffiffiffiffiffi
p2
y

q

mc
ð6Þ

where εn
σy
is the intrinsic emittance of the photocathode (unit:

mm mrad/mm);
ffiffiffiffiffi
p2
y

q
is the root mean square (rms) of the

transverse momentum of electrons emitted into the vacuum;
σy is the rms of the transverse size of the electron beam; m
is the electron mass; and c is the speed of light in vacuum.

B. Analysis of photoemission process

Based on the Monte Carlo code, the photoelectron
emission characteristics are studied. The parameters used
in the simulation are listed in Table I. The photocathode is
illuminated by the light of 532 nm in the simulations. As
shown in Fig. 1(a), the number of initial photoelectrons

generated in the K2CsSb photocathode decays exponen-
tially along the z axis. Figure 1(b) shows the initial energy
distribution of photoelectrons generated in the K2CsSb
photocathode.
Figure 2 presents the simulation results of the QE and

intrinsic emittance of the K2CsSb photocathodes with
different thicknesses. The results indicate that the QE
increases with the K2CsSb photocathode thickness and
approaches saturation at approximately 20 nm. The intrin-
sic emittance decreases with the film thickness of the
K2CsSb photocathode and is close to the constant value of
0.27 mmmrad=mm when the thickness exceeds 20 nm.
Compared with the simulation results of the QE, the
intrinsic emittance simulation is more sensitive to the
effect of scatterings with the limited number of initial
photoelectrons used in the simulation. The intrinsic emit-
tance curve exhibits an oscillating behavior along the
photocathode thickness.
The initial photoelectron distribution is determined by

the absorption of the incident light in the cathode con-
forming to the law of exponential decay. The absorption
depth (1=e) of K2CsSb with the photon energy of 2.32 eV is
approximately 66.7 nm. As shown in Fig. 3, with a
thickness of 20 nm, the absorbed power of the incident
light is just about 30% of the total power. The photons
absorbed at deeper positions make little contribution to the

TABLE I. Simulation parameters.

Parameter Value Unit

Absorption coefficient αðℏωÞ ¼ 19.82 − 27.95ℏωþ 11.15ðℏωÞ2 ×104 cm−1
Photon energy 2.32 eV
Number of photons 300 000
Phonon energy 0.0027 eV
Average effective mass 0.1175m0 m0: the mass of the free electron
Esch 0 eV

FIG. 1. Simulation results of initial photoelectron character-
istics of K2CsSb photocathode: (a) Initial position distribution
(photocathode surface is at z ¼ 0, and photocathode thickness is
60 nm); (b) initial energy distribution (incident photon energy:
2.32 eV).

FIG. 2. Simulation results of QE and intrinsic emittance of
K2CsSb photocathode with different thicknesses; blue and black
lines indicate QE and intrinsic emittance, respectively.
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photoelectron emission. Most of the incident laser power is
not used for the typical K2CsSb photocathode.
Figure 2 shows that the relationship between QE,

intrinsic emittance, and photocathode thickness is non-
linear. In addition to the exponentially decaying absorption
of incident light, it may also be caused by the different
contributions of photoelectrons excited at different depths
according to Spicer’s three-step photoemission model. To
better understand the effect of the initial distribution of
photoelectrons on the photocathode performance, the con-
tributions of photoelectrons at different depths were evalu-
ated in this part. The photocathode was sliced along the
depth. It was assumed that in each simulation, the photo-
electrons produced in each of the slices had the same initial
energy distribution, and the transport and emission mech-
anisms of the photoelectrons were unchanged as the model
described above. The number of photoelectrons produced
in each slice was 300 000.
The blue line in Fig. 4 indicates the emission probability

of the photoelectrons from the slices at different depths.

The emission probability is defined as the ratio of the
number of photoelectrons emitted into the vacuum to that
produced in each slice. The black line represents the results
of the intrinsic emittance of the photocathode when the
initial photoelectrons are produced in one slice. The
scattering probability increases with the transport distance,
and the emission probability and transverse momenta of the
photoelectrons decrease with the photocathode depth. The
contribution of photoelectrons to QE and intrinsic emit-
tance decreases with increasing depth. As the QE and
intrinsic emittance of the photocathode are the statistical
results of the total contribution of the initial photoelectrons,
it is worth mentioning that they can be improved by
adjusting the initial distribution of the photoelectron along
the depth direction.

III. PLASMON-ENHANCED BIALKALI
PHOTOCATHODE

Based on the previous analysis, the maximum efficiency
of the typical K2CsSb film photocathode in absorbing the
incident laser is approximately 30%. The exponential decay
distribution of the initial photoelectron density determined
by the optical absorption properties of the photocathode is
not conducive to achieving the best performance. In order
to improve the QE and control the emittance, the SPPs are
introduced into the K2CsSb photocathode to enhance the
absorption of the incident laser and artificially regulate the
initial photoelectron distribution in the photocathode.

A. Photocathode design

To protect the photoemission properties of the surface, a
silver substrate with a nanopattern is employed to achieve
wave vector matching, exciting the SPPs at the interface
between the substrate and K2CsSb photocathode. Figure 5
presents the structural diagram of the photocathode.
To simplify the simulation, a corrugated nanopattern is
designed on the surface of the substrate. The K2CsSb film
is deposited with a certain thickness on the nanopatterned
silver substrate.
The geometrical parameters are optimized by an electro-

magnetic field simulation software (CST Studio) [22] to
ensure that the SPPs can be successfully excited at a
specific wavelength. Figure 6 shows the simulation results

FIG. 3. Light absorption with the depth of cathode.

FIG. 4. Simulation results of K2CsSb photocathode perfor-
mance when all initial photoelectrons are generated in one
slice. The blue line indicates the emission probability. The black
line represents the intrinsic emittance. (The thickness of the
slice is 1 nm.)

FIG. 5. Diagram of photocathode cross section with nano-
pattern. (The blue represents K2CsSb film, the yellow represents
silver substrate.)
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of the reflectivity spectrum of the photocathode whose
geometrical parameters of p ¼ 505 nm, h ¼ 84 nm,
w ¼ 88 nm, and hcathode ¼ 16 nm. In the simulation, the
incident light is perpendicularly irradiated on the photo-
cathode surface. The red and black lines indicate the
reflectivity spectra of the photocathode with the incident
lights of p and s polarizations, respectively. When the
photocathode is irradiated by the incident laser of p
polarization, the exceptionally enhanced absorption close
to 95% occurs at the wavelength of 532 nm, which
indicates that the SPPs are successfully excited.
When the SPPs are excited, the electromagnetic field near

the interface between the Ag substrate and K2CsSb film is
redistributed. The distribution of the PNF is periodic and
aligned with the nanopattern structure. Figure 7 shows the
simulation results of the two-unit cells with a phase of 90°;
the color contour represents the normalized electric field
strength in relative units. The lines outline the two-unit cell
of the nanopattern structure. It indicates that the electro-
magnetic field near the interface is enhanced in the vicinity
of the interface between the Ag substrate and K2CsSb film.

The PNF distribution can be regulated by adjusting the
geometrical parameters of the nanopattern structure. With
the introduction of SPPs, the significantly reduced reflec-
tivity and adjustable PNF provide the possibility of improv-
ing the K2CsSb photocathode performance.

B. Monte Carlo model with SPPs

In order to demonstrate the effect of SPPs on the
photocathode performance, the Monte Carlo simulation
model described above is modified. When the SPPs are
excited, the absorption of the incident light increases, and
the energy density distribution in the electromagnetic field
changes. Based on Spicer’s three-step photoemission
model, the introduction of SPPs influences the generation
of photoelectrons. When the incident laser is irradiated on
the photocathode, it passes through the K2CsSb film and
decays exponentially. When it arrives at the interface
between the K2CsSb film and nanopatterned substrate, it
excites the SPPs. With the geometrical parameter optimi-
zation of the nanopattern structure, the reflection at the
interface between the K2CsSb film and nanopatterned
substrate is reduced to extremely low levels. The reflection
at this interface can be ignored in the simulations; the
incident photon energy is converted into plasmonic energy
at the interface. The total plasmonic energy is eventually
absorbed by the K2CsSb film and metal substrate. The light
energy absorbed by the K2CsSb film consists of two parts.
One part is absorbed during the process in which light
passes through the K2CsSb film and can be obtained using
Eq. (1); the other part is obtained from the SPPs.
The distribution of the photoelectrons, which are gen-

erated from the transmission process, is the same as that
described above. Its quantity is given by the following:

Nt ¼ Npð1 − e−αðℏωÞhcathodeÞ ð7Þ

where Nt is the total number of photoelectrons generated
from the transmission process andNp is the total number of
photons irradiated on the photocathode. When the incident
light arrives at the interface between the K2CsSb film and
nanopatterned substrate and excites the SPPs, the enhanced

FIG. 6. Simulated reflectivity spectrum of photocathode whose
geometrical parameters arep ¼ 505 nm, h ¼ 84 nm,w ¼ 88 nm,
and hcathode ¼ 16 nm.

FIG. 7. Electric field distribution of PNF over cross section. Left and right images show electric field distributions of X and Y
components of PNF, respectively.
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PNF occurs. Based on the law of conservation of energy
and assuming that there is no reflection at the interface after
the optimization of the geometrical parameters of the
photocathode, the plasmonic energy is eventually absorbed
by the metal substrate and K2CsSb film. To simplify the
simulation model, it is assumed that the total amount of
plasmonic energy absorbed by the K2CsSb film is used to
generate the photoelectrons. The nonlinear photoemissions
are not considered owing to the photon energy of the
incident light [15,16]. In fact, hot electrons can also be
generated in the silver substrate [14]. The energy of all
hot electrons generated in the silver substrate is assumed to
be finally converted to heat by electron–electron and
electron–phonon scatterings. The initial distribution of
photoelectrons from the SPPs is determined by the energy
distribution of the PNF in the K2CsSb film. Its quantity
Nspp semi can be obtained by the following:

Nspp semi ¼ ðNp − NtÞ ×
Espp semi

Espp total
ð8Þ

where Espp semi is the energy of the PNF in the K2CsSb film
and Espp total is the total energy of the PNF. The Espp semi

and the Espp total values can be obtained from the simulation
results using CST Studio. The total number of photoelectrons
generated in the K2CsSb film can be calculated as the sum
of Nt and Nspp emi. The initial energy of the photoelectrons
is given by Eq. (2).
Without considering the effect of external fields (e.g.,

accelerating field and PNF) on the movements of photo-
electrons, the influence of SPPs on the transport step is
negligible because their introduction does not change the
electronic properties of the K2CsSb film. To ensure that the
photoemission properties of the K2CsSb photocathode
surface are not changed, the nanopattern structure used
to excite the SPPs is fabricated on the silver substrate. It can
be considered that the SPPs also have no influence on the
step of emission on the surface.

C. Simulation and analysis of photoemission
process with SPPs

In order to simulate the photoemission process of the
photocathode with SPPs, the geometrical parameters of the
nanopattern on the surface of the substrate are optimized
using CST Studio to ensure that the SPPs can be excited at the
wavelength of 532 nm. The reflectivity of the photocathode
needs to be reduced to a certain value. The PNF distribution
can be given using CST Studio after the excitation of SPPs.
Using the obtained PNF results, the performance of the
photocathode with SPPs can be explored using the modi-
fied Monte Carlo simulation code.
Table II presents the performance of the photocathodes

with different K2CsSb film thicknesses. The geometrical
parameters (i.e., p, w, and h) of the aforementioned
photocathodes are obtained through optimization to ensure
that the SPPs are successfully excited, and the reflectivity
of the photocathode is < 5%. Without the SPPs, the
incident light absorption values of the K2CsSb photo-
cathodes with thicknesses of 14, 16, 18, and 20 nm are
18.92%, 21.40%, 23.67%, and 25.97%, respectively. Based
on the Monte Carlo simulation, the QEs of these photo-
cathodes are 5.68%, 6.54%, 7.37%, and 8.22%, respec-
tively. With the introduction of SPPs, the reflectivity of the
incident light is reduced to approximately ∼5% at a
wavelength of 532 nm by optimizing the geometrical
parameters of the substrates. The increased incident light
absorption by the SPPs is approximately twice as much as
that in the transmission process. Figure 8 shows the
simulation results of the initial photoelectron density
distribution in the K2CsSb photocathode with SPPs. The
orange part in the figure is one element of the nano-
patterned substrate. The geometrical parameters of the
substrate are listed in Table II. The 20-nm K2CsSb film
is deposited onto the surface of the substrate. The density of
the blue particles represents the initial photoelectron
density in the K2CsSb film. Due to the increased incident
light absorption by the SPPs, the initial photoelectron
distribution in the photocathode is regulated and ceases

TABLE II. Photocathode performance with SPPs.

Thickness hcathode (nm) 14 16 18 20

p (nm) 530 505 480 450
w (nm) 90 88 101 112
h (nm) 89 84 98 103
Reflectivity (%) 3 5 3 5
QE (%) 17.33 19.40 17.15 24.49
Emittance (mm mrad/mm) 0.282 0.279 0.276 0.276
QE (%) without SPPs 6.67 7.42 8.19 8.84
Emittance without SPPs (mm mrad/mm) 0.281 0.276 0.277 0.273
Normal absorption (%) 18.90 21.24 23.51 26.01
Absorption by SPPs (%) 37.29 48.41 38.52 54.42

Total absorption of light (%) 56.19 69.65 62.02 80.44
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to decay exponentially perpendicular to the surface of the
K2CsSb film.
With the SPPs, the QEs of the photocathode with

thicknesses of 14, 16, 18, and 20 nm are approximately
17.33%, 19.40%, 17.15%, and 24.49%, respectively.
Because of the increased number of photoelectrons in
the deep layers of the K2CsSb film, the tripled absorption
of incident light approximately doubles the QE, as illus-
trated in Fig. 6. The intrinsic emittances of the photo-
cathode with or without the SPPs are almost unchanged due
to the modulated photoelectron distribution, which holds
great promise for breaking the trade-off between the QE
and intrinsic emittance of the photocathode. Moreover, it is
worth noting that the 18-nm-thick photocathode has the
lowest QE among the photocathodes. This is because the
geometric parameters (p, w, and h) of the photocathodes
with different thicknesses are optimized to ensure that
the SPPs are successfully excited, and the reflectivity of
photocathodes is < 5%. As shown in Fig. 9, although the

target reflectivity is achieved, the distributions of the
plasmonic fields for different photocathode thicknesses
may differ, resulting in the variation of the light energy
absorbed by the K2CsSb film from the SPPs.

D. Photon energy scan

It is assumed that adjusting thewavelength of the incident
light over a narrow range by fine-tuning the geometrical
parameters of the nanopattern slightly affects the PNF
characteristics and photocathode reflectivity. The calculated
PNFwith the incident light of 532nmcan be used to evaluate
the effect of the photon energy of the incident light on theQE
and intrinsic emittance of the photocathode. Figure 10
presents the simulation results of the relationship between
the QE and photon energy of the incident light. The
photocathode with SPPs (black curve) still has higher
QEs when the incident photon energy is adjusted over a
narrow range (i.e., 2.0–2.5 eV). The absorption coefficient
of K2CsSb decreases with the incident photon energy. The
number of incident photons absorbed in the K2CsSb film
decreases, leavingmore incident photons to excite the SPPs.
The ratio of the QE of photocathodes with SPPs to that of
photocathodes without SPPs increases with the decrease in
the incident photon energy. Figure 11 shows the simulation
results of the relationship between the intrinsic emittance of
the photocathode and incident photon energy. The intrinsic
emittances of the photocathodes with and without SPPs are
almost the same with the small range adjustment of the
incident photon energy. Comparing Figs. 10 and 11, it can be
concluded that the introduction of SPPs allows for a more
adjustable range of incident light photon energy to achieve a
photocathode with low intrinsic emittance and high QE.

E. Potential risk factors induced by SPPs

It needs to be mentioned that the introduction of SPPs
also brings some potential risk factors that may cause the
degradation of the overall emittance of the electron beam
emitted from the cathode, such as the introduction of PNF
and distortions of the applied accelerating field caused by
the nanopattern structure. The influence of PNF on the

FIG. 8. Simulation result of initial photoelectron density dis-
tribution in K2CsSb photocathode with SPPs (K2CsSb film
thickness: 20 nm).

FIG. 9. Electric field distributions of PNF over cross section. Left and right images show electric field distributions of PNFs of 18- and
20-nm photocathodes, respectively.
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electron beam dynamics has been researched in Ref. [23],
which indicates that the PNF can degrade the emittance of
the electron beam emitted from the cathode. As the
intensity of the PNF exponentially decays perpendicular
to the interface, the region of the PNF is limited. The
degradation of the emittance can be suppressed by boosting
the launching field at the cathode surface to reduce the
flight time of the electron beam in this area. Moreover, the
intensity of the PNF is related to the power density of
incident light; hence, the degradation of the emittance
caused by the PNF can also be suppressed by reducing the
power density of incident light. Compared with the metal
photocathode, the K2CsSb photocathode with a higher QE
significantly reduces the power density requirement of

incident light, which also reduces the influence of the
PNF on the electron beam. For example, assuming that the
QE of the photocathode is 10%, the FWHM of the incident
light is 10 ps, the beam diameter is 2 mm, the required peak
power density of the incident light to generate a 100-pC
electron beam is ∼7.4 × 10−6 GW=cm2. Under these con-
ditions, the emittance growth factor (εwith PNF=εwithout PNF)
caused by the PNF at the launching field of 30 MV=m can
be estimated to be ∼1.004.
The typical emittance growth caused by the roughness

includes two types: emittance growth due to the emission
angle diffusion and emittance growth induced by the field
distortion of the applied electric field caused by the rough
surface [24–26]. The photoelectrons emitted from the
substrate can be ignored because its photoelectron yield
is lower compared with that of the K2SbCs photocathode.
The thickness of the K2SbCs film is far smaller than the
diameter of the cathode. Almost all photoelectrons are
emitted from the top surface of the K2SbCs film. The type
of emission angle diffusion has no substantial contribution
to the emittance growth for this configuration of the
K2SbCs photocathode with SPPs. As shown in Fig. 12,
the element of the groove distorts the applied electric field
near the groove. It locally acts as a focusing lens for the
photoelectrons emitted from the bottom of the groove,
which is similar to the effect of the grid mesh on the
electron beam in a thermionic gridded electron gun [27].
The beam emittance due to the groove array is proportional
to the width of the groove and radius of the light spot and
depends on the launching field. The width of the groove
adopted in the photocathode is in the order of tens of
nanometers; this is substantially smaller than the typical
mesh hole size (tens of micrometers) used in the thermionic
gridded electron gun. Hence, the emittance growth caused
by field distortions is also small. For the photocathode
whose geometrical parameters are p ¼ 450 nm, h ¼
103 nm, w ¼ 112 nm, and hcathode ¼ 20 nm, when the

FIG. 10. Simulation results of relationship between QE of
photocathode and incident photon energy with/without SPPs.
Black and red curves are QEs of photocathodes with and without
SPPs, respectively; blue curve represents ratio of QE of photo-
cathodes with SPPs to that of photocathodes without SPPs.

FIG. 11. Simulation results of relationship between intrinsic
emittance of photocathode and incident photon energy with/
without SPPs.

FIG. 12. Potential distribution of one unit cell of nanopattern at
cross section with launching field of 30 MV=m.
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diameter of the light spot is 2 mm, the emittance caused by
field distortions under a launching field of 30 MV=m can
be estimated to be ∼5.6 × 10−3 mmmrad=mm using
Eq. (38) of Ref. [27], which is considerably lower than
the intrinsic emittance of the photocathode. Moreover, as
the SPPs can be excited by different nanopatterns, it
provides the flexibility to reduce the emittance degradation
caused by the nanopattern by optimizing the geometrical
structure.

IV. CONCLUSION

In conclusion, the photoemission simulations of the
K2CsSb photocathode indicate that the effective absorption
of incident light is approximately 30% of the total power.
The initial distribution of the photoelectrons plays an
important role in the performance of photocathodes due
to the different contributions of the photoelectrons at
different depths. Based on these characteristics, the SPPs
are introduced by the groove nanopattern to improve the
effective absorption of incident light and modulate the
initial photoelectron distribution. The Monte Carlo photo-
emission model of the K2CsSb photocathode with SPPs
was first established and used to study the effect of the
introduction of SPPs. The simulation results show that the
QE of the K2CsSb photocathode with SPPs is 2–3 times
that of the photocathode without SPPs. Furthermore, the
thermal emittance of the photocathode remains substan-
tially unchanged, which breaks the trade-off between the
photocathode QE and emittance. Hence, it plays a very
important role in the development of high-brightness
electron sources.
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