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Abstract
The thermal limit of the intrinsic emittance of photocath-

odes represents an important property to measure experimen-

tally and to understand theoretically. Detailed measurements

of intrinsic emittance have become possible in momentatron

experiments. Moreover, recent developments in material

design have allowed growing photoemissive layers with con-

trolled surface roughness. Although analytical formulations

of the effects of roughness have been developed, a full theo-

retical model and experimental verification are lacking. We

aim to bridge this gap by developing realistic models for

different materials in the three-dimensional VSim particle-

in-cell code. We have recently implemented modeling of

electron photo-excitation, transport, and emission from pho-

toemissive layers grown on a substrate. We report results

from simulations with these models on electron emission

from antimony and gold. We consider effects due to density

of states, photoemissive layer thickness, surface roughness

and how they affect the spectral response of quantum yield

and intrinsic emittance.

INTRODUCTION
Modern developments in design and synthesis of mate-

rials have resulted in photocathodes that can deliver high

quantum efficiency, operate at visible wavelengths, and are

robust enough to work in high electric field gradient photo-

guns for application to free electron lasers (FEL), advanced

X-ray light sources, in dynamic electron microscopy and

diffraction. Synthesis, however, often results in roughness,

ranging from the nano to the microscale. Thus, the effects

on roughness on emittance are of significant importance to

understand [1, 2].

MODELING
We use the VSim Particle-in-Cell (PIC) code to simulate

electron emission from photocathodes with flat and con-

trolled rough surfaces. We consider parallel ridges, as shown

in Fig. 1, since these can be grown experimentally. We have

described in detail [3] the models we have implemented to

enable such simulations for metallic materials together with

the parameters of the rough surfaces ridges that we simu-

late. Our approach includes electron excitation in response

to absorption of photons, charge transport, representation

of flat and rough interfaces, modeling emission taking into

∗ We are grateful to the U.S. DoE Office of Basic Energy Sciences for

supporting this work under the grant DE-SC0013190.

account image charge and local field enhancement effects,

efficient 3D electrostatic solver for a simulation domain that

has sub-domains with different dielectric properties. We ap-

plied these models first [3] to study electron emission from

antimony with the electron-electron (el-el) scattering mean

free path (MFP) calculated from a simple four-parameter

model that did not include the effect of temperature.
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Figure 1: Electrons are loaded (red spheres) due to absorp-

tion of photons. Electrons emitted in vacuum (green spheres)

drift in applied electric field. The translucent gray surface

is the interface between the photocathode and vacuum.

Here, we study quantum yield (QY), the ratio of emitted

electrons to absorbed photons, from both Au and Sb and its

dependence on cathode roughness, work function variation

on the emission surface, and the density of states (DoS). For

electron emission from metallic materials, el-el scattering is

the most important process to model. Most often, a single el-

el scattering event reduces the energy of sufficiently energetic

photo-excited electron below the threshold for emission. For

the Sb simulations, we used the simple empirical model for

the el-elMFP that we implemented initially [3] with the set of

parameters that showed good agreement with experimental

data on intrinsic emittance. For modeling electron transport

in gold, we implemented a higher-fidelity el-el scattering

model. It was proposed by Jensen et al. [4] and includes the
effect of temperature on the MFP. It depends only on one

parameter. We also implemented a 3-step model (TSM) [5,

6] for calculation of QY from Au and compare simulation

results with it.

RESULTS
We ran simulations with the implemented models for Au

and Sb to investigate how surface roughness, variable work

function and density of states affect quantum yield and in-

trinsic emittance. For the simulations with a flat emission

surface, we used a uniform work function φ = 4.5 eV for

Sb [2] and 4.9 eV for Au [7]. Note, however, that values for

the work function of gold have been reported in the range

from 4.6 to 5.47 eV depending on emission crystal surface
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orientations and types of studies. We have already provided

a detailed account [3] of the three-dimensional simulation

setup and the rough surface parameters for Sb. We use the

same simulation setup and a rough surface interface for the

Au simulation here as well. However, we have now devel-

oped a new charged particle loader in VSim that enables

loading electrons in a photocathode material due to absorp-

tion of photons with given energy and absorption length.

It can be configured to load electrons over time and as a

function of laser intensity. We used the new particle loader

for all QY simulation results presented here.

Simple models for the DoS of materials (e.g., a constant

DoS or∼
√
E from the free electronmodel) are often used [6]

to investigate QY and intrinsic emittance. Alternatively, op-

tical DoS has been obtained from analysis of photoemission

experimental data [7] (for the case of gold). However, simple

models for the DoS are not sufficient to explain experimental

data as in the case of intrinsic emittance from Sb [2] while

using a DoS from band structure calculations showed agre-

ment with the measurements [2, 3]. Thus, similarly to the

case of Sb, we incorporated in the Au simulations a DoS

extracted from band structure calculations, shown in Fig. 2

(relative to the chemical potential μ). The figure also dis-
plays two modified DoS curves that we used to study how

changes in the DoS affect QY. Note that the optical DoS [7]

for Au shows differences compared to the calculated one [8].
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Figure 2: The DoS for Au was extracted from band structure

calculations [8]. We also used two modified curves (m1 and

m2) to study DoS effects.

For the TSM results, we calculated QY numerically fol-

lowing the approach to derive quantum efficiency given by

Dowell et al. [6]. This leads to the following equation:

QY (ω) =

∞∫

μ+φ−�ω
dEp (E, ω)

1∫

cos θmax

d(cos θ)Fee

2
∞∫

μ−�ω
dEp (E, ω)

, (1)

where E is the electron energy in the conduction band from

which it is excited to energy E + �ω due to absorption of a
phonon with energy �ω. The function

p (E, ω) = g (E + �ω) (1 − f (E + �ω)) g (E) f (E)

is assumed to be proportional to the probability (per unit

energy) for this photo-excitation process [6], g (E) is the
electron density of states, φ is the work function, f (E) is
the Fermi function, θ is the angle between the electron mo-
mentum and the emission surface normal. The probability

that a photo-excited electron reaches the emission surface

without scattering with another electron is

Fee (E, ω, cos θ) = λee (E + �ω) cos θ
λopt (ω) + λee (E + �ω) cos θ

,

where λee(E) is the el-el MFP, λopt (ω) is the photon ab-
sorption length. The cosine of the maximum angle (relative

to the emission surface normal) an electron incident on the

surface can have and be emitted into vacuum with conser-

vation of transverse momentum is given [6] by cos θmax =√
(μ + φ)/(E + �ω).
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Figure 3: Simulation results and 3-step model calculations

on QY from Au indicate the importance of including the

gold DoS in these approaches.

The TSM for the QY in Eq. (1) assumes a unity proba-

bility of emission for E > μ + φ when θ ≤ θmax (where φ
is generally the effective work function including the Schot-

tky barrier lowering [6]) and zero for E ≤ μ + φ. In the
simulations, the emission probability is calculated with the

local potential at each attempted electron interface crossing

(and along a direction normal to the emission surface) using

a transfer matrix method [3]. This takes into account both

electron tunneling and over barrier reflection.

We show results on QY from Au from the simulations

and different approximations with the TSM in Fig. 3. The

range of photon wavelengths is similar to the range used in

the Sb emission experiments [2]. The two sets of simulation

results show the sensitivity of the QY on small changes in

the DoS near the Fermi level. Data on the DoS of Au from

different studies [7, 8] show changes of similar magnitude.

The simulation results with the modified DoS (m1) show

agreement with available QY experimental data [7] while

the QY from the simulations with the band structure DoS

is lower. Using a constant DoS and the T = 0 K Fermi

function in the TSM, the approach developed previously [6],

we obtain QY that is several times higer that the experimental

data and the simulations. The QY from the TSM with the

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-THPAK116

THPAK116
3516

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

05 Beam Dynamics and EM Fields
D11 Code Developments and Simulation Techniques



band structure DoS is much closer to the simulations data

(and similarly for the case with the modified DoS) though

still somewhat higher. Note also that the QY from the TSM

is 0 for λ ≥ 253 nm (not explicitly shown in Fig. 3) since

in Eq. (1) the probability of emission is assumed zero for

E ≤ μ + φ. The simulations do not have this restriction and,
moreover, initial electron energies are sampled from the tail

of the distribution with E > μ. These results indicate that
the actual DoS of Au has to be included in the models and in

the simulations in order to obtain results in agreement with

experimental data on QY.
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Figure 4: Surface roughness and variable work function ef-

fects could lead to a crossover in the QY relative to emission

from a flat surface.
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Figure 5: Effects of finite layer width and different el-el MFP

on the QY from Sb.

In Fig. 4, we show simulation results on the effect of

surface roughness and variable work function on QY from

Au. Results on QY from Sb are similar but the QY is higher

since Sb has a lower work function. The QY from the ridges

surface is somewhat higher than from the flat one since

photons absorbed on the sides of the ridges excite electrons

effectively closer to the emission surface. Increasing φ only
on the sides of the ridges (over 95 % of the sides area),

reduces emission there. For some value Δφ of the increase,
there is a wavelength λc where a crossover can be observed:
the QY from the rough surface is higher than from the flat

one for λ < λc and drops below it for λ > λc .
Results on QY from simulations on emission from Sb

layers and two different el-el MFPs are shown in Fig. 5. The

runs with the el-el scattering model parameter b = 1.5 cor-

respond to the longer MFP [3]. The finite layer width affects

the QY only for the runs with b = 1.5. However, simula-
tions with b = 3.8 (shorter MFP) lead to agreement with
experimental data on both QY and intrinsic emittance [3].

The importance of including the DoS of the photocathode

material (instead of simple approximations for it) in sim-

ulation models as well as in the TSM is confirmed by the

intrinsic emittance results for Sb, shown in Fig. 4.
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Figure 6: Simulations and 3-step model calculations of in-

trinsic emittance fromSb are in agreement with experimental

data [2] from a flat emission surface only when the antimony

DoS and temperature effects are taken into account.

The TSM with the constant DoS over estimates the intrin-

sic emittance and cannot account for its behavior for �ω < φ
when the T = 0 K Fermi function is used [2, 3]. The results

from the simulations with the ridge surface shown in Fig. 6

and in Ref. [3], indicate the emittance growth due to this

type of surface roughness.

SUMMARY
Results from simulations and the TSM show the impor-

tance of including the DoS of photocathode materials in the

modeling in order to obtain agreement with experimental

data on QY and intrinsic emittance. The simulations allowed

us to investigate the emittance growth due to controlled pho-

tocathode surface roughness, effects of finite emission layer

thickness and el-el MFPs on quantum yield.
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