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Abstract

The Relativistic Heavy Ion Collider (RHIC) contributes
fundamental advances to nuclear physics by colliding a
wide range of ions. A novel electron cooling section, which
is a key component of the proposed luminosity upgrade
for RHIC, requires the acceleration of high-charge elec-
tron bunches with low emittance and energy spread. A
promising candidate for the electron source is the recently
developed concept of a high quantum efficiency photoin-
jector with a diamond amplifier. We have started to im-
plement algorithms, within the VORPAL particle-in-cell
framework, for modeling of secondary electron and hole
generation, and for charge transport in diamond. The algo-
rithms include elastic and various inelastic scattering pro-
cesses over a wide range of charge carrier energies. Initial
results from the implemented capabilities will be presented
and discussed.

INTRODUCTION

To address the need for high average-current, high
brightness electron beams in current and future accelerator-
based systems (e.g. electron cooling of hadron acceler-
ators, energy-recovery linac light sources, and ultra-high
power free electron lasers), a new design for a photoinjec-
tor with a diamond amplifier was recently proposed [1] and
is under active development [2, 3].

The new photoinjector concept has a number of impor-
tant advantages [2] compared to existing metallic and semi-
conductor photocathodes. The idea of its operation is to
first generate a primary electron beam using a conventional
photocathode. These electrons are then accelerated to en-
ergies of the order of 5 to 10 keV by the time they reach a
diamond window of the order of 10 to 30 μm thick. These
primary electrons scatter in the diamond, generating a cas-
cade of secondary electrons. The secondary electrons drift
through the diamond under the acceleration of an exter-
nal radio frequency (RF) field while also participating in
scattering processes. The transported, large number of sec-
ondary electrons (compared to the number of primaries) are
emitted at a negative electron affinity (NEA) surface of the
diamond into the accelerating cavity of the electron gun.

In order to optimize the performance of this electron gun
design, it is of considerable interest to understand the gen-
eration of secondaries and their transport in diamond sam-
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ples with different characteristics (thickness, concentration
and type of impurities, surface effects at both metal coated
and NEA surfaces) and how a diamond amplifier couples to
the overall operation of the complete photoinjector system.
To address this problem, we have started to develop code,
within the VORPAL [4] particle-in-cell (PIC) framework,
for simulation of electron generation and charge transport
in diamond. Here, we report on our on-going work to en-
able modeling capabilities for studying secondary electron
generation and transport in diamond.

MODELING OF SECONDARY
ELECTRON GENERATION IN DIAMOND

The trajectory of an electron inside diamond can be sim-
ulated [5] using a Monte Carlo algorithm. The probabil-
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Figure 1: The mean free times τ(E) (and the related mean
free paths and scattering rates) can be calculated from the
total scattering cross sections. The mean free times, shown
here, indicate the characteristic time scales for these pro-
cesses and the limitations they impose in Monte Carlo sim-
ulations.

ity for a free electron with kinetic energy E to travel a
time t inside the diamond without experiencing a collision
is modeled by exp (−t/τT (E)) where τT (E) is the total
electron mean free time 1/τT (E) = 1/τel(E) + 1/τin(E)
and τel(E), τin(E) are the elastic, inelastic mean free
times, respectively. We obtained the energy dependent
mean free times from the total elastic and inelastic scat-
tering cross sections given in Ref. [6]. The mean free
times for the range of energies considered here are shown in
Fig. 1. To simulate scattering processes, we implemented
a Monte Carlo algorithm extended with the null collision
method which is often used to simulate carrier transport
[7]. Thus, our implementation is general and can directly
be extended to handle additional scattering processes (e.g.
inelastic processes involving phonons and impurities).
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We implemented two models for elastic scattering. The
first model considers the elastic scattering process to be
isotropic (as in acoustic phonon scattering processes). The
second model takes into account anisotropy making small
angle scattering more probable relative to other angles. It
is based on the Conwell-Weisskopf approach applicable to,
e.g., ionized impurity scattering [7]. We are considering
to implement a more accurate model, based on quantum
mechanical formalism, in a future development. For the in-
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Figure 2: The generation of secondary electrons in inelastic
scattering processes involves excitation of an electron from
the valence band to the conduction one creating electron-
hole pairs.

elastic scattering, we implemented an algorithm based on
the approach developed by Ziaja et al. [8]. In this algo-
rithm, at each time step, given the energy E of an existing
electron that has been selected to participate in an inelas-
tic scattering event, we choose first the energy ω that the
electron will lose in the inelastic process (unless explicitly
specified, we use atomic units h̄ = m = e = 1). We deter-
mine this energy by drawing a sample from the probability
distribution for losing energy ω given the initial energy of
the primary electron, E. The probability density function
(pdf) p (ω | E) of this distribution can be calculated from
the doubly differential inelastic cross section

∂2σin (q, ω, E)
∂q∂ω

=
1

nπa0Eq
Im

(
−ε−1 (q, ω)

)
, (1)

where E is the initial energy of the primary electron,
ω is its energy loss in the inelastic scattering process,
and q is the magnitude of its momentum change. The
momentum change has to satisfy q− ≤ q ≤ q+ with

q± = k
(
1 ±

√
1 − (ω/E)

)
, where ε (q, ω) is the dielec-

tric function for diamond and Im
(
−ε−1 (q, ω)

)
is the en-

ergy loss function (ELF). For the ELF, we used the data
given by Ziaja et al. [8].

After an inelastic scattering process has been identi-
fied and the energy loss value ω for the primary electron
has been drawn from the probability distribution with pdf
p (ω | E), the code proceeds to draw a value for the mag-
nitude of the momentum change q of the primary. This
value is sampled from the probability distribution with pdf
p (q | ω, E) that is also calculated using the doubly dif-
ferential inelastic cross section, Eq. (1). The pdfs are of-
ten calculated in the Ashley and/or TPP2 approximation

models [8]. The simulations presented here are using the
Ashley model. For the sampling from these conditional
pdfs, we implemented a von Neumann rejection algorithm.
To maintain conservation of momentum for independently
chosen E and ω values, the value of q has to satisfy the
inequalities
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e,s the final momentum of the pro-
duced secondary electron. The electron-hole excitation
process in diamond is shown in Fig. 2. This diagram also
gives a short description of how the algorithm we imple-
mented works: the initial energy E0 of a valance electron is
sampled, then the energy loss ω of the primary electron (or
hole) is sampled and if h̄ω > EC − E0, a secondary elec-
tron with kinetic energy of h̄ω − EC + E0 and a hole with
kinetic energy of EV − E0 are created; momenta and en-
ergies of all particles are updated to conserve total energy
and momentum. In the current implementation, we con-
sider two limiting cases for inelastic scattering processes
[5]. The first case is with no transfer to the lattice allowed
for energy loss ω < EG and the second is when such loss
is taken into account. In the current implementation, the
initial energy of an electron in the valence band is sampled
from the Fermi-Dirac distribution at T = 0 K.

SIMULATION RESULTS

To evaluate the implemented algorithms, we started with
a previously studied simulation test case [8, 5]. It consists
of a single primary electron with energy E = E ′ + EC ,
where for diamond EC ≈ 29 eV (the valance band width
is 23 eV and the gap is EG = 5.46 eV). The values of E ′

were chosen from 250 eV to 1 keV.
For these parameters, the average energy sampled from

the Fermi-Dirac distribution at T = 0 K, is 3EV /5 ≈ 13.8
eV. Thus, the average energy to create an electron-hole pair
is Ee−h = EV + EG − 3EV /5 ≈ 14.66 eV leading to
an expected maximum number of secondary electrons pro-
duced Nmax

e,s = E′/Ee−h.
The results for the average number of secondary elec-

trons produced over time (from an average over 200 runs)
with E′ = 250 eV for the primary electron are shown
in Fig. 3. In this case, N max

e,s = 17. We are reaching
a value close to this number after about 1000 fs but the
plot in the figure is truncated to 100 fs to allow for eas-
ier comparison with the corresponding plot in [5]. The re-
sults for Nmax

e,s from a test primary electron with E ′ = 1
keV from 200 runs are also shown in Fig. 3. The ex-
pected maximum number of secondaries in this case is
Nmax

e,s = 68. Results from simulations of N max
e,s as a

function of the initial energy of the primary test electron
for E ′ = 250, 500, 750, 1000 eV are shown in Fig. 4.

Overall, our simulation results are in qualitative to fair
agreement with previous simulation results on electron
scattering in diamond [8, 5, 6] particularly taking into ac-
count that we are not comparing these results under the
same conditions. The results we present here are for the
Ashley model with the band structure taken into account as
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Figure 3: The dependence of the number of generated sec-
ondary electrons for the two limiting cases (with loss to the
lattice and with no loss allowed) is simulated for two initial
energies of a primary electron: E = 250 + EC eV, lower
two curves, and E = 1000+EC eV, upper two curves. The
number of secondaries for the limiting case with no loss to
the lattice is close to the number reported by Ziaja et al. [5]
at t = 100 fs (14 vs 10). We observe a larger number of
secondaries at 100 fs for the model with loss to the lattice
compared to the value they reported (10 vs 6). However,
they did not include the generation of secondaries due to
created holes while we include this effect.

Figure 4: The maximum average number of secondary
electrons produced for four different initial energies (above
EC ) of the primary electron for the two limiting cases with
no loss to the lattice (circles) and with such energy loss
(squares) in inelastic collisions. These numbers are consis-
tent with what is expected for each of the cases.

in Ref. [5, 6], at T = 0 K, and the holes allowed to scatter
and to also generate electron-hole pairs.

However, the results in Ref. [5], the main ones we com-
pare with here, are based on simulations that did not in-
clude the scattering of holes and their contribution to the
generation of electron-hole pairs. They are also at T > 0 K.
Both of these effects lead to smaller average number of sec-
ondary generated electrons in their simulations. The results
in Ref. [8], did not take into account the band structure.
They treated diamond in the free-electron approximation.
The results in Ref. [6] are from simulations with models
that allowed holes to scatter and to generate secondaries
but did not include values for the the average number of
electrons from the Ashley model; only results from TPP2

based models were reported. We will add the TPP2 model
and the non-zero temperature effect in Phase II. This will
allow us to better verify the implemented models against
published results. We also analyzed the secondary electron
energies and the particle spatial distributions (these results
are not included here due to space limitations) at three dif-
ferent times after the primary electron enters the diamond.
Our results show similar behavior and are close to the pre-
viously reported values of these quantities [5].

SUMMARY

We have implemented Monte Carlo models, within the
VORPAL PIC code, for simulation of secondary electron
generation and elastic scattering in diamond. The first sim-
ulation results from the code are in fair agreement with
previously published simulation studies even though the
comparison was not done under the same conditions due
to differences in the implemented approaches. More im-
portantly, these results indicate that a gain of the order of
up to two orders of magnitude is possible for primary elec-
trons with several keV of energies. In future developments,
the code will be extended with models for electron-phonon
and charge impurity scattering, electron-hole recombina-
tion, and temperature effects. Once these are implemented,
the simulations will be compared to experimentally mea-
sured quantities such as drift velocity and yield of trans-
mitted electrons.
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