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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 [1]. To assist in the devel-
opment of such an electron source, we have implemented
algorithms within the VORPAL particle-in-cell framework
for modeling secondary electron and hole generation, and
for charge transport in diamond. The algorithms include
elastic, phonon, and impurity scattering processes over a
wide range of charge carrier energies. Results from simula-
tions using the implemented capabilities will be presented
and discussed.

INTRODUCTION

A new concept for a photo-cathode with a diamond am-
plifier was recently proposed [1] and is currently under ac-
tive development [2, 3]. The diamond amplified photo-
cathode (DAP) has demonstrated the potential to address
the need for high peak and average current, high brightness
and low thermal emittance electron beams in current and
future accelerator-based systems. Moreover, the DAP has
negligible contamination problems, requires two orders of
magnitude less laser power, and is expected to have a long
lifetime in comparison to existing photo-cathodes.

The idea for the DAP operation consists of generating
first a beam of electrons using a conventional photocath-
ode. These are the primary electrons that are accelerated
to energies of about 10 keV before impacting a diamond
window. When these primary electrons enter into the dia-
mond, they experience inelastic scattering processes lead-
ing to the generation of secondary electrons and holes. Any
secondary electron or a hole that is produced with a suf-
ficiently high energy can also participate in such inelastic
processes, generating more electron-hole (e-h) pairs. These
inelastic scattering processes continue until none of the free
electrons and holes has sufficiently high energy to gener-
ate additional e-h pairs. However, the total number of pro-
duced secondary electrons is generally much larger than
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the number of primary electrons. The free charged carriers
also experience inelastic scattering involving the emission
or absorption of phonons (lattice excitations). If an exter-
nal field is applied in the diamond, the free electrons and
holes will start drifting in opposite directions. Large num-
bers of the secondary electrons are transported through the
diamond and emitted from one of its surfaces. Diamond
emission surfaces are prepared to have a negative electron
affinity (NEA) in order to increase the emission. The elec-
trons are emitted into the accelerating cavity of an electron
gun.

To optimize the performance of the DAP concept, it is of
considerable interest to understand the generation of secon-
daries and their transport in diamond samples with different
characteristics (thickness, concentration and type of impu-
rities, surface effects at both metal coated and NEA sur-
faces) and how a diamond amplifier couples to the overall
operation of the complete photoinjector system. To address
this problem, we have been developing models, within the
VORPAL [4] computational framework, for simulation of
secondary electron generation and charge transport in dia-
mond. Initially, we implemented models for the inelastic
scattering leading to generation of secondary electrons and
holes [5]. Here, we report on our work to enable the sim-
ulation of charge transport in diamond. The ability to sim-
ulate both secondary electron generation and charge trans-
port allows us to investigate electron gain from diamond in
a transmission mode setup (D. A. Dimitrov et al. in these
proceedings).

MODELING SECONDARY ELECTRON
GENERATION AND TRANSPORT

The short time scale (of the order of 100 fs) dynamics of
electrons in diamond with medium range of energies (from
about 50 eV to 10 keV) was treated by considering elastic
and inelastic scattering processes, with the latter leading
to generation of secondary electrons and holes [6, 7, 8].
For the inelastic scattering, we implemented first the Ash-
ley model described by Ziaja et al. [6, 7] and considered
secondary electron generation effects with it [5]. Recently,
we also implemented the TPP-2 optical model for the in-
elastic scattering that produces scattering rates in better
agreement [8] with the rates from band-structure calcula-
tions [9] at low energies (∼ 10 eV). For the elastic scat-
tering in the medium energy range we used the rates given
in Ref. [8] but our implementation [5] is based on methods
from semiconductor device simulations [10]. The scatter-
ing rates for the elastic and the inelastic (calculated with
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the TPP-2 model) processes are shown in the top plot of
Fig. 1.
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Figure 1: The top plot shows the inelastic scattering rates
for generation of secondary electrons and holes (calculated
from the TPP-2 model) together with the elastic rates in the
medium energy range. The bottom plot shows the rates for
electron-phonon (low energy inelastic) and impurity (elas-
tic) scattering processes.

The free (conduction band) electrons in diamond also ex-
perience low-energy inelastic scattering with phonons (lat-
tice excitations) and elastic scattering from charged impuri-
ties. Charge transport cannot be simulated accurately with-
out including the electron-phonon scattering. These inelas-
tic processes lead to additinal relaxation of the the electron
energies to reach the drift state in an applied field. At low
fields, free electrons have energies close to the bottom of
the conduction band and drift with temperature effectively
equal to the temperature of the diamond crystal (a highly
desirable property for generation of beams with low ther-
mal emittance).

For the low-energy inelastic scattering with optical and
acoustic phonons we implemented Monte Carlo algorithms
based on the models given by Jacoboni and Reggiani [11].
In diamond, these models approximate the energy bands
with a parabolic dependence on the electron wave vector
and have ellipsoidal constant energy surfaces. Both in-
tervalley and intravalley electron-phonon processes are in-
cluded. The rates for the emission and absorption of acous-

tic phonons and the three optical phonons considered are
shown in the bottom plot of Fig. 1 at T = 300 K. The
g and f type rates are for transitions between parallel and
perpendicular valleys, respectively. Decreasing the temper-
ature of diamond reduces these rates [11]. For comparison,
the rates for scattering of electrons from charged impuri-
ties (using the model from Ref. [11]) at two concentrations
is also shown together with the electron-phonon scattering
rates. The data plotted in Fig. 1 shows that in the medium
electron energy range, the rates for secondary electron gen-
eration and for elastic scattering are several orders of mag-
nitude larger than the electron-phonon and charged impu-
rity scattering ones. However, at low electron energies (10
eV and lower) the secondary electron generation rates are
comparable to the electron-phonon rates. Note that mod-
eling of electron transport with energies close to the bot-
tom of the conduction band does not include elastic scat-
tering [9] from the periodic potential of the carbon ions as
done for the medium energy range [6].

We have implemented a general Monte Carlo algorithm
to handle all scattering processes (it also includes null col-
lisions [10] to increase the efficiency). In between scatter-
ing events, the particle-in-cell algorithms in VORPAL [4]
provide the capability to self-consistently move particles
interacting with electromagnetic fields.

ELECTRON TRANSPORT SIMULATIONS

In this Section, we discuss representative results from
simulations with the implemented models on electron
transport after secondary electrons and holes are generated
using one of the models for inelastic scattering. We used
the Ashley model for the results here and primary electron
energy of 2.7 keV. We reported effects related to the sec-
ondary electron generation with this model in a previous
study [5] and present only new results from the transport
simulations here.

The domain was split into a three-dimensional grid, typ-
ically of 24 × 24 × 24 cells, with a cell edge size of 0.1
μm. For the simulations described here, a small time step
(usually 8 × 10−18 s) was used during the creation of the
secondary electrons (to resolve the mean free time for these
processes) which happens during the first few hundred fem-
toseconds. Phonon scattering was not enabled during this
time interval. At the end of this interval, the VORPAL data
was dumped, the input file modified to increase the time
step (for faster simulation runs while still resolving the
mean free times of the low energy scattering processes),
and to enable scattering of the free charged carriers with
phonons. The total propagation time of these simulations
was approximately 20 ps.

We specifically studied the dependence of the drift ve-
locity obtained with the phonon scattering models on the
applied external field magnitudes in a range values from
0.05 to 10 MV/m. This is a range of interest for use in
diamond amplified photo-cathodes. Our goal was to ver-
ify that the models can describe the transport of electron
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clouds with drift velocities in agreement with experimental
measurements for this range of applied fields.

Figure 2: The drift velocity evolution at two applied fields
indicate the rate of convergence to the (time) average values
(given in the legend).

The relaxation behavior of the drift velocity to steady
state from simulations at two field values is shown Fig. 2.
The results show that it takes of the order of a few pi-
coseconds to reach the steady state. The relaxation time
decreases when increasing the applied field.

Figure 3: The obtained average electron drift velocity vs
applied field from VORPAL simulations of electron trans-
port in diamond agrees well with experimental data.

The dependence of the average electron drift velocity
on the applied field magnitude obtained from the VOR-
PAL simulations with the models we implemented for the
electron-phonon scattering is shown in Fig. 3. These val-
ues agree well with experimental data and the more de-
tailed, band-structure Monte Carlo simulation results given
by Watanabe et al. [9].

SUMMARY

We described here the overall modeling capabilities
we have implemented within the VORPAL computational

framework for simulation of secondary electron generation
and transport in diamond. We presented results from trans-
port simulations to determine the electron drift velocity de-
pendence on the applied field. These simulations test the
implemented electron-phonon scattering models. The drift
velocity obtained from VORPAL agrees well with experi-
mental data and more detailed band-structure calculations
for the fields of interest. This gives us confidence that
the electron-phonon models we implemented in VORPAL
are adequate to simulate electron transport in diamond for
studying DAP properites. In future developments, we will
investigate how to incorporate models of electron emission
from diamond surfaces with negative electron affinities and
effects related to trapping of electrons in diamond.
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