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INTRODUCTION

We describe the three electron-transport algorithms im-
plemented in the ITS Monte Carlo codes[1]. The condensed-
history method is largely based on the algorithm adapted from
the ETRAN code[2, 3]. A hybrid multigroup/continuous-
energy method [4] was implemented based on multigroup
cross-section data. Recently, a single-scatter analog method
was implemented based on the LLNL Evaluated Data Libraries
(EDL)[5, 6, 7].

While the underlying cross-section data is similar, each
method uses a fundamentally unique method, which at a high
level are best characterized as condensed history, multigroup,
and single scatter. We discuss the algorithms and present
comparisons with experimental data.

ELECTRON TRANSPORT ALGORITHMS

All three methods use similar data. For elastic angular
scattering, a high-energy factorization is used for a screened
Mott representation while fits to the Riley distributions are
used between 1-256 keV. For the condensed-history and multi-
group, the high-energy factorization is used above 256 keV
using Seltzer's modified screening parameter to help the tran-
sition. The analog uses the factorization above 10 MeV with
a logarithmic cubic spline to fill the gap for the total elastic
cross section relies on user-implemented interpolation of the
angular data.

All three methods use the same bremsstrahlung produc-
tion and spectra cross sections. The condensed-history uses
bremsstrahlung angular distributions from Bethe-Heitler the-
ory, while a simpler model is used for the multigroup and
analog. The relaxation cascades are similar for the multigroup
and condensed history. The analog method uses a complete
set of subshell data for relaxation. Each of the three has a
different energy-loss model and differ in the treatment of both
large and small energy-loss interactions.

Condensed History

The condensed-history method is based on pre-computed
energy-loss and angular-scattering distributions. The tracking
of the electron is separated into "steps" and "substeps." At the
start of the step, the collisional energy loss is sampled from a
straggling distribution. Except when encountering a material
boundary, the electron is moved a pre-determined substep
distance, which depends on the energy of the electron at the
start of the step and the resident material. For each substep,
the electron is moved straight-ahead and an angular scatter is
applied at the end of the substep. Secondary production of
knock-on electrons, bremsstrahlung photons, and relaxation
radiation is applied after the completion of each substep at
randomly assigned locations along the substep.

Angular scattering is computed over a substep centered in
the middle of a step using the Goudsmit-Saunderson infinite-
medium expansion. Angular deflections due to inelastic-
scattering interactions are accounted for approximately by
adjusting the elastic-scattering distribution using a (Z + 1)/Z
correction. Energy loss is sampled over a step from the Blunck-
Leisegang distribution with a correction by Seltzer.

The Jordan-Mack algorithm is used for boundary
crossings[8]. An electron substep that intersects a material
boundary is truncated at the boundary. An alternative angular-
deflection distribution is applied that combines a Gaussian
approximation for small angular deflections and samples an
appropriate number of large angular deflections from the
screened Rutherford distribution.

Bremsstrahlung photon production, knock-on electron
production, and electro-ionization events are sampled over
each substep. The energy of the sampled bremsstrahlung pho-
tons is deducted from the electron. Knock-on electrons due
to electro-ionization inelastic scattering are sampled from the
Moller distribution and are not correlated to energy loss of the
primary electron. Likewise, electro-ionization events are sam-
pled that produce relaxation radiation but are not correlated
to the primary electron energy loss or to the production of
knock-on electrons. The relaxation cascade for each element
accounts for the K-shell, L-shells, an average binding-energy
M-shell, and an average binding-energy N-shell.

Hybrid Multigroup/Continuous-Energy

The multigroup-based transport uses cross-section data
calculated by the CEPXS code[9]. The physics models in
CEPXS were largely based on those that had been imple-
mented in ITS. The CEPXS code integrates the cross section
over each energy group or in the case of energy-loss cross
sections integrates over both the energy group scattered from
and the energy group scattered to. CEPXS also integrates
angular scattering moments for each cross section. The angu-
lar moments and group-to-group cross sections are summed
across all interaction types. The multigroup ITS code does
not distinguish between the types of physical interactions and
does not preserve correlations, only statistical averages.

CEPXS calculates angular scattering moments, which are
converted to discrete scattering angles by a generalized Gauss-
quadrature approach, which preserves the total interaction
cross section and a selected number of angular scattering mo-
ments. This is applied to all group-to-group and within-group
scattering, and thus for electrons applies to inelastic scattering,
elastic scattering, and bremsstrahlung photon production. The
discrete scattering angles can lead to artifacts in the simulation
results. A separate treatment is allowed for isotropic angular
distribution of particles, such as in the production of Auger
electrons, fluorescence photons, or annihilation photons.

There are two unique treatments in the case of electron
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elastic scattering. A Fokker-Planck approximation is applied,
and the total elastic interaction cross section is deliberately
not preserved within the simulation. A Gauss-Radau quadra-
ture is used, which includes the scattering cosine of po = 1
corresponding to no angular deflection.

The Moller distribution is used for large inelastic energy
losses and knock-on production above the cutoff energy. A
restricted stopping power accounts for soft energy losses, cal-
culated as the difference between the ICRU stopping power
and the large energy losses accounted for in group-to-group
scattering. The restricted stopping power is treated as piece-
wise constant in each group, and the continuous-slowing-down
approximation (CSDA) is used.

Bremsstrahlung cross sections are evaluated for the pho-
ton production, photon angular distribution, and corresponding
electron energy loss. Cross sections are also evaluated for the
impact ionization that produces relaxation radiation in the
form of fluorescence photons and Auger electrons.

Single Scattering

The analog transport is based on the LLNL EDL. The
EDL data is represented in tabulated forms with mostly pre-
scribed interpolation schemes. Two notable features of the
EDL are extension of cross section data below 1 keV and
inclusion of the full set of ionization and relaxation data.

Four types of cross sections are included in the Evalu-
ated Electron Data Library (EEDL): ionization, elastic scatter,
bremsstrahlung, and excitation. In all cases, data is tabulated
as a function of the incident electron energy, with different
energy grids used for each set of data. For each interaction
type, the total interaction cross section is included. The ion-
ization data includes the cross section for each subshell and
the electron energy-loss distribution for each subshell. The
elastic-scattering data includes angular distributions: isotropic
at 10 eV, based on fits to the Riley data from 1-256 keV, and
based on a high-energy factorization for a screened Mott rep-
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Fig. 1. Lockwood electron deposition experimental results.

resentation at selected energies of 10 MeV and above. The
bremsstrahlung data includes the photon energy spectra and
average electron energy-loss per interaction. The excitation
data includes only the average energy loss per interaction.

In some cases, we have implemented models that supple-
ment the data. For elastic scattering, it is prescribed that small
angle scattering is to be modeled using the screened Ruther-
ford distribution. For electron ionization, we include angular
deflections based on particle kinematics. For bremsstrahlung,
we have implemented the photon angular distribution that is
also used in CEPXS and the ITS "simple-brems" model. We
correlate the energy of the bremsstrahlung photon with the
energy loss of the incident electron.

We attempt to maintain particle correlations in our imple-
mentation. For example, in electro-ionization, the energy loss
of the incident electron is the sum of the binding energy of
the ionized shell and the secondary knock-on electron, and the
ionized shell is relaxed consistent with the EADL.

RESULTS

In this section we compare numerical results using the
three electron transport algorithms against experimental re-
sults. We generally achieved a relative statistical uncertainty
less than 2.5%.

Lockwood Albedo

In Fig. 1, we show the experimental results for the Lock-
wood electron charge-deposition data in uranium[10]. In
Figs. 2-4, we compare all three algorithms against the data.
Analog results show issues above 256 keV. We attribute this to
the need to interpolate the elastic angular-scattering data be-
tween distributions at 256 keV and 10 MeV. Otherwise, there
is consistency in the trends of the comparison of the compu-
tational results to the experimental results. The condensed-
history results are consistently higher than the multigroup
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Fig. 2. Ratio of ITS condensed history to experiment.
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results. The multigroup results are consistently higher than
the analog results. It is known that the condensed-history al-
gorithm systematically underestimates electron reflection due
to the straight-ahead substep mechanics.

Hanson Angular Scattering

In Fig. 5, we compare against the experimental measure-
ments of Hanson[ 11] for the angular distribution of normally
incident 15.7 MeV electrons transmitted through a gold foil
with a thickness of 9.658 pm. The condensed-history results
are in very good agreement with the experimental data. It is
worth noting that the foil thickness is less than a substep, there-
fore all primary electrons are moved directly across the foil,
and the boundary-crossing logic is used to evaluate the angular
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Fig. 6. Energy deposition versus depth in polystyrene.

distribution. The multigroup is also in good agreement, but
required non-default settings in the cross-section generation
to achieve this accuracy. The analog results underestimate the
electron transmission at small angular deflections.

McLaughlin Energy Deposition in Polystyrene

Fig. 6 compares numerical results against experimental
data[12] for a 100 keV electron beam normally incident on
polystyrene. The statistical uncertainty on the Monte Carlo
results was less than 2.5% up to a depth of 15 mg/cm2. Here
we see good agreement among all of the methods and the
data. There is disagreement with the experimental results
beyond about 14 mg/cm2, but all of the calculations are in
close agreement.
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Fig. 7. Reflected electron photo-emission from tantalum.

Dolan Photoemission

Comparison with the Dolan experimental data for reverse
photoemission from tantalum[13] is shown in Fig. 7. In this
experiment a bremsstrahlung spectrum of source photons was
incident on a slab of tantalum and the energy spectrum of
electron emission was measured from the incident surface.
All of the numerical results below 33 keV have a relative
statistical uncertainty less than 1.5%. The calculations are in
good agreement with each other above 10 keV, but differ from
the experimental results below about 20 keV. Below 10 keV,
there are a large number of Auger and fluoresence energies
from the L-shells of tantalum, so differences in the relaxation
data likely account for the differences in the calculations.

CONCLUSIONS

We have provided a description of the electron-transport
algorithms in the Integrated TIGER Series (ITS) codes. Com-
parisons have been made between the computational results of
these algorithms and a variety of experimental data. In general,
we observe good agreement between the condensed-history
results and the experimental data. The multigroup algorithm
can also provide good agreement with the experimental data,
though it sometimes required using cross-section generation
parameters different from the default settings. For electron
sources below 256 keV, we found good agreement between
the analog results and experimental results.
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