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We describe the three electron-transport algorithms that
have been implemented in the ITS Monte Carlo codes.
While the underlying cross-section data is similar, each uses
a fundamentally unique method, which at a high level are
best characterized as condensed history, multigroup, and
single scatter. Through a set of comparisons with experi-
mental data and some comparisons of purely numerical re-
sults, we discuss various attributes of each of the algorithms
and show some of the defects that can affect results.

I. INTRODUCTION

There are three fundamentally different electron-transport
algorithms implemented in the Integrated TIGER Series
(ITS) Monte Carlo codes'. The condensed-history method
is still largely based on the algorithm adapted from the
ETRAN code?. A hybrid multigroup/continuous-energy
method® was implemented based on multigroup cross-
section data, primarily to enable adjoint simulations. Re-
cently, a single-scattering method was implemented based
on the LLNL Evaluated Data Libraries (EDL)*°, with an
analog capability and a cross-section moment-preserving
method for acceleration”. All of the results presented here
use only the analog capability of the single-scatter algo-
rithm, and for the purposes of the remainder of this paper,
the terms analog and single scatter can be thought of inter-
changably.

In Section II, we discuss each of the algorithms in detail,
providing an overview of the data used by the algorithms
and discussing various aspects of the algorithm implemen-
tations. In Section III, we use various test problems to moti-
vate discussions about the methods, the data, and the imple-
mentations. In Section IV, we offer some conclusions and
topics that warrant further investigation.

II. ELECTRON TRANSPORT ALGORITHMS

All three methods use similar data. We first present an
overview of the similarities and differences. Then, in sub-
sections on each method, we provide greater detail.

For elastic angular scattering, a high-energy factoriza-
tion is used for a screened Mott representation while fits
to the Riley distributions are used between 1-256 keV. For
the condensed-history and hybrid multigroup/continuous-
energy, the high-energy factorization is used above 256
keV using Seltzer’s modified screening parameter to help
the transition®. The single-scattering uses the factorization
above 10 MeV with a logarithmic cubic spline to fill the gap
for the total elastic cross section, but leaving the gap un-
filled for the elastic differential in angle, relying instead on

user-implemented interpolation of the data.

All three methods use the bremsstrahlung produc-
tion and spectra cross sections of Seltzer®!®.  The
condensed-history uses angular distributions from Bethe-
Heitler theory!!, while a simpler model is used for
the multigroup/continuous-energy (similar to that used in
MCNP”). None is provided in the EDL, and in this pa-
per we explore the difference between using the direction of
the electron with using a simple angular distribution.

The relaxation cascades are similar for the multigroup
and condensed history, though there are minor differences.
Some details can be lost through the multigroup treatment
unless groups are devoted to the line radiation. The single-
scatter method uses a complete set of subshell data for re-
laxation.

Each of the three has a different energy-loss model, and
differ in the treatment of both large and small energy-loss
interactions.

IILA. Condensed History

The condensed-history method is based on pre-computed
energy-loss and angular-scattering distributions. (In the
nomenclature of Ref. 13, this is a Class I condensed his-
tory algorithm.) 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 distri-
bution. 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. The number of each
of these secondaries is sampled based on the mean num-
ber expected based on the production cross section and dis-
tance traveled. For bremsstrahlung production, the number
is sampled from a Poisson distribution. For knock-on elec-
trons and electro-ionization relaxation events, integer num-
bers of events about the mean are sampled in proportions
that preserve the mean.

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 approxi-
mately by adjusting the elastic-scattering distribution using
a (Z + 1)/Z correction?®.
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Energy loss is sampled over a step from the Blunck-
Leisegang distribution with a correction by Seltzer®. More
recently a per-substep energy-loss straggling formulation
has also been implemented, patterned on the implementa-
tion of Hughes!®, which has been shown to preserve the
accuracy of the energy-loss distribution even with numer-
ous material-boundary crossings. This energy-loss sam-
pling accounts for inelastic and excitation events and does
not account for energy loss due to bremsstrahlung produc-
tion, which is modeled separately.

The Jordan-Mack algorithm is used for boundary cross-
ings '®. An electron substep that intersects a material bound-
ary 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. This angular deflection
is applied at the end of the substep, which coincides with
the material boundary. Recently a code option was imple-
mented to permit electrons to backscatter at these bound-
aries and has been shown to increase the accuracy of simu-
lations in selected test problems.

Bremsstrahlung photon production, knock-on elec-
tron production, and electro-ionization events are sam-
pled over each substep. The energy of the sampled
bremsstrahlung photons is deducted from the electron. That
is, bremsstrahlung photons are sampled at all energies, in-
cluding below the photon cutoff energy, and the energy of
each sampled photon is deducted from the electron. A bias-
ing option exists to artificially increase the bremsstrahlung
production by scaling the cross section, but the natural pro-
duction is still sampled to determined the energy loss of the
electron. Knock-on electrons (above the cutoff energy) due
to electro-ionization inelastic scattering are sampled from
the Mgller distribution and are not correlated to energy loss
of the primary electron. Likewise, electro-ionization events
are sampled that produce relaxation radiation but are not
correlated to the primary electron energy loss or to the pro-
duction of knock-on electrons. Two models exist for sam-
pling the relaxation radiation. The “standard codes” option
only accounts for ionization of the K-shell for the highest
atomic-number element in each material. The “PCODES”
option has a more detailed model of the relaxation cascade,
which, for every element, accounts for the K-shell, L-shells,
an average binding-energy M-shell, and an average binding-
energy N-shell. All condensed-history results reported in
this article use the PCODES option.

When an electron reaches the cutoff energy, it is “kicked”
if the electron range is such that it could reach a zone bound-
ary (possibly a material boundary) or a subzone boundary
(a tally region boundary). The kicking algorithm moves the
electron in its direction of flight by a random fraction of its
remaining practical range. This can have some effect on the
energy-deposition and charge-deposition distributions and

result in the tally of escaping electrons below the cutoff en-
ergy.

II.B. Hybrid Multigroup/Continuous-Energy

The multigroup-based transport uses cross-section data
calculated by the CEPXS code!”. The physics models in
CEPXS were largely based on those that had been imple-
mented in ITS and are, therefore, very similar. 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. The multigroup integrations are based on a
“flat” flux weighting, which is equivalent to the absence of
a weighting function and simply integrating over the cross
sections. CEPXS also integrates angular scattering mo-
ments for each cross section.

The angular moments and group-to-group cross sections
are summed across all interaction types. This has a num-
ber of important implications for the implementation in
ITS. The multigroup ITS code does not distinguish be-
tween the types of physical interactions. The method does
not preserve correlations within sampled events, only sta-
tistical averages. For example, while tracking an electron
one cannot distinguish between an energy-loss event due
to bremsstrahlung production and due to an inelastic col-
lision. A high-energy electron interaction may result in a
lower energy electron and a high-energy photon, such that
it resembles bremsstrahlung production, but the energies of
the electron and photon may not sum to the energy of the
incident electron. Such an event could also result in only a
high-energy photon such that it does not resemble any actual
physical process. The sampled events and tracking of the
particles will accurately converge to the expected value of
the particle flux and can be used to accurately calculate de-
rived quantities such as energy and charge deposition, par-
ticle escape, etc. The method cannot be used to calculate
quantities similar to a pulse-height distribution that depend
on correlations between particles within a history.

CEPXS calculates angular scattering moments, which
are converted to discrete scattering angles by a generalized
Gauss-quadrature approach '8, which preserves the total in-
teraction cross section and a selected number of angular
scattering moments. (By default, 15 angular scattering mo-
ments are preserved.) 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 precise-
sampling treatment is allowed for interactions for which the
model is an isotropic angular distribution of particles, such
as in the production of Auger electrons, fluorescence pho-
tons, or annihilation photons.

There are two unique treatments in the case of electron
elastic scattering. A Fokker-Planck approximation is ap-



plied, and the total elastic interaction cross section is delib-
erately not preserved within the simulation.

The moments for the Fokker-Planck term are deducted
based on the difference in the two highest electron elastic
angular-scattering moments. This is approximated in the
Monte Carlo simulation by a single discrete scattering an-
gle that preserves the transport moment (that is, preserving
the difference between the total cross section and the first
angular moment of the cross section). The cross section for
this discrete-angle scatter is determined by the transport mo-
ment and the selected scattering angle. The angle should be
very forward, as the Fokker-Planck model is only achieved
in the limit that the cosine of the scattering angle approaches
1, but in that limit the cross section approaches infinite, so
a compromise must be made. By default, ITS uses a scat-
tering cosine of 0.95, but permits the user to select other
values.

A Gauss-Radau quadrature is used for the electron elastic
scattering, which includes the scattering cosine of yy = 1
corresponding to no angular deflection. Since elastic scat-
tering interactions with no angular deflection are equivalent
to a non-event, the cross section for these events is deducted
from both the angular scattering distribution and from the
total interaction cross section. This lack of preservation of
the total interaction cross section, as simulated, serves to
accelerate the simulation of the electron transport. In very
thin problems, it can lead to underestimating the scattering
of electrons and artifacts corresponding to uncollided elec-
trons in the simulation.

The Mgller distribution is used for large inelastic en-
ergy losses and knock-on production above the cutoff en-
ergy. A restricted stopping power accounts for soft energy
losses, calculated as the difference between the ICRU stop-
ping power and the large energy losses accounted for in
group-to-group scattering. For fine energy-group structures,
the group-to-group scattering due to the Mgller distribution
is limited to not exceed the ICRU stopping power. The re-
stricted stopping power is treated as piece-wise constant in
each group, and the continuous-slowing-down approxima-
tion (CSDA) is used. Distance to interaction is sampled for
electrons (with reduced cross sections as described above)
in the same manner as for photons. In electron tracking, the
CSDA distance to a group boundary is compared against the
distance to interaction and the distance to geometry bound-
ary to determine which of these particle events occurs next.

Bremsstrahlung cross sections are evaluated for the pho-
ton production, photon angular distribution, and corre-
sponding electron energy loss. Cross sections are also eval-
uated for the impact ionization that produces relaxation ra-
diation in the form of fluorescence photons and Auger elec-
trons.

The multigroup cross-section matrix is inverted to effect
adjoint transport. Aside from a special treatment of the
stopping power ', the transport algorithm and cross section

models are generally as described above for the multigroup
code. There are certainly other important considerations in
the adjoint method, but as the adjoint capability is not used
in this paper, we refer the interested reader to previous pub-
lications?.

II.C. Single Scattering

The single-scattering transport is based on the LLNL
EDL. The EDL cross-section data is represented in tabu-
lated forms with mostly prescribed interpolation schemes.
Two notable features of the EDL are extension of cross sec-
tion data below 1 keV and inclusion of the full set of ioniza-
tion and relaxation data.

Four types of cross sections are included in the Evaluated
Electron Data Library (EEDL): ionization, elastic scatter,
bremsstrahlung, and excitation. In all cases, data is tab-
ulated as a function of the incident electron energy, with
different energy grids used for each set of data. For each in-
teraction type, the total interaction cross section is included.
The ionization data includes the cross section for ionization
of 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 factoriza-
tion for a screened Mott representation at selected energies
of 10 MeV and above. The bremsstrahlung data includes the
photon energy spectra and an average electron energy-loss
per bremsstrahlung 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
Rutherford distribution with Seltzer’s screening parameter
formula® and a cross section magnitude anchored to the
elastic scattering cross section at uo = 0.999999. For elec-
tron ionization, we include angular deflections based on
particle kinematics. For bremsstrahlung, we have imple-
mented the photon angular distribution that is also used in
CEPXS and the ITS “simple-brems” model. Contrary to
the guidance with the data, we correlate the energy of the
bremsstrahlung photon with the energy loss of the incident
electron, as we expect this is a more accurate model than
using the average electron energy loss.

The single-scatter algorithm for elastic and inelastic elec-
tron interactions makes electron transport much more com-
putationally expensive, though it can be reasonably ap-
plied to low-energy problems. Options to accelerate the
single-scatter algorithm are being developed. A moment-
preserving discrete-angle method like that used for the
multigroup code has been implemented for elastic scatter-
ing’. A similar method is under development for electro-
ionization energy-loss cross sections.

We attempt to maintain all particle correlations in our im-
plementation. For example, in an electro-ionization event,



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 consis-
tent with the Evaluated Atomic Data Library (EADL).

III. RESULTS

In this section we compare numerical results using the
three electron transport algorithms against experimental re-
sults from seven different experiments. In one final test
problem, we compare only numerical results to highlight
a specific feature. For distributional quantities, we use his-
tograms to illustrate the bins over which Monte Carlo tallies
were averaged. Where available, we have included error
bars as an indication of uncertainty in the experimental re-
sults. Statistical uncertainty on the Monte Carlo results is
not shown. We generally achieved a relative statistical un-
certainty less than 2.5%. We deem this sufficient for hav-
ing adequate confidence in the Monte Carlo convergence. It
is also usually sufficient for establishing agreement or dis-
agreement between results. Where the statistical uncertainty
is higher, we attempt to describe the relevant statistical un-
certainty levels.

III.LA. Lockwood Albedo

In Fig. 1, we show the experimental results for the Lock-
wood electron charge-deposition data in uranium?’. While
the experiment measured charge deposition, the results were
reported as the complement (that is, the albedo from the slab
of material). In Figs. 2-4, we compare all three algorithms
against the charge-deposition data. Analog results show is-
sues above 256 keV. We attribute this to the sparse elastic
angular-scattering data and the need to interpolate from the
Riley distribution at 256 keV to the Mott distribution at 10
MeV. Otherwise, there is consistency in the trends of the
comparison of the computational results to the experimen-
tal results. That could be only because all three are based on
the same electron elastic-scattering data. The condensed-
history results are consistently higher than the multigroup
results. The multigroup results are consistently higher than
the analog results. It is known that the condensed-history
algorithm systematically underestimates electron reflection
due to the straight-ahead substep mechanics.

III.B. Hanson Angular Scattering

In Fig. 5, we compare against the experimental measure-
ments of Hanson?! for the angular distribution of normally
incident 15.7 MeV electrons transmitted through a gold foil
with a thickness of 9.658 ym. 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,
therefore all primary electrons are moved directly across the
foil, and the boundary-crossing logic is used to evaluate the
angular distribution. Therefore, for the condensed-history
result, this is an evaluation of the angular deflection used
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Fig. 1. Lockwood electron deposition experimental results.
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Fig. 2. Ratio of ITS condensed history to experiment.

in the Jordan-Mack algorithm rather than the Mott angu-
lar scattering distribution. The multigroup is also in good
agreement, but required non-default settings in the cross-
section generation to achieve this accuracy. The analog re-
sults underestimate the electron transmission at small angu-
lar deflections.

One would expect the analog electron-transport model
to perform well in such a thin problem. However, we see
significant differences compared with the experimental data
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Fig. 4. Ratio of ITS analog to experiment.

and the condensed-history results. Fig. 6 shows additional
numerical results for both the condensed-history and ana-
log algorithms at 10 and 32.5 MeV, which coincide with
the energy grid points at which elastic angular distributions
are provided for gold in the EEDL. We observe good agree-
ment at 32.5 MeV, but significant differences at 10 MeV.
The combination of these results may indicate an inaccuracy
in the angular distribution at 10 MeV, but further investiga-
tion is required.
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Accurate multigroup results required two changes from
the default settings for cross-section generation. In such
a thin problem, it is necessary for the electrons to un-
dergo a sufficient number of interactions in the simulation
to avoid artifacts due to uncollided electrons and artifacts
due to the discrete scattering angles. The multigroup re-
sults shown in Fig. 5 used a Fokker-Planck scattering an-



gle of pupp = 0.99999 and used 63 angular scattering mo-
ments. The artifacts from the discrete-scattering model in
the multigroup code are illustrated in Fig. 7, where the
Fokker-Planck scattering angle was increased from the de-
fault value of urp = 0.95 to values of upp = 0.999 and
urp = 0.99999. The relative statistical uncertainty for the
relatively low transmission values with pupp = 0.95 ranged
up to 7.5%, but this was deemed adequate to observe the
discrete scattering artifacts and the large errors relative to
the other results.
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calculating the electron transmission through a gold foil.

The Fokker-Planck scattering model is of limited accu-
racy for the forward-peaked electron elastic scattering. The
dominance of the Fokker-Planck angular approximation in
this problem causes the distribution to become Gaussian in
angle??. It is also necessary to increase the number of angu-
lar scattering moments that are preserved, which increases
the number of discrete scattering angles. Fig. 8 shows the
effect of increasing the number of angular scattering mo-
ments to 63 from the default of 15.

III.C. Tabata Charge Deposition

In Fig. 9, the computational results of all three electron-
transport methods are compared against the charge-
deposition data of Tabata for 14.9 MeV electrons normally
incident on beryllium?3. The relative statistical uncertainty
varies widely and is much higher than 2.5% in regions
where the net electron deposition is near zero, but an in-
dication of the generally good statistical estimates from
the Monte Carlo calculations is that the one-sigma stan-
dard deviation for each of the deposition values is less than
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Fig. 8. Effect of the number of angular scattering moments
in calculating the electron transmission through a gold foil.

0.005 electrons-cm?/g, with the largest uncertainties near
the peaks in the deposition distributions. The condensed-
history and multigroup results give reasonable agreement
with the data. Again, the analog simulation appears to be
somewhat inaccurate. For beryllium, the elastic angular-
scattering distribution data are provided at 10 and 21.25
MeV.
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III.D. McLaughlin Energy Deposition in Aluminum

Fig. 10 compares the energy deposition of 3 MeV elec-
trons normally incident on a slab of aluminum?*. The sta-
tistical uncertainty in the Monte Carlo calculations is less
than 2.5% up to a depth of 1.1 g/cm? in the analog results
and up to a depth of 1.75 g/cm? in the condensed history and
multigroup results. The condensed-history and multigroup
calculations are in good agreement with the experimental
data. The disagreement of the analog simulations may be
due to the interpolation of the electron elastic-scattering dis-
tribution over a broad energy range, with the highest-energy
data from the Riley distribution at 256 keV and the lowest-
energy distribution from the Mott distribution at 10 MeV.
Further investigation of the interpolation of these distribu-
tions is warranted.
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Fig. 10. Energy deposition versus depth in aluminum.

IILE. Sanford Bremsstrahlung Converter

We next examine a bremsstrahlung converter experiment
that was composed of carbon and had an incident electron
beam at 750 keV?. The geometry consists of a carbon
cylinder with radius of 1 cm and thickness of 0.48 cm and a
set of dose detectors 30 cm away in the direction of the beam
and at varying radii. The thickness of the carbon is greater
than the range of the incident electrons, and therefore the
source electrons are not transmitted. The bremsstrahlung
photons created by the electrons are transmitted through
the carbon, and thus the carbon is said to “convert” the
electron beam to bremsstrahlung photons. Fig. 11 com-
pares calculated results with data for this experiment. Both
the condensed-history and multigroup models show good
agreement with the experimental data. The multigroup re-

sults were generated using 63 angular scattering moments
and still show some effects of the discrete scattering angles
in the production of the bremsstrahlung photons. Fig. 12
compares the multigroup results against results generated
using the default of 15 angular scattering moments and
shows much greater effects of the discrete scattering angles.
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Fig. 11. Radial energy deposition due to bremsstrahlung
photons produced by an electron beam stopped in carbon.
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With a “simple brems” model, the analog simulation un-
derestimates energy deposition at small radius, correspond-
ing to forward-directed bremsstrahlung photons. The pro-
duction of the photons is also dependent upon the initial
electron transport in the converter, and it is possible that
the underestimation observed in Fig. 11 is due to issues
in the electron elastic-angular scattering model, similar to
those previously observed in the Lockwood and McLaugh-
lin comparisons. Fig. 13 shows that the analog results
severely overestimate the forward-directed bremsstrahlung
production when the bremsstrahlung photons are simply
given the same direction of flight as the electron produc-
ing them (labeled “No Brems Angle” in the figure). A
bremsstrahlung angular model is clearly required to accu-
rately simulate this experiment. Without Monte Carlo bias-
ing, which is mostly not yet implemented for the analog ca-
pability, this calculation is more computationally expensive.
Higher statistical uncertainties were considered adequate to
observe the differences with the experiment and other nu-
merical results. The statistical uncertainty on the “Sim-
ple Brems” results (labeled simply as “Analog” in Fig. 11)
range between 3.5% and 11.5%. The statistical uncertainty
on the “No Brems Angle” results range between 11.5% and
26.5%.
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Fig. 13. Two models for the angular distribution of the pro-
duction of bremsstrahlung photons in the analog simulation.

IILF. McLaughlin Energy Deposition in Polystyrene

Fig. 14 compares numerical results against experimental
data®* 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/cm?. Here

we see good agreement among all of the methods and the
data. There is disagreement with the experimental results in
the tails of the distribution at a depth of about 15 mg/cm?,
but all of the calculations are in close agreement there at the
practical range of the electrons.
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Fig. 14. Energy deposition versus depth in polystyrene.

III.G. Dolan Photoemission

Comparison with the Dolan experimental data for reverse
photoemission from tantalum?® is shown in Fig. 15. 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 sur-
face. All of the numerical results below 33 keV have a rel-
ative 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. Be-
low 10 keV, there are a large number of Auger and fluores-
ence energies from the L-shells of tantalum, so differences
in the relaxation data likely account for the differences in
the calculations.

III.LH. 4 keV Photoemission

All of the results presented so far show our implementa-
tion of the analog capability to be either less accurate or no
better than the condensed-history capability. While we do
not yet have a comparison with validation data showing the
benefits of the analog capability, it is worthwhile to show
a code comparison that illuminates a significant difference
and anticipated benefit. Fig. 16 compares reverse photoe-
mission from gold for a 4-keV photon source. These results
are very sensitive to properly accounting for the binding en-
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Fig. 15. Reflected electron photo-emission from a tantalum
slab.

ergies in the photo-ionization and capturing the details of
the relaxation cascade. Without comparison to experimen-
tal data, we cannot confirm the accuracy of the spectrum
of photoelectrons and Auger electrons in these spectra, but
we can see the stark difference that results from using the
complete set of subshell data that is present in the EADL as
compared to the more limited data in the condensed-history
and multigroup codes, which use only average M-shell en-
ergies, “<M>", and average N-shell energies, “<N>", and
neglect higher shells. The difference in the peaks at 2 and
2.4 keV between the condensed-history and multigroup re-
sults, respectively, shows that the average N-shell energy is
sometimes being treated as zero, in this case only once in
the <M>-2<N> Auger relaxation energy.

IV. CONCLUSIONS

We have provided a description of the electron-transport
algorithms in the Integrated TIGER Series (ITS) codes.
Comparisons 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 de-
fault settings. In those cases, we also showed the results
that were obtained using the default cross sections.

The analog algorithm did not provide good agreement in
experiments with electron sources above 256 keV. Based on
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Fig. 16. Reflected electron photo-emission from a gold slab
for 4 keV photons.

the investigations presented here, we have attributed this to
the elastic angular scattering distributions, but further in-
vestigation is needed to better understand these issues and
to rule out the possibility of defects in the implementation.
For electron sources below 256 keV (and for the Dolan ex-
periment starting with a source spectrum of bremsstrahlung
photons up to 50 keV) we found good agreement between
the analog results and experimental results.

Through a comparison of numerical results with a low-
energy source, we offered a preliminary demonstration of
one of the significant improvements offered by the analog
capability. By utilizing a complete set of subshell data the
analog simulation provides more detailed relaxation radia-
tion. Future investigations will aim to demonstrate the im-
proved accuracy provided by this more detailed model.
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