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1.0 INTRODUCTION 

The need to understand how particle radiation (high-energy photons and electrons) from a 
variety of sources affects materials and electronics has motivated the development of sophisticated 
computer codes that describe how radiation with energies from 1.0 keV to 100.0 GeV propagates 
through matter. Predicting radiation transport is the necessary first step in predicting radiation 
effects. The radiation transport codes that are described here are general-purpose codes capable of 
analyzing a variety of radiation environments including those produced by nuclear weapons (x- 
rays, gamma rays, and neutrons), by sources in space (electrons and ions) and by accelerators (x- 
rays, gamma rays, and electrons). Applications of these codes include the study of radiation effects 
on electronics, nuclear medicine (imaging and cancer treatment), and industrial processes (food 
disinfestation, waste sterilization, manufacturing.) 
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The radiation transport codes that we will discuss are general in another sense. They can 
predict how radiation moves through any combination of materials in either gas, liquid or solid 
forms. 

Our primary focus will be on coupled electron-photon transport codes, with some brief 
discussion of proton transport. These codes model a radiation cascade in which electrons produce 
photons and vice versa. This coupling between particles of different types is important for radiation 
effects. For instance, in an x-ray environment, electmns are produced that drive the response in 
electronics. In an electron environment, dose due to bremsstrahlung photons can be significant 
once the source electrons have been stoppd. 

All coupled electron-photon transport codes are linear codes. By this we mean that: (1) source 
particles do not interact with each other and (2) the material medium through which the radiation 
propagates remains constant and unaffected by the radiation. For instance, the second assumption 
would not be valid the interaction rate of particles with the medium to changed during irradiation 
because of heating. We will also restrict our discussion to time-independent radiation tmnsport 
codes. Most radiation transport codes are of this type. Time-independent radiation transport codes 
can be used to describe environments in which the radiation is either delivered instantaneously or 
in a steady-state fashion. 

2.0 RADIATION PHYSICS 

2.1 INTmCTION COEFFI[CIENTS 

A useful concept in particle radiation transport is the likelihood that an interaction occurs per 
distance of travel (or per pathlength.) This is the macroscopic cross section, Q, which has units of 
cm-' [Chilton]. The macroscopic cross section is also known as the linear attenuation coefficient. 
Each interaction that a particle undergoes with the medium is described by a cross section. Cross 
sections vary with energy and material type. The total macroscopic cross section, o,, is obtained 
by combining the macroscopic cross sections of all interactions. The average distance to the next 
interaction is the mean free path (or mean pathlength), A, defined as: 

Total macroscopic cross sections for high-energy photons (x-rays and prays) in aluminum and 
lead are compared in Figure 1 (normalized to density, p.) Note that photon cross sections vary 
significantly over energy and material type. For instance, at energies below 100 keV, the cross 
section for lead is two orders of magnitude greater than that of aluminum. 

Electron cross sections are not as strongly dependent on energy and material type as photon 
cross sections. Total macroscopic cross sections for electrons in aluminum and lead are compared 
in Figure 2. This cross section differs by only a factor of two between lead and aluminum over the 
energy range shown. Fdectron cross sections are also many orders of magnitude greater than those 
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of photons. This means that photons and electrons interact on radically different lengths of scale. 
For instance, the mean free path for 1.0 MeV photons in lead is 1.25 cm, but only 0.03 pm for 1.0 
MeV electrons. 
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FIGURE 1. Total macroscopic cross section for photons in aluminum and lead 

Photon and electron cross sections also undergo significantly different types of interactions. 
Photon interactions tend to be dominated by absorption events and inelastic scattering events that 
reduce the energy of the photon significantly. For x-rays, the mean free path roughly indicates the 
scale of a photon's penetration into a material. A mean free path repsents an e-folding" distance 
for exponential attenuation. That is, over one mean free path, the intensity of a beam of source 
photons is reduced to e-1 (37%) of the original. 

Of coufse, at any point in the material, both unscatkred s o w  radiation and photons with 
lower energies and traveling in diEerent directions from the source will be present. For instance, 
for 100 keV x-rays incident on three mean free paths of either aluminum or lead, the number of 
photons tmnsmitted through the material is only about 10% of the original intensity. Of this 
radiation, half consists of the original beam reduced by e-3 (5%) of the original intensity. The rest 
of the escaping x-ray radiation has undergone at least one scattering interaction. 

The mean free path is not a useful measure of the penetrating ability of electrons (or other 
charged-particles such as protons.) This is because, unlike x-mys, most electron interactions are 
either elastic (resulting in deflection but no energy-loss) or inelastic with little energy loss. For 
instance, after ten million mean free paths in lead, the intensity of a beam of 1.0 MeV electrons is 
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reduced to a few percent of the original. A better measure for penetration depth of electrons is not 
the mean free path to the next interaction, but the mean total pathlength traveled by the electron. 
The mean total pathlength is also known as the Continuous-slowing down apximation (CSDA) 
range. 

In order to define the CSDA range, a few other interaction coefficients must be introduced. 
The first is that of a differential cross section. Differential cross sections specify the likelihood that, 
per distance of travel, particles will scatter to new energies and angles. For instance, the cross 
section differential in energy, Q (E --+ E') , describes the probability that particles scatter h m  
energy E to E' per pathlength traveled. 
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FIGURE 2. Total macmscopic cross section for electrons in aluminum and lead 

The cross section differential in energy is defined such that: 

00 

Q ( E )  = F ( E  --+ E')dE'. 
0 

Similarly, the cross section differential in angle, Q (a --+ a'), describes the probability that 
particles scatter h m  angle 6 to angle 6' per pathlength traveled. AISO, the cross section 
differential in energy and angle, B (E, 6 --* E', 6') , describes the probability that particles scatter 
h m  energy E and angle 6 to energy E' and angle 6' per pathlength traveled. 
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A second concept specific to charged particles, is the stopping power, defined as the energy 
loss per pathlength traveled [Attix]. The stopping power has units of MeV/cm. It is obtained from 
the cross section differential in energy by: 

Two types of inelastic interactions contribute to the total stopping power of charged particles: 
collisional and radiative. The latter is associated with the production of bremsstrahlung photon 
radiation. The collisional stopping powers for electrons in aluminum and lead are shown in Figure 
3. The collisional stopping powers are not strongly dependent on material type or energy. An 
analytical formulation of the collisional stopping power of electrons, protons, and other heavy 
charged particles was derived by Bethe [Attix]. Evaluation of the Bethe stopping power requires 
parameters that are generally obtained by experiment and are included in cross-section databases. 
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F'IGURE 3. Collisional stopping powers for electtuns in aluminum and lead 

The mean total pathlength or CSDA range of a charged particle with energy, EMm, is Elated to the 
stopping power by: 
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In a low-atomic-number material, electrons penetrate close to their CSDA range. This is seen 
by the depthdose profile for electrons in a one-dimensional aluminum slab 4.) The depth- 
dose profile was calculated with the lTS Monte Carlo transport code mbleib] that will be 
discussed in Section 5.1. The depth-dose curve is normalized to one incident particle per cm2, a 
standard normalization in a one-dimensional transport calculation. Also shown are experimental 
measurements [Lockwood] with about 2% experimental uncertainty. 

Fraction of a CSDA Range 

FIGURE 4. Ikpth-dchse curve for 1.0 MeV electmns in aluminum; plane-wave incidence fmm left 

For electrons, the best measure of penetration distance is the practical or extrapolated range. 
It is defined by extrapolation from the straight part of the depth-dose profile [Attix]. This is 
indicated by the dashed line in Figure 4. The ratio of the practical m g e  to the CSDA range is the 
detour factor, which is approximately constant over a wide energy range. The detour factor in 
aluminum is about 0.7. In high-atomic-number materials, deflection due to elastic scattering is 
more pronounced. In such materials, the detour factor is much less. Examination of the depth-dose 
profile for electrons in tantalum (Figure 5 )  reveals the detour factor to be about half that of 
aluminum. 
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FIGURE 5. Depth-dose curve for 1.0 MeV electmm in 'Itaunfalum; plane-wave insideme h m  left 

2.2 CROSS-SECTION DATA SETS 

In order for radiation transport codes to operate, they must have access to cross section 
information. For electrons and photons, several databases exit for all elements Erom Z=l to 100. 
The ITS code uses a photon database that was recently devised by the National Institute of Science 
and Technology (NIST). This database covers the energies from 1.0 keV to 100.0 GeV. Cross- 
section information is stored at discrete energies and interpolation routines are supplied for 
efficient sampling of the data. The database allows the macroscopic cross section and cross 
sections differential in energy and angle €or each photon interaction to be reconstructed. Other 
databases exist that extend photon cross section information down to 10.0 eV perkins (a), Biggs]. 
Generally, photon cross sections are well known over a wide energy range. 

A general-purpose radiation transport code needs to assemble cross-section information for 
arbitrarily-specified materials. For photons, compound cross sections can be readily assembled 
from elemental m s s  sections. For instance, an approximation that is generally very good for 
photons, the Bragg additivity rule, can be applied 
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This formula specifies that the macroscopic cross section for a compound material (normalized to 
the density of the compound) is obtained by summing the product of each elemental macroscopic 
cross section (normalized to the density of the element) with the mass hction wi of the element 
in the compound. 

The ITS Monte Carlo code uses a database for electrons that was also devised by NIST. This 
DATAPAC data set DCRV covers the same energy range (and elements) as the NIST photon data 
set. It allows electron cross sections and other interaction coefficients (stopping powers, ranges, 
detour factors) to be constructed. For collisional stopping powers, DATAPAC is very accurate 
above 100.0 keV, with emrs on the order of 1-2%. Greater uncertainty exists at lower energies. 
Between 10.0 and 100.0 keV, stopping powers are estimated to be 2-3% uncertain in low-atomic- 
number materials and 5-10% uncertain in high-atomic-number materials. The stopping power 
information from DATAPAC has also been incorporated into other data sets, including one 
compded by Livermore National Laboratory cperkins (b)]. 

The Livermore data set also contains cross section data for elastic and inelastic electron 
scattering interactions down to 10.0 eV. However, the data set must be used with caution at low 
energies. For instance, below 100.0 eV, the uncertainties in the stopping power and elastic 
scattering data are estimated to &e 1000%. Uncertainty in the elemental cmss sections is one of the 
reasons that arbitrary-material electron-photon transport codes such 2s ITS do not transport 
electrons klow 1.0 keV. However, considmble work has been done to devise specialized 
techniques and codes for low-energy electron transport in a few select mteds, such as silicon 
and silicon dioxide [Ashley], Brown], ~i"rC0nfl. 

The construction of arbitrary-material cross sections is also more problematic for electrons 
than it is for photons. For electrons, the Bragg additivity rule is a poorer approximation and must 
be supplemented by additional theory andor experimental data. Such methods have been 
developed for energetic electrons (energies greater than 1.0 keV.) However, at lower energies, 
theories do not exist that allow cross sections for compounds of arbitrary composition to be 
constructed. At these low energies, a variety of solid state phenomena such as plasmon excitation 
and interaction with conduction band electrons would also have to be modeled. 

For protons and other ions, extensive stopping power data sets exist [ A n h n ] .  [Janni]. 

2.3 COUPLED ELECTRON-PHOTON INTERACTIONS 

Whether the source of radiation consists of electrons or photons, radiation transport in 
materials gives rise to a cascade of electrons (e?, photons (y), and (possibly) positrons (e'). For 
protons, the radiation cascade is not as tightly coupled (i.e. secondary protons am not genemted). 
However, energetic secondary neutrons can be produced by protons and can be important in 
satellite shielding calculations. 

For high-energy photons (x-rays and gamma rays), there are four major types of interactions: 
photoelectric absorption, incoherent (Compton) scattering, coherent scattering, and pair absorption 
Ipavisson]. In addition, a complex cascade of relaxation radiation (Auger electrons and 
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fluorescence photons) is produced from the atomic transitions that follow photoelectric ionization 
of atomic shells [Colbert]. These interactions are summarized in Table 1 

Photoelectric absorption is important below 100.0 keV. Photoelectric cross sections are very 
sensitive to material type and are p t e s t  in high-atomic-number materials. Photoelectric 
intemctions predominately ionize the inner shells of an atom. Indeed, if the photon’s energy 
exceeds the K-shell binding energy, most photoelectric interactions occur with this innermost 
shell. In high-energy radiation transport codes, only fluorescence photons and Auger electrons 
greaterthan 1.0 keV are modelled. Such energetic relaxation radiation is associated with ionization 
of the innermost atomic shells. 

TAB= 1. Highenergy photon interactions 

Interaction Cascade Comment 
F%otoelectric y to e-, Absorption of photon (photon energy must exceed binding energy of shell 

that is ionized) 
Photo-electron production 
Ionization of inner atomic shells 
Energetic mlaxation iadiation (> 1.0 kV) that follows this ionization is 
modelled 

Relaxation y and e‘ 

Incoherent y to y, e- Inelastic photon Scattering 

Production of mil electrons 
Relaxation radiation is low in energy (e 1.0 kev) and is i g n o d  in radiation 
transport codes 

Coherent 

Pair 

Y t o Y  

y to e-, e+ 

Elasticscattering 

Absorption of photon. (photon energy must exceed 1.022 MeV) 
Production of an electron and a positron. 

The macroscopic cross section for incoherent interactions is approximately independent of 
mataid type when normalized to density. This is evident in Figure 1 in the energy regime where 
incoherent interactions dominate (around 1.0 MeV.) If atomic binding energies are neglected, 
incoherent interactions can be represented by the Compton process [ A b ]  in which a photon 
interacts with a “free” or unbound electron. For greater accuracy, mdktion transport codes 
typically modify the Compton cross section to include the effects of binding energy. 

Incoherent photon intemctions are scattering events in which the x-ray loses energy and 
changes direction. In addition, a ‘‘moiln electron is knocked loose from the atom and joins the 
particle cascade. Ionization primarily occurs in the outermost atomic shells. The cascade of Auger 
electrons and fluorescence photons that follow ionization of these outer shells is very low in energy 
(< 1.0 kev). High-energy radiation transport codes ignore the low-energy relaxation radiation 
generated by incoherent interactions. 
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Pair absorption occur when photon energy is above the threshold energy that is equivalent to 
two electron rest masses (about 1.022 MeV). In such interactions, the photon is absorbed and 
replad by an energetic electron and a positron which also join the radiation cascade. Coherent 
photon interactions are elastic scattering events that change a photon’s dimtion without altering 
the energy of the particle. Such interactions become significant at lower energies (e 100 keV). 

For high-energy electrons, there are three major types of interactions: elastic scattering, 
collisional inelastic scattering, and radiative inelastic scattering [Zerby]. In some radiation 
transport codes, collisional scattering is further divided into two types: “hard” and “soft.” The 
characteristics of electron interactions are summarized in Table 2. 

Unlike the case for photons, elastic interactions for electrons are significant and play a major 
role in the transport of these particles. Electron elastic interactions are highly-forward peaked 
(highly anisotropic), especially in low-atomic-number materials. The collisional interactions that 
ionize the innermost shells result in the greatest energy losses and are known as “hard” or 
“catastrophic” collisions. Secondary or “knock-on” electrons are also generated and join the 
particle cascade. In addition, like photo-ionization, collisional events that ionize the innermost 
shells give rise to a complex cascade of relaxation radiation (Auger electrons and fluorescence 
photons.) 

TABLE 2. High-energy electran interactions 

Interaction Cascade 
Elastic Scattering e- to e- 

Collisional Scattering with 

Ionization of Inner Shells, 
“Hard Inelastic” 

e‘ to e-, e-, 

Relaxation y and e- 

Collisional Soattering with 

Ionization of Outer Shells 
and/or Excitation; 
“Soft Inelastic” 

e- to e- 

Comment 
Highly forward-peaked or anisotropic scattering 

Inelastic scattering 
Production of secondary electrons (knock-ons) 
Ionization of innermost shells leading to mlaxation radi- 
ation 

Inelastic scattering. 
Knock-on electrons and relaxation radiation llze very 
lowinenergy(< l . O k e v )  andareignoredinhighenergy 
radiation transport codes 

Radiative Soattehg e- to y, e- Inelastic scattering 
Production of bxmsstrahlung photons 

The collisional interactions that ionize the outermost shells andor excite the atom result in the 
smallest energy losses and are known as “soft.” Knock-on electrons and rela;rcation radiation 
associated with these intemtions are low in energy and are not transported in higher-energy 
transport codes that cut off particle transport at 1.0 keV. 
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3.0 PARTICLE RADLATION TRANSPORT 

3.1 TRANSPORT EQUATIONS 

One way to describe how particles move through materials is through the particle flux, 
y (r, E, 6). The particle flux is the product of particle number density (#/crn3) and particle 
velocity. The number density is a distribution that describes the average number of particles in a 
differential volume about the position, r, a differential energy extent about the energy, E, and a 
differential angular extent about the angle, fi. From the particle flux, it is possible to extract a 
variety of in$ormation including x-ray spectrum and electmn currents. The particle flux can also 
be used together with cross sections to calculate dose and charge deposition. 

The particle flux can be obtained by solving a differential transport equation. The most 
rigorous transport equation is the three-dimensional time-independent Boltzmann equation [Bell]. 
With s o m  terms absent, the Boltzmann equation can be written as: 

CJ ( r ,  E', 6' + E, 6 )  Wdfi'dE' 
= ss si x vql + Otql 

We will not discuss the terms in this diffeEntial equation in detail other than to note that the 
cross section differential in energy and angle appears. For coupled electron-photon transport codes, 
this cross Section describes how the energy and the angle of a particle change (and how secondary 
electron and photon radiation is produced) as a result of the interactions described in Tables 1-2. 
In order to denote material dependence, the cross sections in the Boltzmann equation are also 
specified as a function of position. For charged particles, other terms that describe the psence of 
external electromagnetic fields could be added to the Boltzmann equation. 

The Boltzmann transport equation is a linear equation. It describes particle tmnsport within a 
static medium, e.g. the cross sections do not change during the tmnsport. Other non-linearities, 
such as the interaction of the particles with each other or events that require the simultaneous 
interaction of two particles with an atom, occur only at very high radiation intensities that are not 
relevant for most radiation efbts. Electromagnetic fields that sue self generated by the electron 
flux are also ignored. 

3.2 ELECTRON TRANSPORT 

Electron cross sections differ radically from photon cross sections in three respects, all of 
which tend to complicate the construction and operation of charged-particle transport codes. First, 
electron cross sections are very large in magnitude. Second, the inelastic scattering cross section 
differential in energy incxeases in magnitude as energy loss diminishes. In other words, soft 
collisions are much mom probable than hard collisions. Finally, the elastic scattering cross section 
is much more significant for electrons than it is for photons. This cross section differential in angle 
is extremely anisotropic (greatest in magnitude for scattering events that are forward peaked.) 
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These properties of the electron cross sections make the numerical solution of the electron 
Boltzmann transport equation difficult. Specialized numerical techniques for electron transport 
have been devised. In these techniques, aggregate changes in energy and angle of the electron that 
result from multiple interactions are obtained. Of course, multiple interaction theories are not valid 
for transport in very thin material layers (on the order of an electron mean free path) where few 
interactions occur. 

The large magnitude of the electron cross sections can be gauged by comparing the 
macroscopic cross sections for electrons and photons in Figures 1-2. For instance, at 100.0 keV in 
aluminum, the electron cross sections are about six orders of magnitude greater the photon cross 
sections. As shown in Figure 6, the cross section differential in energy becomes largest for “soft” 
inelastic collisions that involve the least transfer of energy. Similarly, the cross section differential 
in angle becomes largest for those interactions that are involve the least deflection. 

Soft collisions are generally chosen to represent interactions that result in energy losses that 
are a few percent of the electron’s energy. In Figure 6, the minimum energy loss in a hard collision 
has been selected to be 5% of the electron’s initial energy. 
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FIG- 6. Collisional cross section for a 1.0 MeV eledron interacting with a single atomic eledmn 

One way to tackle the large magnitude of the inelastic collisional cross section is the 
continuous slowing down approximation (CSDA). In this approach, many interactions combine to 
cause a particle to lose energy continuously without deflection. If elastic scattering is neglected 
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all inelastic interactions are modelled by CSDA, the electmn flux satisfies the CSD transport 
equation: 

particles lose energy continuously at a rate qual to the stopping power: 

where the pathlength is denoted by the variable, s. Deflections from scattering do not occur. Note 
that the only cross section that appears in the CSD transport equation is an absorption cross section: 

Q# = 6 ( E  - E,,,) (9) 

This cross section accownts for particles which slow down below the cutoff energy, E,, and are 
effectively “absorbed”. 
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FIGURE 7. Dose-depth pm6h for 1.0 MeV electron normally incident on an aluminum slab; CSD 
transport equation 

Consider the depth-dose profile of an electron whose transport is governed by the CSD 
transport equation (Figure 7.) At any point on this profile, all electrons have the same energy and 
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the energy deposition corresponds to the magnitude of the stopping power of these electrons. For 
instance, at the boundary of the slab where the electrons are incident, the dose is identical to the 
stopping power of the source electrons. As particles penetrate deeper into the slab, they lose energy 
and their stopping power incmses (see Figure 3.) This is reflected in the incmasing energy 
deposition. 

Without scattering, all particles have the same total pathlength which is equivalent to the 
distance of penetration. All particles reach the cutoff energy at the same distance, the CSDA range. 
At this location, the remaining electron energy is deposited and a peak in the profile results. This 
so-called Bragg peak is a chslracteristic feature of ion or proton transport. However, although the 
CSD transport equation is suitable for ion transport, it is does not model electron transport 
accurately, as indicated by the comparison with experimental data in Figure 7. 
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FIGURE 8. Dose-depth pmfdes for 1.0 MeV electmn normally incident (hm the left) on an aluminum slab; 
Spencer-Lewis transport 

If elastic scattering is included, a better transport equation for the electron flm is obtained. 
This is a form of the Spencer-Lewis transport equation pilippone (a)]: 

The distinguishing feature of Spencer-Lewis transport is that the only inelastic intemctions 
modeled are represented by CSDA. The elastic scattering cross section differential in angle appears 
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explicitly. Because of elastic scattering, particle deflections occur. Hence, pathlength is not 
equivalent to distance of penetration, as it was for Equation 7. However, all electrons continue to 
have the same total pathlength, which is equivalent to the CSDA range 

For electrons, the depth-dose curve generated by solving the Spencer-Lewis transport 
equation a p s  much more reasonably with experimental data as shown in Figure 8. For instance, 
peak dose is predicted within 4% (experimental uncertainty is about 2% &ockwood].) The only 
significant disagreement occurs in the vicinity of maximum penetration where the solution of the 
Spencer-Lewis equation undepdicts the dose by 50% or more. This difference reflects the fact 
that real-world electrons do not aSl have same total pathlength. The physics that accounts for a 
distribution of total pathlengths is known as “energy-loss straggling.” The absence of energy-loss 
straggling is a consequence of the absence of the cross section differential in energy in Equation 10. 

Since the cross section differential in energy is present in the Boltzmann transport equation, 
energy-loss straggling is properly represented in the electron flux obtained firom this equation. 
However, because of the large magnitude electron cross sections, the Boltzmann transport equation 
is not amenable to numerical solution for electrons. 
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F’IGURE 9. Dose-depth profiles for 1.0 Mev elect.lon normally incident (Prom the lee) on an aluminum slab; 
Boltzmann-CSD transport 

One way of substantially restoring energy-loss straggling is to restrict CSDA to soft inelastic 
collisions only. The Boltzmann-CSD transport equation that results has the following form: 
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where the “tilde” over the cross sections indicates that soft collisions are excluded. The right side 
of Quation 11 also includes the restricted stopping power, which is defined only for soft collisions: 

The salient featwe of the Boltzmann-CSD transport equation is that the only macroscopic 
cross section that is absent from the equation is the one for soft collision. Since these interactions 
are represented by CSDA, energy-loss straggling is ignored for soft collisions. However? since hard 
collisions result in a distribution of total pathlengths (the average of which is the CSDA range), 
energy-loss straggling is significantly restored compared to the electron flux obtained from the 
Spencer-Lewis equation. As shown in Figure 9, the dose-depth profile near maximum penetration 
is i m p ~ ~ ~ e d .  

We will not discuss here how electron transport codes overcome the problem posed by the 
highly anisotropic form of the elastic scattering cross section. Suffice to say that multiple scattering 
theories ans employed. These methods effectively reduce the elastic cross section and make it much 
less anisotropic. 

3.3 APPROXIMATIONS 

One approximation that is common for photon source problems is to simplify the particle 
cascade by ignoring the transport of electrons altogether. In this approach, the electrons are 
assumed to deposit their energy locally. If the photon energy is sufficiently high for pair absorption 
to occur, the electron and positron are assumed to annihilate at the interaction site. 

The advantage of ignoring electmns is that it is relatively easy to solve the Boltzinann 
transport equation for photons. The disadvmtage of a photon-only transport code is that electron 
transport effects are ignored For instance, charge-deposition and electron currents cannot be 
calculated with such a code. Dose-depth profile for 100.0 keV photons normally-incident on a 0.01 
cm of gold followed by 1.0 cm of silicon, plane-wave incidence from the left. Gold is to the left of 
the dashed line? silicon to the right. 

A photon-only transport code also cannot predict how energy is redistributed by electron 
transport. For instance, as shown in Figure 10, electron transport is needed to accurately predict 
dose in the vicinity of a material interface between high- and low-atomic number materials. Note 
that, without electron transport, the dose in the silicon layer is underpredicted at the material 
boundary. This “dose-enhancement” phenomenon involves the redistribution of energy from the 
higher-atomic-number material to the lower-atomic-number material. 
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FIGURE 10. Dose-depth profiles at a material boundary for 100.0 keV photons normally incident (fmm the 
left) on 0.01 ern layer of gold followed by a 1.0 em layer of silicon 

However, beyond an electron range from material interfaces, the dose will depend only on the 
photon flux. This is a region of charged-particle equilibrium [Attix]. The dose in such a region can 
be accmtely calculated by photon-only transport and is often referred to as equilibrium dose. 

It should be mentioned that non-transport techniques have also been developed. These 
approximate methods are tailored for specialized applications. Approximate non-transport 
algorithms, table look-up schemes, andor extrapolation from previously-calculated transport data 
are employed. These methods provide ways to obtain information quickly, without a rigorous 
transport solution, for some classes of problems. A few of these codes are listed in Table 3. 

Code source Application Method 
PHOTCOEF AIC SoRware [AIC] 1D x-my and gamma-my energy 1 D  Exponential attenuation of photons 

With build-up to 8ooount for swttexing; 
Semiempircal treatment of dose 
enhancement 

deposition 

QUICKE Sandia National Lab 1D x-my photo-Compton electron 1D; Exponential attenuation of photons, 
currents, dose and charge for photon omtoria wellin] 

(multiple versions 
exist in industry)] production 

Analytical solution of Spence~kwk 
transport equation, no secondary electron 

IIA- 17 



TABLE 3. Non-transport techniques 

Code Source Applicstion Method 
SHIELDOSE National Institute of 1D shielding forelectmn and p t o n  1D; Combination of pnxdculated 1D 

s o w s  with material homogeniza- Science and Technol- depth-dose data in aluminum. All materi- 
ogy [Seltzer] tion als replesented by aluminum-equivalent 

axed density (the product of density and 
layer thickness) 

SANDOSE Sandia National Lab- 3D shielding for electmn and proton 3D, Masa-seotoring analysis using p m  
soumx with material homogeniza- 
tion 

oratories m e r ]  caloulated 1D depth-dose data in alumi- 
num. For this 1D data, all materials q n e  
sented by aluminum-equivalent axed 
density) 

4.0NuMERICA.L TRANSPORT TECHNIQUES 

4.1 MONTE CARLO 

The Monte Carlo technique is a computational experiment in which individual particle 
trajectories are simulated by ‘hndom walk”. This analog method recreates on a computer only a 
few of the source particle trajectories or histories that would occur in a real-world experiment. 
Unlike deterministic codes, Monte Carlo codes do not explicitly solve a tmnsport equation. 

A particle history is constructed through systematic sampling of changes in position, energy, 
and k t i o n  using probability distributions derived from cross sections. Various output quantities 
are obtained, along with their corresponding statistical uncertainties. Typieally, Monte Carlo codes 
normalize all output quantities to one in-coming source particle. 

The dominant source of uncertainty in a Monte Carlo calculation is statistical. The usual 
method of estimating the statistical uncertainty is to divide the total number of histories equally 
into a reasonably large number of separate computational experiments or “batches”. A statistical 
analysis is then performed on the spread of the batch results to estimate the statistical uncertainty. . 
TABLE 4. Average number of elastic collisions which an d w b n  undergoes while slowing down from 
energy E tr, 1.0 keV in dumhm and gold 

E: (keW Aluminum Gold 
1024 14820 27380 
512 8468 14880 
256 4655 7764 

128 2557 3912 

64 1401 1916 

All production coupled electmn-photon Monte Carlo transport codes simulate each single 
photon intemction and employ some form of multiple interaction or “condensed-history” random 
walk for electrons. In multiple-interaction theories, individual collisions are combined to 
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determine aggregat, chan 
individual intemctions for 

in energy andor direction. This is done because the number of 
xmns is huge, as shown in Table 4 [Jenkins] 

In a condensed-history electron Monte Carlo, each trajectory is modeled by rectilinear 
segments. In each segment, the effects of very many individual collisions is obtained by sampling 
energy losses and deflections from multiple interaction theories. These theories and their 
implementation can be a distinguishing feature of a code or group of codes. 

As an example, consider the main features of the method employed in so-called Class-1 Monte 
Carlo codes Bergere)] such as ETRAN werger(a)] and its derivatives: lTS [Halbleib], SANDYL 
[Colbert], and the electron version of MCNP [Briesmeister]. The distinguishing feature of Class-1 
condensed-history is that CSDA with the total stopping power is combined with energy-loss 
straggling, which is obtained from a multiple-interaction theory. Rectilinear segments (steps) are 
optimized for determining energy loss. These steps are further divided into substeps to account for 
angular deflections from multiple elastic and inelastic interactions. 

0.25 0.5 0.75 1 

Energy (MeV) 

Au SI I -. . -. . - 

F'IGURE 11. Default step sizes from the ITS Monte Carlo code for gold and silicon. 

A Monte Carlo random walk of a Class-1 code proceeds in the following manner. Over each 
step, collisional energy loss is sampled from a condensed-history energy-loss distribution which 
explicitly accounts for energy-loss straggling. The mean energy loss over a step is the CSDA 
energy loss. The default step size in ITS for gold and silicon is shown in Figure 11. 

Each step is further divided into substeps. Angular deflection is sampled at the end of each 
substep from another condensed-history distribution. The number of substeps per step is material 
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dependent. For gold and silicon, each step is divided into tLirteen and five substeps, respectively. 
Substeps are much larger than the electron mean free path. Such condensed-history Monte Carlo 
codes are not expected to be accumte in very thin zones in which substep sizes ex& material 
layer dimensions. 

Secondary particle production (e.g., knock-on and bremsstrahlung) is also sampled within 
each substep. The energy of the electron at the end of the step depends on both the collisional and 
radiative losses that have o c c d .  The random walk then continues with a new step based on this 
new energy. 

In the Monte Carlo code, ITS, defaults exist for all numerical parameters. The parameter that 
a user is most likely to vary is the number of particle histories. The number of histories can be 
increased to reduce statistical uncertainties. As the number of particle histories is increased from 

NO to N, the statistical uncertainty is reduced by: 

2 4 6 8 l c , , , , , , , , , , , , , , , , , , , , , , , ,  

0.9 : 

0.8 
n 
c # Om7 ; 
50.6 

0.5 

0.4 
E 
3 0.3 : z 

‘z 

Y 

0.2 : 

0.1 y v 
1 8 

2 4 6 
Absorbed Energy (MeV) 

FIG- 12. Spectrum of absorbed energy for 10.0 MeV photons incident on 8.0 cm of aluminum; Monte 
Carlo calculation 

Monte Carlo codes have a number of inherent advantages over deterministic codes. One 
significant advantage is that deterministic codes only solve for the particle flux. Monte Carlo codes 
can provide other kinds of information. Indeed, analog simulation of particle trajectories permits 
the user to ask virtually any question about how the transport unfolds. For instance, the spectrum 
of absorbed energy or “pulse-height distribution” contains information that cannot be extracted 
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from the particle flux. The spectrum of absorbed energy indicates the probability that a source 
particle and its subsequent radiation cascade will deposit a certain amount of energy in a detector. 

The spectrum of absorbed energy for 10.0 MeV photons incident on a “detector” consisting 
of an 8.0 cm slab of aluminum is shown in Figure 12. The calculation was performed with the ITS 
Monte Carlo code. Note the peaks at 10.0,9.489, and 8.978 MeV. Respectively, these correspond 
to radiation cascades in which all the energy of the incident photon is deposited in the detector, 
cascades in which the only energy not deposited is that associated with an escaping annihilation 
photon pmduced when a positron is absorbed, and cascades in which the only energy not deposited 
is that associated with two escaping annihilation photons. Deterministic codes can only calculate 
the energy that is deposited in the detector on the average over all possible particle cascades. 

Another significant advantage of Monte Carlo codes is that position, energy, and angle of all 
particles can be represented continuously. Since deterministic codes solve a transport equation by 
finite difference techniques, there is always some “discreteness” in their prediction. Moreover, 
such discreteness can influence the accuracy of deterministic calculations. Discreteness errors are 
as fundamental to deterministic d e s  as statistical errors are to Monte Carlo codes.. 

0.035 0.002 9.994 0.006 0.008 0.035, i i I i i i i 1 i I I i i I i i i 

- 0.03 0.03 
N- 
E 
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0.025 1 0-025 
P 

n 

v + 
0.02 0 0.02 

5 
E 
8 
n 

‘0.015 0.015 
0 

0.01 0.01 

0.002 0.004 0.006 0.008 

FIGURE 13. Doseaepth profiles for 1.0 MeV photons normally incident (from the left) on a 0.0l-a~ slab of 
gold. 

Since coupled electron-photon Monte Carlo codes have been around a lot longer than similar 
deterministic codes, they presently have moreadvanced featunes. For instance, although robust 3D 
Monte Carlo codes exist, multidimensional deterministic codes for electron-photon transport are 
not generally available. The ITS code also permits electron transport to occur in extend electro- 
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magnetic fields. Such capabilities have not yet been added to deterministic codes. 

Monte Carlo codes have several inherent disadvantages relevant to deterministic codes. A 
significant disadvantage is that statistical error can make Monte Carlo codes computatiody 
costly. Statistical uncertainty is least for integral quantities (e.g. dose in a large region, total number 
of escaping particles) and is greatest for differential quantities (e.g. dose in a small region.) 
Statistical error also makes Monte Carlo very inefficient for some types of problems (e.g. deep 
shielding calculations in which the radiation is substantially attenuated.) 

Some types of output are also difficult for a Monte Carlo code to calculate. For instance, 
charge deposition inherently has more statistical error than energy deposition. This is because the 
deposition of charge is a localized phenomenon whereas energy deposition is not. For instance, for 
photon sources, charge is removed when an electron is created (at the start of the electron 
trajectory) and deposited when at electmn is absorbed (at the end of the tmjectory.) However, 
under multiple interaction theories, energy deposition occurs throughout the trajectory of the 
electron 

Consider the case in which 1.0 MeV photons are normally incident on a slab of gold The 
dose- and charge-deposition profles calculated with Monte Carlo (MC) are shown in Figures 13 
and 14 respectively, along with a cornparison to a deterministic discrete ordinates (DO) solution. 

?m ..vu=, 
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-0.04 

-0.045 

-0.05 

-0.055 

-0.06 

F ’ I G m  14 Charge-depth profiles for 1.0 MeV photons normally incident (from the left) on a 0.01- slab 
of gold 

The “charge” deposition does not actually include the sign of the charge. A positive number 
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indicates that a net number of electrons are deposited and a negative number indicates a net number 
of electrons are removed. The statistical error in the dose profile mges from 2-4%. The error in 
the charge profile, produced in the same calculation with an identical number of photon source 
particles (one million), is 529%. This relatively large statistical error is responsible for the 
fluctuations in the charge profile. 
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J?IGURE 15. Charge-depth pmles at a material boundary for 1.0 MeV photons normally incident (from 
the left) on a 0.05em slab of gold followed by a 0.20-cm slab of silicon 

Another feature of charge deposition profiles that make them difficult to calculate with 
Monte Carlo codes is that very high spatial resolution is often needed. Consider the case in which 
1.0 MeV x-rays are normally incident on a slab of gold followed by a slab of silicon. The charge 
deposition profiles calculated with Monte Carlo (MC) arc shorn in Figure 15, dung with a 
comparison to a deterministic discrete ordinates (DO) solution. Charge deposition determines the 
electromagnetic fields that can drive radiation response in electronics. As shown in the figure, most 
of this deposition occurs very close to the boundary. 

The calculation of the charge distribution in thin layers with Monte Carlo codes is a very 
difficult task The deterministic calculation took about two minutes on a workstation. The Monte 
Carlo calculation took lo5 times as long. Since the analysis of d a t i o n  effects in electronics 
sometimes requires the calculation of the charge deposition profile, deterministic codes clearly 
have an advantage over Monte Carlo for this kind of prediction. 

The prediction of radiation effects in electronics may also qui re  the calculation of electron 
currents at material boundaries. These currents are generated by photoelectric and Compton 
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processes. The response is determined by the difference between opposing electron currents. 
However, because of statistical error, calculation of this difference can also be a difficult task for 
Monte Carlo codes, especially in electronic configurations that have been "hardened" to be less 
susceptible to radiation 

4.2 DETERMINISTIC 

In deterministic methods, a finite--differenced form of a transport equation is solved 
[Duderstadt], [Lewis]. The discrete ordinates technique is the dominant deterministic method. It 
was refined at h s  Alamos National Laboratory for neutral particle traflsport (neutrons and 
photons) in the early 1950s. The term discrete ordinates refers to the manner in which the angular 
domain is differenced. 

The main advantage that deterministic methods have over Monte Carlo is speed. Precise 
solutions axe possible for much less computational cost. Deterministic codes can be many orders 
of magnitude times faster than their Monte Carlo counterparts, depending on the output quantity 
of intcmst. However, deterministic codes typically quire  much more computer memory than 
Monte Carlo codes, especially for multi-dimensional calculations. 

The inain disadvantage of deterministic predictions is that they cannot represent the position, 
energy, and angle of the particle continuously. The accuracy of deterministic calculations is 
determined by the discrete repxesentation employed. A deterministic solution will converge to the 
proper solution of the tmnsport equation as the spatial, energy, and angular differencing is refined. 
This is done by dividing the spatial domain into moE meshes, the energy domain into more 
intervals or groups, and the angular domain into more discrete directions. Published guidelines 
mrence (c)] can be used to estimate the number of meshes, groups, andor directions needed for 
a particular problem. 

A disadvantage of deterministic codes is that only information based on the particle flux can 
be obtained. This is because these codes explicitly solve a tmnsport equation for the particle flux. 
However, the particle flux can be used to calculate many quantities of interest. For instance, dose 
is determined by folding the flux with an energydeposition cross section (units of MeVlcm): 

Dose ( r )  = $hE(r ,  E') p (r, E', 8') dE'd6'. 

For electrons, this cross section is essentially the stopping power. In mupled electron-photon 
transport, photons never deposit energy directly (except for a neghgible amount due to photons that 
scatter below the cutoff energy.) Rather, dose is determined nearly entirely by the electmn flux. 

Similarly, charge deposition is obtained by folding the flux with an electron absorption cross 
section. Electron current can also be obtained from the flux. For instance, in a one-dimensional 
calculation, the escaping current of electrons at a boundary, rB, is determined by: 

Yield ( rB) = ss( 2 x 6) w ( rB E', 6') dE'd8'. (1 4) 
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where the angular integral is over all outwardly-directed angles at the boundary whose surface 
normal is r Z .  

5.0 ELECTRON-PHOTON TRANSIWRT CODES 

5.1 MONTE CARLO 

All modem production electron Monte Carlo codes are based on a seminal paper by Berger 
[Berger (b)]. The first ETRAN code, based directly on this work, was pmduced in 1968. Although 
its physical models ate very sophisticated, ETRAN is restricted to simple geometries and is used 
primarily as a research tool. Developed independently, and perhaps even earlier, but employing 
many of the same concepts, was the BETA code [Jordan (a)]. This code and its derivatives, 
however, are multimaterial and multidimensional, and have been successfully applied to many 
complex engineering problems, especially in the aerospace industry. 

In the 1970s, the electron physics of the ETRAN code was combined with a photon Monte 
Carlo code, detailed models of ionization and relaxation p e s s e s ,  and general three-dimensional 
modeling mutines. The resulting code, SANDYL [Colbert], was the mainstay of weapon mdiation 
effects research €or many yeam and contiflues to be employed for this purpose. 

However, the production code system b m  the E W  family that dominates t~slay's 
applications is the ITS system. Basically, this system has extended the ETRAN model to 
multimaterial, multidimensional geometries, and has added new capabilities, such as the 
ionization/relaxation physics of the SpaNBYL code, macroscopic electric and magnetic fields, and 
geometry and trajectory plotting. Emphasis has been placed on user friendly inputdoutput, 
efficiency, and robust opemtion, without sacrificing the rigor of the physical model. Recently, 
another code has joined the ETRAN family. The electron bansport capability of ITS has been 
added to the neutral-particle MCNP code from Los Alamos National Laboratory. 

The ETRAN code was originally developed for relatively low-energy problems (up to a few 
MeV.) Other codes were developed for very high-energy physics applications (up to lo6 MeV) at 
about the same time. A &-year effort in the mid 70's mdted in the creaticn of a generalized code, 
EGS3 Ford], for such applications. As the need amse for lower-energy applications, EGS4 
melson] was developed. This code enjoys wide use today, particularly in the medical physics 
community. 

The EGS code uses a different form of condensed-history than the Class-1 scheme of the 
ETRAN family. In this approach, CSDA is used for soft inelastic collisions and hard collisions are 
modeled individually. This is the so-called Class-2 algorithm [Berger (b)]. Although EGS does not 
explicitly solve the Boltzmann-CSD transport equation, the separate treatment of soft and hard 
collisions is similar. The multiple-scatterhg treatment of elastic scattering in EGS is also different 
from that of ITS. 

Adjoint Monte Carlo codes have also been developed. In adjoint transport, dose at a location 
can be calculated for many different sowrces in a single calculation. Adjoint Monte Carlo codes can 
also determine dose in a small volumes very efficiently. An adjoint option exists for the Monte 



Carlo code, BETA. As part of the NOVICE code package [Jordan (a)], this feature has been applied 
for satellite shielding problems. The adjoint Monte Carlo option for electron transport have 
recently been added to existing general-purpose electron-photon Monte Carlo codes such as ITS 
[Lorence (b), Morel (a)] and MCNP. 

5.2 DETERMINISTIC 

Compared to Monte Carlo methods, deterministic techniques haveonly been recently applied 
to charged particle transport. In 1980, deterministic codes were developed to study ion transport in 
fusion reactors. A few years later, Morel developed a discrete ordinates method for electron 
bansport [Morel (b-c)]. This approach was successfully applied to the Boltzmann-CSD equation 
brence  (d)]. The adjoint tmnsprt capability of this technique was also demonstrated. The 
discrete ordinates solution of the Spencer-Lewis equation has also investigated Filippone (b)], but 
codes based on this technique have not been released. 

CESXS/ONEiLD, the first general-purpose coupled electron-photon discrete ordinates 
transport code, was released in 6989. "his code was the product of a joint collabomtion between 
Sandia National Laboratories and Los Alamos National Laboratory. The CEPXS/ONJ3ID code 
effectively solves the Boltzmann-CSD equation in one-dimensional geometries. It uses a technique 
developed by Morel of "tricking" a Boltzmann transport code (which is most suitable for neutral- 
particle transport) to effectively the Boltzmann-CSD equation for the electron flux. 

The CEPXS/ONED code been used extensively for predicting radiation effects in 
electronics. It has been incorpomted into the BOMEMP II code for predicting internal 
electromagnetic pulse (IEMP) effects. waiters]. 

Many new developments are underway in deterministic transport. A new version of the 
CEPXS/ONELD code called ADEPT is being developed at Sandia National Laboratories. This 
code will automatically select appropriate spatial mesh, energy intends, and angular intervals for 
accurate discrete ordinates solutions. Work is also underway to develop 3D deterministic electron 
transport codes. These codes will use unstructured spatial meshes for maximum geometric 
flexibility and will be designed to operate on massivAy parallel computers. 

6.0 PROTON TRlpNspoRT CODES 

Monte Carlo techniques haye been exknsivdy employed €or proton transport calculations. An 
example is LAHET -11, developed at Los Alamos National Laboratory. It evolved h m  the 
HETC code [Chandler] developed at Oak Ridge National Laboratory for the transport of nucleons, 
pions, and muons. LAHET is a continuous-energy Monte Cat10 code with the same 3D geometry 
models of MCNP. Secondary neutrons can also be produced by protons. The neutron flux can be 
an important contributor to dose in satellite shielding calculations involving the proton space 
radiation environment. Neutron production from LAHET can be used as a source distribution for 
neutron tmsport with MCNP. 
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