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I. INTRODUCTION

During the period from November 4, 1982 through May 4, 1986,
our work was directed toward the development and implementation

of efficient numerical methods for predicting doses in multi-
layered structures, such as metallized semiconductors, due to the
incidence of x- and gamma radiation, and t' e calculation of
charge distribution build-up in dielectrics due to electron beam
irradiation. In the performance of this contract, electron
transport calculations were made employing two fundamentally
different methods, the method of discrete ordinates, which is a
deterministic numerical method for obtaining approximate
solutions of the electron transport equation, and Monte Carlo, a
stochastic method for the simulation of particle trajectories and
scattering interactions. The results of these calculations were
reported in the seven technical papers published and four
presentations given by the principal investigator during the
course of this contract. Photon transport calculations were also
made, using the Monte Carlo method, to provide information on Co-
60 scattered photon spectra for dosimetry studies.

The discrete ordinates electron transport calculations were
made using the ONETRAN computer code. With our modified version
of this code we calculated: (1) energy deposition in aluminum and
gold due to the presence of 200 keV electron beam sources located
on the vacuum boundary of a semi-infinite medium and embedded
within an infinite medium; (2) dose enhancement, due to the
incidence of Co-60 gamma radiation, in layered media, such as
Au/Si (this notation is adopted throughout this document to
denote, in this case, a 2-layer medium, i.e. gold-silicon) ; (3)
atomic displacement damage in Si and GaAs due to exposure to 1.25
MeV gamma radiation and 600 and 1200 keV electron beams; (4)dose
profiles in two- and three-layered media, Au/Al, Al/Au/Al,
C/Al/Au, for ten monoenergetic photon sources, ranging in energy
from 200 keV to 1250 KeV, and two photon directions, for the
purpose of determining the Co-60 photon source spectrum which
resulted in a set of experimental dose-profile data; and (5)
electron flux energy spectra at and near Al/Al, Au/Al, and Au/Au
interfaces due to isotropic, uniformly distributed (half-space)
electron sources ranging in energy from 50 keV to 500 keV. The
above discrete ordinates electron transport calculations are
discussed in Chapter II.

Monte Carlo electron transport calculations were performed
using two computer codes: (1) a low energy single scattering
Monte Carlo program which we have developed to calculate and
store electron tracks for energies ranging from 600 keV down to a
few eV in thin silicon dioxide films; and (2) the TIGER2 code,
which calculates energy and charge deposition profiles, as well
as emergent electron energy spectra, foc primary and :ecoadary
electron sources. The low energy single scattering Monte Carlo

I?
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program and related statistical analysis programs are discussed
in Chapter III. The TIGER2 calculations were made in
conjunction with the ONETRAN' discrete ordinates electron
transport work, primarily for the purpose of providing p
independent benchmark calculations of energy deposition profiles.
Some of these Monte Carlo results are reported in Chapter II,
generally as histogram data for comparison with the discrete
ordinates calculations.

Finally, Chapter IV is a report on a set of photon Monte
Carlo calculations made for various Cobalt-60 irradiation
sources. The purpose of these calculations was to pruide a
basis for comparison of photon spectrum hardness for various
irradiation facilities both within and without the defense
community. This spectrum information is directly applicable to
the determination of dose enhancement in metallized semiconductor
devices under test. The results of these Monte Carlo
calculations have been incorporated in an ASTM 3 standard on
radiation hardness testing of electronic devices and materials.

. l
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II. DISCRETE ORDINATES CALCULATIONS OF DOSE PROFILES IN
MULTI-LAYERED STRUCTURES

II.1 Introduction

Calculations of dose profiles in multilayered structures
due to the presence of ionizing radiation sources such as
electron beams, x-and gamma-radiation were made using a modified
version of ONETRANI. Results of these calculations are reported
in several publications4 -6 in which the method of discrete
ordinates is applied to electron transport problems where the
source of radiation has been either an electron beam or a photon
beam. Some of this work involved development of basic discrete
ordinates algorithms, such as the method of streaming rays and
comparisons with standard discrete ordinates methods4 -6 . In some
instances evaluations were made of the accuracy of discrete S
ordinates methods for charged particle transport by comparisons
with analytical benchmark calculations 6 and other independent
calculation methods such as the method of moments 9 . Recently, a
paper was published in which the method of discrete ordinates was
applied to obtain dose profiles, displacement damage rate
profiles and electron flux spectra in GaAs and Si for both
electron beams and gamma rays6 . Many of these calculations were
made for layered structures of GaAs or Si next to Au. This paper
provides a very good demonstration of our ability to apply
discrete ordinates methods to obtain solutions to practical
problems in radiation effects in solids.. Additionally, two
recent papers resulting from our work involved, in one case, the
application of the method of discrete ordinates to obtain
electron flux energy spectra resulting from uniformly
distributed, isotropic, half-space electron sources at and near V
two material interfaces. In the other instance, discrete
ordinates calculations were made to determine the scattered Co-60
photon spectrum present in an experiment in which a set of dose
profile measurements near material interfaces were made using a
multi-layer ionization chamber technique. All of the above
mentioned work will be described in further detail. This
chapter will end with a brief description of the input data
generation programs which we have written to facilitate the use
of ONETRAN as an electron transport code.
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11.2 Discrete Ordinates Electron Transport Calculations for
Monodirectional Electron Sources

I
In the development of the method of discrete ordinates as a

useful tool for obtaining electron energy and charge distribu-
tions, it is both necessary and desirable to compare the results
obtained with this method with as many independent calculations
as is practicable. In this way, the strengths and shortcomings
of our calculation method can be identified and analyzed. One of
the first set of such tests that we performed on the multigroup
discrete ordinates method was a comparison of the results
obtained with those of two other methods, another discrete
ordinates method, the method of streaming rays, and with the
Monte Carlo method. These tests were performed for an
monodirectional electron source incident on semi-infinite
aluminum slabs.4  In another set of calculations. the multigroup
discrete ordinates method was compared again with the streaming
ray method, the method of moments and an analytical benchmark
calculation for a plane electron source embedded in an infinite
scattering medium.6 As will be shown, the principal disadvantage 4
associated with the multigroup discrete ordinates calculation
method is found to be the problem of numerical straggling -.

introduced by discretization of the electron energy. We have
concluded, however, that the advantage afforded by the
flexibility of the multigroup discrete ordinates method outweighs
this disadvantage, at least in the energy range for which we have
made our calculations (100 to 1250 keV). The ONETRAN code can be 0
applied to any reasonable number of material layers and can be ..
adapted to accommodate a wide variety of source configurations.

11.2.1. Electrons Incident on Aluminum4  .5

Transport calculations were performed for 200 keV i
monodirectional electron sources incident on semi-infinite I
aluminum slabs. Two slab thicknesses were taken, 0.02 g/cm2 and
0.04 g/cm 2 . The calculations were performed using three
different methods: 1)multigroup discrete ordinates(ONETRAN-SN);
2)discrete ordinates based on the method of Streaming Rays; 3)
the Monte Carlo method. The latter two methods were chosen for
comparison with the multigroup method because each of these
contains unique advantages in the process of testing multigroup
discrete ordinates. The Streaming Ray method provides an
alternative discrete ordinates approach to the electron transport
problem. It is a numerical solution of the Spencer-Lewis' form
of the transport equation in which the electron flux is obtained
as a function of position, angle and path length. The stopping %
power is used to relate the electron energy distribution to the %
path length distribution. The principal advantage of this method
is that artificial straggling effects due to energy
discretization are virtually eliminated. Thus, when results

4
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obtained with the two discrete ordinates methods are compared, a
direct observation of the effect of the straggling introduced by
the multigroup approximation is possible, qnd methods for
limiting this effect can be devised.

The third method, Monte Carlo, provides a completely
independent means for computing the electron energy deposition
and emergent electron energy spectra. Thus it serves as a check
on both discrete ordinates methods, a benchmark. The Monte Carlo
program chosen for this task is the well-known TIGER2 code.

While much of the emphasis in this work 4 was placed on
comparison between the two discrete ordinates methods, multigroup
and Streaming Ray, it represented a significant step in the
development of the multigroup method as a practical means for
performing electron transport calculations and obtaining
physically meaningful quantities, such as energy deposition,
which could later be used to predict dose profiles in metallized
semiconductors, for example. An important reason for choosing
the ONETRAN code to implement the multigroup discrete ordinates
method is the fact that it employs the linear discontinuous
spatial differencing scheme. This affords the advantage of
accurate and stable flux convergence while requiring fewer
spatial mesh cells that might have been necessary with the
diamond difference approximation 0 used in earlier discrete
ordinates codes.

11.2.1.1 Scattering Model for Electrons

In this set of discrete ordinate calculations, the model
assumed for electron scattering is given by the following
expression for screened Rutherford elastic electron-nuclear
scattering.

o[T, w) = 2 J(Z+lNar, TT+2 Lin - .

where
T = electron kinetic energy in mc 2 units, -a
Z = atomic number of the transport medium,
A = atomic weight of the transport medium,
Na= Avogadro's number,
ro= e2 /mc2 (classical electron radius),
n =atomic screening constant,
w zcosine of the scattering angle.

The units of the cross section are (cm2 /g). The screening
constant, q is given by the Moliere formula4 ,

5
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TZl 1.13 + 3.76 Y (2)
0 5 .855[1L3I7) J T T3 + 2) 13 j +22 kM

The anisotropy of the scattering cross section angular
dependence increases with electron energy. This causes problems
such as numerical instability and slow convergence in discrete
ordinates calculations. Because the magnitude of the single
scattering electron deflection is small, an impractically large
number of discrete ordinates would be required to adequately
describe the angular dependence of the flux and scattering cross
section. This difficulty was circumvented by the use of the
extended transport corrected cross section". This approach can
be described in brief terms as having the effect of separating
out the delta function (in angle) component for the scattering l,

cross section, leaving behind a more manageable (weak anisotropy)
angular behavior for the cross section. The extended transport '

correction of order L is defined in terms of the Legendre series
coefficients, a (E), of the scattering cross section in the
following way:

letting

where , = cosines of the electron polar obliquities (slab
geometry) before and after scattering,
respectively,

a (E) = Legendre series coefficients of the
scattering cross section,

PI Legendre polynomial of order ,.

The extended transport corrected cross section for an L-th order

correction is given by

LL

4-0
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where

a(E) =-oJE) -OL(E).()

11.2.1.2 Energy Group Structure

In the multigroup calculations the energy domain of interest
was partitioned into a number of equal width energy groups, with
the upper bound of the highest energy group defined as the source
energy. The lower bound of the lowest energy group was taken to
be a few eV above the mean ionization potential for the
scattering material. The group-to-group transfer cross sections
were determined using the continuous slowing-down approximation.
Because of the absence of up-scatter terms under this assumption,
and the fact that down-scatter can occur only between adjacent
groups, only one iteration on the energy groups was required.
For group g, with midpoint energy Eg , the cross section for
scatter into group g+1 (E>Eg+,) is given by

0 g1' 1 CEId (6)0,. E, WEds!E,

where dE/ds = collision stopping power,
and AE9 width of energy group g.

The collision stopping power accounts for the energy lost by the
incident electron to bound atomic electrons. The Berger-Seltzer
stopping power formula1 2 was used to calculate dE/ds.

11.2.1.3 Target and Source Geometries

The monodirectional electron source was assumed incident onthe left face of the scattering medium (Fig.1). Since ONETRAN

contains no provision for a monodirectional edge source, and
since a Legendre series is not a practical means for representing
a delta function in angle, the unscattered monodirectional source
was replaced by a spatially distributed source for once-scattered
electrons. The expression for this is given by

0 Nx,0 e I (t, 1)0;(E:) P ) (7J(= 0 -

where
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Q, (x,g) source function for once-scattered electrons,

x distance into slab along the direction normal to the
slab surface (Fig.1),

and go = cosine of the source angle of incidence w.r.t. slab
normal.

11.2.1.4 Energy Deposition Calculation

Energy deposition profiles in an aluminum slab due to the
incidence of a 200 keV electron source were obtained with the

group flux values, fg(x), calculated with ONETRAN. In terms of

the group fluxes, the electron energy deposition profile was
calculated as the sum of the scattered and direct contributions
as follows;

C p

WOx) - (x1jd + W IdE' (8) .

where Eg is taken as the group midpoint energy, G is the total
number of groups used in the calculation, and fo is the
unscattered flux. The energy deposition function was calculated
at N points, xa, where N is the number of spatial mesh cells used
in the calculation, and x& is the value of x at the center of the
n-th cell, the approximate position of the cell-averaged flux.
The cell-averaged unscattered flux contribution fo was calculated
as

n diJ dx exp(-o;(E0 ,)x/i)h(-1 0)
Xn-1/2

40 n- 1/2 -1' /2 ][1L

o (E 0 [ + - o , 9)

where the +D*/12 and the x'* 1 /2 are respectively defined as the
scalar edge fluxes ana coordinates for the n-th cell edges, and

6x, x - X (10)

Then, for the n-th cell,

8
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11.2.1.5 Energy Deposition Profile Results

Three ONETRAN calculations, 10, 20 and 40 groups, were made -'
for a monodirectional electron source of incident obliquity"'
po=.916667. The energy deposition profiles were compared with -
Streaming Ray calculations and a 10000 case history TIGER Monte 0
Carlo calculation. The resulting energy deposition profile data
are shown in Fig. 2. The three curves in the figure correspond

to the three ONETRAN calculations in which the spatial grid was
divided into 50 mesh intervals. The Streaming Ray calculation
was configured with 10 and 14 spatial(Ax) and path length(As)
mesh intervals, respectively. The histogram represents the Montea
Carlo result. Overall agreement among the three methods of
calculation is very good. The agreement between the ONETRAN and
the Monte Carlo calculations improved as the number of energy
groups was increased. Also, if the coarseness of the Streaming
Ray calculation is taken into account, the agreement between the
two discrete ordinates methods is satisfactory.

11.2.1.6 Transmission Energy Spectrum Results

Five ONETRAN S12 calculations(10, 20, 40, 60 and 80 ;g--, ,ps)
were made for the above source configuration. The alumin~uii slab
thickness was taken to be 0.02 g/cm 2 . In this way the effe-_t of
the number of energy groups on the artificial energy straggling
problem could be observed. Streaming ray and Monte Carlo
calculations were also made for the purpose of comparison. The
TIGER Monte Carlo calculation was made with the straggling option
turned on. That is, the energy loss fluctuations due to
ionization were taken into account by the TIGER calculation.
Figure 3 is a plot of the transmitted electron current per unit
energy as calculated by the three methods. The Streaming Ray
calculation was made with a coarse mesh, 4 and 11 spatial and
path length mesh intervals, respectively. Also shown in this
figure is the high energy cut-off(148.8 keV), the highest
possible energy with which an electron can be transmitted through
the slab under the continuous slowing-down approximation.

If no straggling, artificial or genuine, were present in any
of these calculations, none of the transmitted electrons obtainede
with any of the three calculation methods would have energies

10
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exceeding this value. As the number of energy groups in the
ONETRAN calculation is increased, it can be seen that the
numerical straggling problem is mitigated but not eliminated.
Although it was found that numerical straggling could be
virtually eliminated by the use of higher resolution Streaming
Ray calculations, subsequent SN studies with as many as 120
groups have indicated that further improvement in this regard is
possible.

The versatility afforded by the SN method, in particular the
multiple slab capability, combined with the capability to
calculate energy deposition, as shown in Fig.2, strongly suggest
that ONETRAN-type discrete ordinates calculations will be very
useful for the prediction of ionizing radiation effects in
materials.

11.2.2 Plane Electron Sources Embedded in an Infinite Medium 6

Since it has been an intention of the research and
development activity of this contract to produce a working,
reliable discrete ordinates electron transport code, it was and
is necessary to compare the results of our discrete ordinates
calculations with known benchmark solutions of electron transport
problems as is possible and practical. The following is a report 0

of benchmark comparisons we have made. As in the work reported
in the previous section, another discrete ordinates method in f
addition to the Sm method was employed, the Streaming Ray method.
Benchmark data were obtained from two sources, the method of
moments9 , for energy deposition data, and, for flux value-s, an
analytical benchmark solution of the Spencer-Lewis equation 4 .

11.2.2.1 Plane Perpendicular Source - Electron Energy Deposition
in Aluminum

Discrete ordinates methods were applied to the transport of
electrons emanating from a plane perpendicular source embedded in
a "thick", or infinite medium. Choice of this problem
configuration was motivated by the existence (since 1959) of
extensive published data9 calculated by Spencer using flux
moments reconstruction. Both the ONETRAN SN and Streaming Ray
methods were applied to this problem. The second method served
as yet another independent check on the validity of the ONETRAN
approach.

The first extensive theoretical study of electron transport
and energy deposition in infinite media was made by Spencer'. In
this work the method of moments was applied to obtain the energy
deposition profile from plane perpendicular and point isotropic
sources. Calculations of the energy deposition function by
moments reconstruction were performed for five elements, air and
polystyrene, for electron energies ranging from 0.025 to 10.0

12
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MeV. Extensive tabulations of the energy deposition profile are
given for both source configurations. This moments data serves
as a standard, since as far as is known, it most closely
represents numerical solutions of the Spencer-Lewis equation 4 .

The problem chosen for comparison of the discrete ordinates
methods with the moments data was that of a 200 keV plane
perpendicular source, located at x=0, in "infinite" (>1 electron
range in both positive and negative directions) aluminum. The
results of the ONETRAN discrete ordinates calculations are shown
in comparison with the moments curve, obtained from the data of
Ref. 9., in Fig.4. The solid curve is the moments result, while
the dashed curves are the ONETRAN SN results for two cases, 40
and 100 uniformly spaced electron energy groups. In the SN
calculations, 47 spatial grid intervals were used with three
coarse mesh zones. The zone of highest resolution enclosed the
source plane (x=O). The multigroup electron scattering cross
sections and stoping power values were obtained with a shortened
version of DATAPAC2, a computer code for calculating electron
stopping powers, ranges and Mott scattering cross sections. The
SN calculations were performed using P1 2 extended transport
corrected Mott cross sections. The apparently slight effect of
numerical straggling due to energy discretization is somewhat
mitigated by increasing the number of energy groups, the only
difference between the two SN calculations. As can be seen, the
40 and 100 groups curves are nearly indistinguishable from one
another, and their agreement with the moments curve is very good.
The effect of artificial or numerical diffusion near the source
plane due to discretization of the spatial variable, x, was in
all likelihood reduced by the use of the high resolution spatial
grid about the source plane. In addition to the accuracy of the
linear discontinuous spatial differencing scheme, the capability
of varying the spatial grid resolution in this manner is one of
the principal advantages afforded by the ONETRAN code.

Figure 5 shows a comparison of energy deposition results
obtained with both the ONETRAN-SN(100 group) and the Streaming
Ray methods with the moments reconstruction curve. The Streaming
Ray calculation was done with 72 and 36 spatial(Ax) and path
length(As) mesh intervals, respectively. Agreement among the
three methods is very good. While some oscillation is observable
in the left tail of the moments curve, it is probably
attributable to truncation error introduced by Spencer's finite
approximation (10 terms) to an infinite series.

11.2.2.2 Comparison of Discrete Ordinates Flux Calculations with
An Analytical Benchmark Solution of the Spencer-Lewis
Equation

The foregoing discussion dealt with the comparison of
discrete ordinates and moments calculations of energy deposition,

13
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Figure 4. Energy deposition profile for a 200 keV plane
perpendicular electron source (x=0.0) in aluminum
obtained with S. and moments calculations (Ref.6).
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Figure 5. Energy deposition profile for a 200 keV plane
perpendicular electron source (x=0.0) in aluminum
obtained with SN, Streaming Ray, and moments
calculations (Ref.6).
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which is of fundamental significance in the analysis of x- and
gamma-radiation effects in semiconductor materials. Of no less
importance, however, in the development of discrete ordinates
electron transport methods is that of making comparisons with
analytical solutions. Generally, validation of a flux
calculation is a more demanding test of the accuracy of the
discrete ordinates method than that of an energy deposition
calculation. This follows from the fact that the energy
deposition is an integral quantity (for example,see Eq.8 of
section 11.2.1.4 ) so that inaccuracies in the terms of the
integrand, flux for example, can become obscured either by error .

cancellation or by the possibility that the largest errors may
occur in the smallest terms. For this reason, Ref. 6 also
presents extensive comparisons of flux calculated by ONETRAN-SN
and Streaming Ray discrete ordinates methods with an analytical
benchmark solution, based on polynomial reconstruction, to the
constant parameter Spencer-Lewis equation for scattering in an
infinite medium.' 3

Some restrictive assumptions were made in order to perform
the analytical benchmark calculations, however these in no way
altered the validity of the benchmarking procedure, since these
same restrictions could be applied to the discrete ordinates
calculations. A screened-Rutherford scattering cross section

4

was used. The screening parameter,q (defined in Ref.4) for this
kernel was assumed to be constant and independent of electron
energy. This was done in order to make use of a multiple
collision expansion which greatly simplified the analytical
calculation.

Two test problems were devised using the analytical
benchmark technique 1 3 to asses the accuracy of the discrete
ordinates numerical algorithms. The test problems treated a plane lf
electron source located at the center of an infinite medium
emitting source particles of zero path length either isotropical-
ly or in direction o=l. Two values of the screening parameter
were assumed, q = 1.0, 0.01. The scattering kernel was taken to
be an order 12 extended transport corrected Legendre expansion of
the screened-Rutherford scattering function.

Figures 6-11 are plots of the scalar flux, f(x,s) vs. x for
plane sources embedded in infinite media, infinite in the sense
that the fluxes given are shown only for distances less than the
electron path length, s (all distances and path lengths are
measured in units of total mean free path). The order of the
plots is given in Table 1. It can be seen that the discrete
ordinates results are in overall agreement with the benchmark
curves. The ONETRAN-SN values diverge from the benchmark case
to a greater extent than do the Streaming Ray values in the wave
front region (where x approaches s). It is in this region where
the numerical diffusion characteristic of SN, i.e. spill-over
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Figure 6. Comparison of scalar flux results, f(x,s) vs. x
for two s values, 9.5 and 18.5 mfp, calculated using the
analytical benchmark algorithm, Sx(20 groups, 20 ax)
and Streaming Ray (2OAs,20ax) discrete ordinates
methods. Plane isotropic source at x=0.0. Screened-
Rutherford scattering ull.O (Ref.6).
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Figure 7. Scalar flux. Source configuration and n value as
in Fig.6, but for S,(40 groups, 40 Ax) and Streaming Ray
(40As,40Ax) calculations at s:9.25 and 18.25 (Ref.6).
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Figure S. Comparison of scalar flux results, f(x's) vs. x

for two s values, 9.5 and 18.5 mfp, calculated using the
analytical benchmark algorithm, Sm(20 groups, 20 Ax)
and Streaming Ray (20As,20Ax) discrete ordinates
methods. Plane isotropic source at x=0.0. Screened- 1
Rutherford scatteri-ng q1=0.01 (Ref.6).
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Figure 9. Scalar flux. Source configuration and n value as
in Fig., but for S(40 groups, 40 Ax) and Streaming Ray 
(40s,40x) calculations at s=9.25 and 18.25 (Ref.6).
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Figure 10. Comparison of scalar flux results, f(x,s) vs. x
for two a values, 9.5 and 18.5 mfp, calculated using the
analytical benchmark algorithm, SN(20 groups, 20 Ax)
and Streaming Ray (20As,2OAx) discrete ordinates
methods. Plane perpendicular source at x=0.0. Screened-
Rutherfrrd scattering q=1.0 (Ref.6).
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Figure 11. Scalar flux. Sourct configuration and , value as
in Fig.10, but for Sm(40 groups, 40 Ax) and Streaming Ray
(40as,40ax) calculations at s=9.25 and 18.25 (Ref.6).
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into the forbidden region (x>s), causes problems. This problem is
also present in the Streaming Ray calculation.

Numerical diffusion due to spatial discretization error is
evidenced in the SN results not only in the wave front region for ,p
both the q=1.0 (Figs.6,7,10,11) and q=0.01 (Figs.8,9) cases, but
also near the source plane in the q=0.01, plane isotropic source
case(Figs.8,9). Diffusion can be regarded as the migration of
particles from regions of higher density to regions of lower
density. The results here are consistent with this view. In the
nearly isotropic scattering cases (Figs.6,7,10,11) where q=I. 0 ,
the SN flux values are well above the benchmark case as x
approaches s. The electrons diffuse gradually from the center to
the wave front, where the particle density is low, and remain
there, since there is no sharp decrease in particle density as
the wave front is approached. In the more forward peaked
scattering case (Figs.8,9), where q:0.01, the SN results again
exhibit electron diffusion toward the wave front region.
However, because there is a large flux gradient at the wave
front, the artificial diffusion into the forbidden region (x>s)
is more pronounced, and the result is lower SN flux values as x
approaches s.

The work discussed here further illustrates that the method
of discrete ordinates, in particular our version of the ONETRAN
code, can be used to obtain solution to physically realistic
problems in electron transport, the 200 keV plane perpendicular
electron source in Aluminum, for example. These calculations
agree well with Spencer's moments results, which in turn, agree
well with experiment. The comparisons with analytical benchmark
calculations are also useful in that we are affoz'ded a
quantitative measure of the limitations of the method of discrete
ordinates. It is reassuring to note that the method of discrete
ordinates can calculate electron flux accurately. However,
detailed knowledge of where the numerical (or artificial)
diffusion causes innacuracies is vaulable and serves as a
reminder that close agreement of ONETRAN calculations with
experiment or other computational techniques, such as Monte
Carlo, can on occasion be fortuitous, particularly when the
numerical straggling of the discrete ordinates calculation
approximates physical straggling.

ot
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11.3 Determination of Electron and Gamma Ray Induced Dose .
Enhancement and Atomic Displacement Damage in Gallium
Arsenide and Silicons  0

I
The method of discrete ordinates was applied to obtain dose

profiles, electron flux spectra and displacement damage rate
profiles in GaAs and Si for incident electron beams and gamma a

rays. For these calculations,the ONETRAN code was used, in
conjunction with two programs, FRONT, a processor program to
convert electron beam and photon source data into ONETRAN-
compatible input, and ESRCE, a program to calculate the secondary
electron distribution in target materials due to incident gamma
radiation (the programs FRONT and ESRCE will be described in
section II 6). The work to be described here provides a clear
example of practical applications of the discrete ordinates
electron transport calculation method. As will be seen here, one I
of the principal advantages of the discrete ordinates method is
the ability to calculate electron flux energy spectra as a
function of position inside the target medium, generally with
higher accuracy and more detail than is available with other
methods, Monte Carlo for example. Because of this, it was
possible to obtain displacement rate profiles, as well as dose I
profiles, inside the target materials, and to study their
variation with source type (electron or gamma ray), energy and
incident direction. In addition to displacement rate profiles
obtained for electron beams incident on GaAs and Si, both
displacement rate and dose profiles were calculated for gamma
radiation incident on Au/GaAs and Au/Si. I

The dose enhancement effect in x- or gamma irradiated
materials of low atomic number (such as silicon) next to high
atomic number materials (such as gold) is well studied and has
been discussed in many papersl3' 16 The energy deposited at and
near the high z-low z interface can be larger than the
equilibrium dose by more than a factor of 10. The maximum
effect, an enhancement factor of 30 is obtained in silicon at the
gold-silicon boundary for 150 keV photons incident on the silicon
side. Recent interest in the radiation hardness properties of
GaAs provided some of the motivation for the study of dose
enhancement effects in this material as well. b

11.3.1 Electron Flux Energy Spectra in GaAs and Si

Electron flux energy spectra were calculated at various
positions in GaAs and Si for both electron beam and gamma ray
sources. These spectra are shown for a 1.2 MeV electron beam
normally incident on GaAs and Si are shown in Figs. 12 and 13. a

Four curves are shown in each graph, corresponding to four beam a,

penetration distances (.05, .1, .15, .2 and .1, .2, .3, .4
electron range units for GaAs and Si, respectively). It can be
seen in both cases that as the distance into the medium is

2



increased, the energy spectra shift toward lower energy values.
Solution of the transport equation through the ONETRAN discrete
ordinates code enabled the calculation of these flux spectrum
curves. If the Monte Carlo method were used instead of the
method of discrete ordinates, smooth curves such as shown here
would not be obtainable under normal circumstances due to the
stochastic nature of the method. It is the availability of
energy spectrum curves such as these which made possible the
calculation of dos- and displacement damage rates at arbitrary
positions within the target material.

The energy flux spectra of Cectrons due to the incidence of
1.25 MeV gamma-rays on Au/GaAs and Au/Si are shown in Figs.14 and
1., respectively. The energy spectra at three positions are
plotted in each graph: 1) the spectrum at an equilibrium position
in GaAs or Si (i.e. the position at which the boundaries, vacuum
and material, are greater than one electron range away); 2)the
flux spectrum at the material interface due to gamma-rays
incident from the Au side; 3)the flux spectrum at the material
interface due to gamma-rays incident from the GaAs or Si side.

11.3.2 Energy Deposition and Displacement Calculations

11.3.2.1 Electron Beam Induced Profiles

Given the electron flux energy spectrum, f(E,x),where E
denotes energy and x denotes the position in the target slab,
both the energy deposition and displacement damage rate profiles
can be readily calculated. For energy deposition, D(x), the
expression is

Emay

DWx] = XE,x]CEE dE, (12)
0

where, as before, dE/ds is the electron stopping power.

Displacement rate, R(x), is calculated as

.,

Emax

Rx) = [Exo[E) dE, (13)
10

where o(E) is the displacement cross section. %
A"-

The displacement cross section, o(E), was calculated by %
performing numerical integrations over angle of the Mott
differential cross sectionsz,17 for Si and GaAs. Fig. 16 is a plot
of the two displacement cross sections vs. electron energy.
Fig.17 shows a comparison of the dose and displacement rate
profiles for the 0.6 MeV electron beam incident on GaAs. As can
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Figaure 14. Electron flux energy spectrum in GaAs next to
Au irradiated by 1.25 MeV gamma-rays (Ref.8).
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Fig~ure 15. Electron t2.ux energy Spectrum in Si next to
Au irradiated by 1.25 >1eV gamma-rays (Ref.8).
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Figure 16. Displacement cross section vs. electron energy
for GaAs and Si (Ref.8).
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be seen, the displacement rate profile peaks sooner than the dose
profile. This behavior is attributable to the rapid fall-off in
the GaAs displacement cross section below 0.8 MeV coupled with
the fact that the electron energy falls rapidly below 250 keV as
the electron beam penetrates the medium. In the case of the dose
profile, however, the low energy electrons (<250 keV) make a
substantial contribution. In the 1.2 MeV incident beam case (not
shown), the displacement rate and the dose profiles peak at about
the same place. A similar set of results is given in Ref.8 for
Si, along with a discussion of the differences between the two
materials in this regard. .'

11.3.2.2 Gamma-ray Induced Profiles

The dose and displacement rate profiles in GaAs next to Au
for 1.25 MeV gamma-rays normally incident on the Au and GaAs
sides are shown in Figs.18 and 19, respectively. For gamma-
radiation incident on the Au side, the dose enhancement effect in
GaAs is small. The displacement rate profile shows a exponential-%
like decrease in accordance with the decrease with penetration
distance of the gamma-induced electron flux. For gamma-radiation%
incident from the opposite direction, the dose and displacement
rate profiles are nearly identical in shape. This is due to the
fact that the shape of the electron flux energy spectrum does not
vary much with position (see Fig.14). The rise in the dose and
displacement damage curves in the interface region are also
predictable from examination of the energy spectra of Fig.14.

As previously mentioned, further results and discussion are
given in Ref.8. The most significant point to be made here is
that the method of discrete ordinates, through the use of the
ONETRAN transport code, provides an extensive and accurate (to
within known limitations) knowledge of electron flux energy
spectra. With these spectra one is enabled to calculate
displacement damage and dose rate profiles in semiconducting I

materials.
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11.4 Calculation of the Electron Flux Energy Spectrum Near a Two
Medium Interface' s

The ONETRAN code was used to calculate the electron flux
energy spectrum and dose profile as a function of distance from
the intecface between two semi-infinite media for a uniform
isotropic source of electrons in one of the two media. The
purpose of this work was to evaluate the accuracy of a simple
analytic model' 9 , based on age-diffusion theory, derived by
Garth, and to determine if this model, or a modified version of
it, could provide a rapid, accurate algorithm for calculating
energy spectra and dose.

Four cases of adjacent semi-infinite media were chosen for
the computations, Al*/Al, Au*/Al, Al*/Au, and Au*/Au, where the S
(*) denotes the side containing the electron source. Four source
energies were studied, 50, 100, 200 and 500 keV. Figure 20 is a
plot of the electron flux energy spectrum in the all aluminum
medium with a 50 keV half-space source on the left (Al*/Al) at 5
positions in the sourceless half, the interface and 0.05, 0.1,
0.2, 0.3 range units from the interface. The results are shown S
for the ONETRAN calculation and the age diffusion model. Both
the ONETRAN and the age-diffusion models predict one-half the
infinite medium continuous slowing down spectrum at the interface
(slightly different shapes due to differences in stopping power
models). As the distance from the interface is increased, it is
found that the average electron energy as calculated by ONETRAN S
decreases more rapidly that that calculated by the age-diffusion
model, while the total scalar flux decreases less rapidly,
particularly at the larger distances from the interface.

In Figure 21 is shown a comparison of the electron flux
energy spectra at the interface for the Al*/Au and Au*/Al
configurations. While the age-diffusion model yields the
continuous slowing down spectrum, the ONETRAN calculation shows a.
softened (relative to the age-diffusion case) spectrum for Al*/Au
and a hardened spectrum for Au*/Al. The softening in the Al*/Au
case reflects the- fact that more low energy electrons are
backscattered from the gold toward the interface than would 0
otherwise be the case if the two semi-infinite media had been the
same material (Al*/AI). Conversely, for the Au*/AI case,
relatively fewer low energy electrons are backscattered from the
aluminum toward the interface than if the materials on both sides
of the interface had been gold (Au*/Au).

Differences between the discrete ordinates solution of the
transport equation and the age-diffusion model are also apparent
in the calculated dose profiles obtained by the two methods.
Figure 22 shows the dose profile in Au*/Al as calculated by both.
As was also apparent in Fig.21, penetration by electrons into the

%
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medium on the right is deeper according to the transport equation

model than as calculated by age-diffusion. The forward
scattering of electrons is more rigorously treated by the ONETRAN
calculation, hence the generally higher ONETRAN dose (Fig.22) and
higher ONETRAN flux (Fig.21) in the medium on the right.

When the medium consists of only one material (i.e. Al*/Al),
the age-diffusion model agrees fairly well with the ONETRAN
calculation. However, this is not the case for the two material
medium such as Au*/Al. The treatment of electron transport for
the two material interface problem requires more rigor than is
available with the age-diffusion model, but perhaps not quite as
much as is provided by the full transport solution. For this
reason, investigations into the applicability of an intermediate
model were begun. Calculations, motivated by the apparent
success of Shkurpelov et al. 20 , were made with a P3 solution of
the Spencer-Lewis equation. This work is continuing at present.

1 2 3 4 5

4 I I I ." .

. At.
ONERA 2AG~t

t 3

.2

0S.2 .4 .6 ,8 1.0

Figure 20. Electron flux energy spectrum in sourceless
side of AI'/AI medium with Eo=50 keV initial electron
energy at (1)0, (2)0.05, (3)0.1, (4)0.2, and (5)0.3 range
units from the interface (Ref.18).
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Figure 22. Dose profile on both sides of a Au1 /AI interface
with E.=50 keV initial electron energy (Ref.18).
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11.5 Determination of Scattered Cobalt-60 Photon Spectrum with
ONETRAN Photon Dose Profile Calculations 2'

Results of ONETRAN calculations were used to "unfold" the
Cobalt-60 scattered photon spectrum characteristic of an
irradiation source used in a series of experiments reported in
1974 by Wall and Burke22 . The series of dose profiles were
computed with the ONETRAN code for 10 monoenergetic photon
sources incident on layered media consisting of various
combinations of Al, Au and C. The photon source energies were
taken to be 100, 150, 200, 250, 300, 400, 600, 800, 1000 and 1250
keV. It was possible to combine some of the calculated dose
profiles, according to a least-squares algorithm, to obtain a
four component fit to the measured dose distribution data.

Application of the ONETRAN code to this problem involved the
use of a computer program to generate electron sources from the
Compton, photoelectric and Auger photon interactions. Our code,
ESRCE, described briefly in section 11.6, accomplishes this
conversion with a procesure similar to that used in the POEM
code 2 l. A series of ONETRAN calculations were made for
gold/aluminum(Au/Al), aluminum/gold/aluminum(Al/Au/Al) and
carbon/aluminum/gold(C/Al/Au) with the 10 photon energies listed
above (see Fig.23). The photons were assumed normally incident.
All material layers directly exposed to the source were assumed
To be of equilibrium thickness. As shown in Fig.23, three gold
thicknessec were assumed for the Al/Au/Al configuration, 25.4,
12.7 and 6.35pm. The thickness of aluminum in the C/Al/Au
configuration was taken to be 275mg/cm2 .

The dose profile curves for the 10 photon source energies,
as calculated by ONETRAN, for the Au/Al configuration are shown
in Figs.24 and 25. The photons are assumed to be incident on the
gold side in Fig.24 and on the aluminum side in Fig.25. These
curves formed our set of "basis" functions for least-squares
fitting of the experimental dose profiles of Wall and Burke2 2 . A
linear least-squares fitting procedure was devised to solve for
the best linear combination of ONETRAN dose profile curves to
correspond to the experimental data. The objective function, or
the sum of the squares of residuals (difference between
experimental and calculated values), to be minimized was taken to
be

N 2M
ObjecIuve 3(

o =Fixj- 7ajD,[X,hv] + BIx] - aD[.,h'h,l (14)

where it is assumed that N dose measurements F(x, ) are taken at
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Figure 23. Interface geometries for: (a) gold-aluminum;
(b) aluminum-gold-aluminum; (c) carbon-aluminum-gold.%
All material layers facing photon source are of equilibrium
thickness (Ref.21).
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Figure 24. Dose in aluminum next to gold, as calculated by
ONETRAN', resulting from photons incident on the gold
side, for 10 photon energies (Ref.21).
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ONETRAN', resulting from photons incident on the aluminum

side, for 10 photon energies (Ref.21).
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points x, for forward directed (Fig.24) photons, and M dose
measurements B(x.) are taken at points xw for the back direction
(Fig.25). The a, are the J(unknown) coefficients of the photon
spectrum components to be solved for, and the D, (xn,hu,),
D2 (xahuj ) are, respectively, the left-to-right and right-to-left
ONETRAN dose profiles corresponding to incident photon energy

-I huj.

Fig.26 shows the best four component spectrum fit to the
Au/Al case (Fig.23a), 74.03% 1250 keV, 5.73% 300 keV, 12.44% 200
keV and 8.54% 150 keV. A three component spectrum and a two
component spectrum were also found to fit the experimental data
fairly well. However, as would be expected, the four component
spectrum resulted in the smallest rms deviation of the fit to the
data. The full results for this and other cases, component
coefficients and rms deviations, are given in Table 2. Fig.27
shows the four component spectrum fit to the experimental data
for the Al/Au/Al case (Fig.23b) with the 25.4gm gold layer.
While the resulting spectrum coefficients are slightly different
for this case than those found for the Au/Al configuration, it
was found that application of the photon spectrum obtained for
the Au/Al case to Al/Au/Al also resulted in a good, although sub-
optimal, fit to the data (see Fig.28). Application of this four
component spectrum to the C/Al/Au configuration resulted, for
reasons as yet unexplainable, in a good fit for the forward
directed photon source, but a poor fit for the back-directed
photons.

It was found that when all of the Wall and Burke2 2 data
considered were used in the least-squares fitting procedure, the
best overall representation of this data was achieved with the
following four component spectrum, 73.4% 1250 keV, 9.4% 300 keV,
8.0% 200 keV and 9.2% 150 keV. In a recently performed ion-
chamber experiment in which Cobalt-60 source spectrum
measurements were made 24, the results were found to be
consistent with our theoretical findings. Furthermore, the -

photon spectrum reported here is also consistent with POEM2 3 code
and MCNP2 5 ,, 1 Monte Carlo simulations of Cobalt-60 photon
scatter.

Table 2 presents the complete set of two, three, four and

five component photon spectra calculated by means of least-
squares fits to the Wall and Burke2 2 experimental data. As can be
seen, some of the five component spectra are unsuitable, as
evidenced by the negative coefficients. However, when most of
the experimental data is used (as shown in columns 3,4,5 of Table
2), the magnitude of the negative component is small. This is an
indication that the 250 keV component does not really contribute. N
This conclusion was reinforced by the application of the t-
distribution test, a statistical method for determining
confidence levels for the calculated spectrum coefficients.
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11.6 Input Processor Programs for ONETRAN Electron
Transport Calculations

11.6.1 Program FRONT

The ONETRAN discrete ordinates code was originally written
to solve neutron transport problems. Because of this it
contains many input options and code features that are useful for
research in the nuclear reactor field but not necessarily useful
for electron transport calculations in solids, typically of small
(<100 pm) dimension, which have been exposed to external
radiation sources such as electron beams, gamma or x-rays. For
this reason we have not only made major modifications to ONETRAN
which have reduced the code to approximately one-half of its
original size, but also have written a front-end input processing
program, FRONT, which greatly simplifies the process of entering
input data into ONETRAN.

Program FRONT generates input data for ONETRAN for both

electron beam and photon sources. The program produces a
formatted data file configured to be compatible with the ONETRAN
input format. This file contains the information necessary to
specify the problem geometry and source type. It also contains S

the ONETRAN-compatible multigroup cross section table for
electrons. The code requires only a small amount of "manually"
generated user input. Electron scattering cross section and
stopping power data are supplied to it by a separate program, a

shortened version of DATPACZ. If the primary radiation source is
gamma-or x-rays rather than electron beam, a multigroup electron
source consisting of secondary electrons resulting from photon N
interactions within the target material is generated by another
program, ESRCE. FRONT accepts the ESRCE data and converts it
into a format compatible with ONETRAN.

As it is presently configured, FRONT will operate for a
maximum of 40 energy groups, 6 coarse spatial mesh zones, 2
materials and a maximum anisotropy in scattering kernel and flux
calculations of 12 (i.e. an S1 2 calculation). These limitations
are not irrevocable but represent a tradeoff combination of
parameter values which will yield a reasonably sized ONETRAN
calculation. For practical purposes, the size restriction can be J.
eliminated by running ONETRAN on a virtual memory system such as
exists on VAX computers. Work has already begun in this
direction. Using a minicomputer system such as VAX facilitates
experimentation with problem parameters such as spatial mesh size
and number of energy groups.

Presently, electron energy groups of constant width AEg are
assumeH in FRONT, even though this restriction is not required by
the ONETRAN calculation. The group width enters the ONETRAN
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calculation through the downscatter cross section,ag,,g+(see
Eq.6, section 11.2.1.2).

11.6.2 Program ESRCE for Calculating Compton and Photo-electron
Energy-Angle Source Distributions

For electron sources which consist of x-ray or gamma-ray
produced secondary electrons it is necessary that the Compton and
photo-electron energy and angle distributions in the target
material(s) be pre-computed and entered as input to ONETRAN. Our
program, ESRCE, calculates the multigroup electron source for
such a problem. The basic algorithms are adapted from the POEM
code 2 3 . In the case of Compton scatter, the program produces a
table of the energy-angle distribution of the recoil electrons in
accordance with the Klein-Nishina differential cross section and
the one-to-one relationship between the recoil angle and the
electron kinetic energy 2 6 . While the recoil angle is uniquely
determined for a given recoil energy, the ONETRAN code requires
that the electron source angular distribution be expressed in
terms of a series expansion, such as a Legendre series. Since it
is not possible to adequately represent a delta function in angle
with a finite, reasonably small, Legendre series, ESRCE
approximates the angular distribution with a finite Legendre
series that peaks at the recoil angle. For this purpose, we have
chosen to borrow the functional form of the screened-Rutherford
formula, since it is possible to conveniently evaluate the
Legendre coefficients for this distribution by means of a simple
recursion relation 27 . The program automatically selects the
lowest value of the screening parameter which yields a positive
angular distribution for all angles. In this way the sharpest %
peaking, for this functional form at least, at the value of the
recoil angle is guaranteed, consistent with a positive angular
distribution.

In addition to the Compton electron distribution, ESRCE also
calculates the photo-electron energy-angle distributions for
whatever photoelectric interactions that may be of significance,
K-photo, L-photo and Auger. Since these angular distributions are
not sharply peaked, calculation of their Legendre coefficients is
done by means of straightforward numerical integration.

The code contains switches, in the form of input parameters,
which allow the user to suppress any of the four components of
the secondary electron source. In this way we are able to
isolate one or more of these components and make a high
resolution (40 or more energy groups) ONETRAN calculation for
each source component. The results of these runs, when combined,
can then be compared with that obtained when all source
components are run in ONETRAN together. This is a useful
practice for assessing the accuracy and validity of the secondary
electron source specification in a discrete ordinates
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Jvi

calculation. There are checks that can be employed on the
results of such calculations. For instance, equilibrium dose
calculations can be made both analytically (by hand) and
n1imerically (ONETRAN). These calculaticns can be made separately
for each electron source component. This procedure was useful in
"tuning" the secondary electron source algorithms.

-A.
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III. MONTE CARLO CODE (MCSS) FOR THE ANALYSIS OF ELECTRON
TRANSPORT IN INSULATING STRUCTURES AND ASSOCIATED

STATISTICAL ANALYSIS COMPUTER CODES

.III.1. Introduction

An electron Monte Carlo code, MCSS (acronym for Monte Carlo
Single Scatter), was developed to analyze electron trajectories
in insulators. It has been and continues to be used as a
research tool at RADC/ESR. Preliminary testing has been done for
electron transport in Si0 2 . The results thus far obtained, some
of which are reported in Ref.28, indicate that the transport
calculations yield physically reasonable answers. In its current
form it is used to analyze the situation where electron beam
sources with energies ranging from 600 keV down to perhaps 1 keV,
are incident on thin (ranging from I down to .02 pm) insulating
films such as SiO 2 .

111.2 Electron Transport Model

In the design of the Monte Carlo code an effort was made to
base its operation on a straightforward electron transport model,
a collision-by-collision trace of each electron track, using
interaction probabilities based on realistically treated
scattering processes. It may be argued that such collision-by-
collision calculations are nearly impossible to perform in a
realistic situation. However if the insulating film is
sufficiently thin, such calculations as this are feasible since
high energy electrons escape readily before undergoing many
scatters. The only remaining problem is then that of tracing
lower energy secondary electron trajectories as they course
through the scattering material.

A beam of electrons is assumed incident on the insulator
target. There is a probability that some of the incident
electrons will undergo collisions with other electrons and nuclei
in the target, while others will pass uncollided through the
target. The probability of the electron undergoing an
interaction is, as is well known, proportional to the total
scattering cross section. In our Monte Carlo calculation, the
primary electron penetration distance, As, to the point of first
collision in the target is calculated as

As = -X[E)1og, (15)

where A(E) is the total mean free path of the electron with
energy E, and k is a (pseudo) random number selected from the
uniform distribution (0,1). The total mean free path, or rather,
the total cross section, a(E), can be calculated from one or more
formulas, or taken from a table of a(E) vs. E. The MCSS Monte
Carlo code makes use of a highly detailed cross section set
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supplied by the Oak Ridge National Laboratory Health and Safety%
Research Division29. A description of these cross sections will
be given in a later section.

I
After the first collision of the electron, with either

another electron or a nucleus, the post-collision primary
electron energy and scattering angle are determined. The primary
electron is transported to the point of next collision in
accordance with Eq.15 to determine the distance between
collisions, As. The above procedure is repeated until the
primary electron either escapes from the medium or its energy
falls below a designated cut-off value. It was found that when
this program was run for the case of a 600 keV source beam, with
1000 trajectory case histories, all of the 600 keV primaries
escape from the 1 pm thick SiO2 medium via transmission. Some
scatters did occur however, and gave rise to secondary electron
production.

If an inelastic electron-electron scattering event occurs,
and if ionization rather than excitation results, the coordinates
of the collision site (or hole site) are recorded. The
position, energy and direction cosines of the secondary electron
produced by the ionizing collision are recorded, and the
secondary electron is put into an electron "bank". After all of
the primary electron case histories have been run, the entire
Monte Carlo process is repeated (i.e. the program is re-run) but
with the contents of the secondary electron bank(or buffer)
serving as the new primary electron source. In each Monte Carlo
run, each primary electron case history is run until either the
electron has escaped from the medium or its energy has fallen
below the threshold for inelastic scatter (8.89 eV) for Si0 2 . The
Monte Carlo program is re-run a sufficient number of times until
all higher generation electrons have either fallen below the
threshold or have escaped. Throughout the computations the
coordinates of hole sites and final electron positions (where an
electron has lost all of its energy are recorded on files for
subsequent analysis. A more detailed description of our Monte
Carlo electron transport program follows.

111.3. Program Description

111.3.1 MCSS (=Main Program)

This program calls the various subroutines necessary for
the electron transport calculation. Every case history is
initiated by the main program, and after the appropriate number
of case histories is run, the main program halts the calculation.

111.3.2 SETRUN

The primary function of this subroutine is the
initialization of the various parameters necessary to perform the
Monte Carlo calculation. Among the parameters specified are those k.
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describing the physical properties of the primary electron
source, such as source energy (MeV), incident beam obliquity and
coordinates of the point where the primary beam strikes the
target. Also specified are the physical properties of the target
material such as density, thickness and ionization cut-off
energy. Additional parameters required for the calculation are
initialized here such as the number of primary electron case
histories to be run and a source option switch to indicate
whether the source electrons originate from an external electron
beam (used in the first iteration) or from the secondary electron
bank. A printout is made of the initialized parameters.

This subroutine also calls subroutine ESET to process the
energy dependent cross section and angular scattering
information.

111.3.3 ESET

The purpose of this subroutine is to incorporate the cross
section and angular scattering distribution tables into the
calculation. Presently, these tables, which are supplied by
ORNL29 are of four basic types: 1)inelastic scattering cross
section; 2)elastic scattering differential(energy) cross sections
for silicon and oxygen; 3)elastic scattering double differential
(energy and angle) cross sections for silicon and oxygen;
4)elastic scattering total cross sections. The inelastic cross
sections are separated into five components according to whether
the inelastic scatter occurs with a valence electron, an oxygen
K-shell electron, silicon 2p shell, silicon 2s shell, or silicon
Is shell. The exact manner in which these cross sections are
utilized to determine event probabilities, energy losses and
angular scattering directions is discussed in the ENERGY
subroutine description.

111.3.4 SETHIS

Each time an electron case history is begun, this subroutine
is called to initialize the electron track parameters such as the
coordinates (x,y,z) of the electron position, polar and azimuthal
angles (8,+) specifying the direction of the electron's motion,
electron energy(E), and total interaction mean free path (N(E)).
When initiating an electron case history, this subroutine
distinguishes between a primary source electron and an n-th (n>l)
generatfon electron. An additional parameter, the case history
identifier number, is also initialized. This last parameter is
required to preserve, from one electron generation to the next,
the identity of all of the secondary, tertiary, etc. electrons
resulting from a particular primary electron. Each electron
generation is produced by a separate run of MCSS. With this case
history identifier, all subsequent electron tracks originating
from one primary electron can be gathered together for processing
by a statistical analysis program.
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111.3.5 PENET

The primary function of this subroutine is that of !
translating the electron to the point of next collision and
calculating the new electron position coordinates. The
intercollision distance is computed according to Eq.15. In
addition, PENET also performs the function of checking to
determine if the electron case history should be terminated.
This condition can occur in either of two ways: 1)the electron
can exit from the scattering medium(transmission or reflection);
or 2)the electron energy can fall below the ionization threshold
(8.89 eV for SiO , although in practice a threshold of 10 eV is
used since the cross section table ends there). When this latter
condition occurs, as it inevitably does for most of the
higher(n>l) generation electrons, subroutine LOWEND is called to
determine the final position of the electron.

111.3.6 ENERGY

When a collision has taken place, the first task of
subroutine ENERGY is to determine whether an elastic (electron-
nuclear) or inelastic (electron-electron) scattering has
occurred. A search is made of the total elastic and inelastic
cross section tables to determine, via interpolation,' the cross
section values appropriate to the electron energy, E. The
probability, Pe , of an elastic scatter is given by

1) Oe[E) (16)(Eo)[ + 0, [E I 16

where ae(E) and ai(E) are, respectively, elastic and inelastic
scatter cross sections for an electron of energy E. A random
number,k , uniformly distributed on the interval (0,1) is then
compared with the elastic scattering probability, Pe . If t<
Pe, the scattering is assumed elastic. Conversely, if {> Pe , the
scattering is taken to be inelastic.

For the first of these situations, elastic scattering, the
remaining task of subroutine ENERGY is the calculation of the
angular deflection of the electron as a result of having
undergone an electron-nuclear scatter. Since the target nuclei
masses, M, are so much greater than the electron rest mass, "
m(e.g. M/m = 50000 for silicon), it is assumed that the energy
lost by the electron is negligibly small. The energy of the
elastically scattered electron is taken to be the same after
collision as before.

Calculation of the angular deflection for elastically
scattered electrons is done as follows: if the electron energy,
E, is above 300 keV, it is assumed that no angular deflection
occurs. The angular scattering cross sections are so forwardly
peaked in the neighborhood of 300 keV that no values are listed
for energies above 300 keV. The cross section compilation35
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incorporates the assumption of zero angular deflection above 300
keV. Below 300 keV however, the angular deflection of the
electron can be calculated. If the scattering material is a
chemical compound, such as SiO , it is necessary to determine
which of the nuclei, silicon or oxygen, the electron has collided
with. In our code, enargy interpolations of the total elastic
cross section tables for silicon and oxygen are made. The
collision probability for a silicon nucleus, Pe,si , is calculated
as

peS es E (17)
OesJE + Oeo7E)

where ae,si (E) and ae,o(E) are the elastic scatter cross sections
for an electron of energy E with silicon and oxygen nuclei,
respectively. A random number,t, uniformly distributed on the
interval (0,1) is then compared with Pe,si . If <Pe,si the
elastic scatter is assumed to have occurred with a silicon
nucleus; otherwise if t> Pe,si , scatter with oxygen is assumed.
To determine the angular deflection resulting from the elastic
scatter, another random number game is played on the cumulative
integral a(E,w), of the double differential(energy,angle) cross
section, where w is the scattering angle. This cross section
table is given in the form of a cumulative probability for s

scatter through angle w, so that when a random number uniform on
the interval (0,1) is selected, it is compared with the angular
deflection probability table, and w is thus obtained directly.

Inelastic electron-electron scatter is treated differently
from the above. When such an event is determined to have
occurred, it must be determined whether the collision occurred
with a valence, oxygen K-shell or silicon is, 2s or 2p shell
electron. This is accomplished by calculating the cumulative
probability that each of these five events will occur, given an
incident electron of energy E. Since the individual cross
sections for the five units are listed as a function of energy,
this process is straightforward. These five cross sections are
listed in the following order: Oval, 0o-k, OSi-2p, OSi-26s, OSI-Is

(the energy dependence is suppressed here for brevity). The sum
of these five cross sections is ai (E) as defined in Eq.16. The
cumulative probability for, say, inelastic scatter with a silicon
2p electron is then

val +  00 -k + asoZp
PSI-2p o,(E) *I~

To decide which of these five possible inelastic scattering
events have occurred, another random number, t, is drawn and
compared with each of the five cumulative probabilities. (The
fact that all five inelastic scattering events are not always
energetically possible is automatically accounted for by zero
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cross section values in the table.) If for example

PSi-2p <  PSi-2s (19)

the event is assumed to be an inelastic scatter with a silicon 2s _
electron. Once this event selection has been made, the remaining

tasks are: 1) calculate the energy lost by the incident electron;
2) calculated the energy of the secondary electron; 3) calculate
the angular deflection of the primary electron.

To determine the energy loss ,w, of the primary electron,
the first of the above four tasks, a table is consulted of
cumulative probabilities, P(w) versus the fractional energy loss,
f(w), for the incident electron for each of the five inelastic
scatter categories. For an energy loss w, the cumulative
probability, P(w), of occurrence is given as

P~wV= wjdw 20)
[ a E w 'ldw "

and the fractional energy loss, f(w), is given as

w-WI (2
f~w -- w21]

where w, is the ionization threshold energy for the inelastic
scatter process under consideration (i.e. 8.89 eV for valence
electrons, 108.17 eV for Si-2p) and w2 is the corresponding
maximum possible energy loss for the incident electron of energy p
E. A random number, t, is compared with the P(w) table, the
corresponding value of f(w) is obtained, and finally the energy ^A
loss value w (by inversion of Eq.21).

The energy of the secondary electron, Esec, is calculated %

as the energy lost by the primary electron minus the threshold
energy. That is

Esec =w -w 1 , [22)

A call to subroutine SCORE (to be described later) is made to p
record the coordinates of the ionization (or hole) site and to
"deposit" the secondary electron in the "bank". The post
collision energy E , of the primary electron is calculated as

E = E - w. (23]

Finally, the angular deflection,w, of the primary electron
following an inelastic collision is calculated as30
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2W Esec/E [24)
;in" +E/1.02195

where all energies are expressed in MeV.

111.3.7 ANGLES

After the coordinates of a collision site have been
computed by PENET, and the new electron energy and mean free path
have been computed by ENERGY, the change in direction of motion
(in the inertial frame) is determined. Given the scattering
angle w as computed by subroutine ENERGY, the post-collision
polar angle functions cose and sine and azimuthal functions cos+
and sin, are computed from the pre-collision values by means of
standard spherical trigonometric relations.

111.3.8 LOWEND

When the electron energy E falls below the ionization cut- P
off energy (8.89 eV), subroutine LOWEND is called to terminate
the case history. A procedure has been developed to accompiish
this task which makes use of cross section and stopping power
information supplied by Ritchie, Hamm et al. 29 The elastic
scattering cross section for SiO2 is approximately 450 times
greater than the inelastic cross section for 10 eV electrons.
Since no further ionizations can result from inelastic scatters
at this energy, no additional electron-hole pairs will be
created. The only remaining information to be gathered
pertaining to the electron is its position when it has
surrendered all of its energy. At present the approximation is
made that elastic scattering of electrons below 10 eV is
characterized as isotropic in angle.

Also at present, the energy loss mechanism in this low
energy range is approximately represented by a fairly simple
stopping power function2 9 . In the energy range 10 eV down to 1
eV, this stopping power function can be closely approximated by a
straight line on a log-log plot which then translates into the
approximate expression

dE , -3.32 [25)

where dE/dx is now given in units of MeV-cm2 /g and E is expressed
in eV. It may be noted that the inelastic energy loss mechanism
in the energy range of interest here is phonon excitation rather
than excitation via electron-electron scatter. I

This subroutine makes use of the stopping power formula
(Eq.25) to terminate the electron case history in the following %
way. A penetration distance As is calculated in the same manner %

as in Eq.15, namely
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As= -XV10eV)log , (26)

where, as before, t is a random number and hp lOeV) is the
elastic scattering mean free path. Then since the electron is
assumed to have traveled a path length increment As , the
corresponding energy decrement is taken as

A -E ks (27)

A set of direction cosines is chosen from a uniform random
sampling of an isotropic angular distribution, and the electron
is then translated another As increment along the new direction.
This procedure is repeated until the electron energy falls below
1 eV, at which point its final position is recorded. (Provision
is also made for history termination via escape from the medium).

The algorithm for terminating electron histories in the low
energy range that has been described above is a temporary one. I
It is anticipated that a more physically detailed model for the
scattering of electrons in the energy range below 10 eV will be %
incorporated in future versions of MCSS.

111.3.9 SCORE N

When an electron undergoes an inelastic collision .4

resulting in an ionization, the coordinates of the collision
point (hole site), scattering deflection angle, energy loss,
secondary electron energy and case history label are entered into
a buffer array for processing by subroutine NEXTGEN. Subroutine
SCORE is also called when an electron history is terminated
either as a result of an electron "death" (loss of all of its
energy) or an escape from the medium. When a case history is
terminated, the pertinent information(position, energy, history
label) is recorded in the buffer array.

111.3.10 NEXTGEN 4.,

The function of this subroutine is to gather all of the
information recorded by subroutine SCORE (hole site, secondary
electron data and history termination data) from all iterations
of MCSS and systematically place it all in a data bank for later
analysis. It also reformats the secondary electron data from any
one given generation so that it may be used as the electron
source for the next generation.

I
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111.4 Statistical Analysis Computer Codes for the Analysis of
Charge Distributions in Insulators as Calculated by the
MCSS Monte Carlo Code

111.4.1. Introduction

As reported in the previous sections of this chapter, the
Monte Carlo code MCSS calculates and stores such data as the
positions of hole creations (ionization sites) and the
coordinates of electrons which have lost practically all of their
energy through a succession of collisions. This information
constitutes, in general, voluminous data files, for which it
became necessary to develop statistical analysis programs to
sort through these files to view the results of the Monte Carlo
calculation in a compact and coherent form. Two codes were
written to perform the statistical analysis of the Monte Carlo
data. One code analyzes the data for proximity and nearest
neighbor distributions, while the second code identifies and
analyzes electron and hole clusters. The results obtained with
the proximity analysis and cluster analysis programs can be
useful in determining electron-hole recombination probabilities.
A brief description of these analysis programs follows.

111.4.2 Generation and Analysis of Proximity Statistics for
Electron-Hole and Hole-Hole Pairs

The first of the two analysis codes (DISTRIB) produces four
tables of statistics for each primary electron case history
generated by MCSS. The first is a tabulation of the proximity
function for hole-electron pairs and hole-hole pairs. The
program sorts through the output data file of MCSS and, for a
particular case history, selects out all of the hole and electron
position data. (The code is currently set up to handle as many as
100 case history analyses per run.) All of the hole sites for a
particular history are then sorted in increasing order of depth
in the insulating material. A tally is made of the distance
between every pair of holes and every electron-hole pair. Then a
set of 15 spherical shell boundaries with radii ranging from 5 to
500 Angstroms is "drawn" about every hole site, and a table is
made of the cumulative number of electrons inside each of these
imaginary spheres centered at the hole site. Figure 29 is an

example of such a table. As shown for case history number 580
(which will be used for illustrative purposes through this
section), there are 16 hole sites and 16 electron "death" (energy
less that I eV) sites. The table shows the z-coordinate
(Fig.29) in Angstroms (second row across the top) of each of the
16 hole sites. A vertical listing is made of the number of
electrons (E's) and holes (H's) within the 15 spheres.

The second table (see Fig.30a) is a set of mean values,
averaged over all hole sites (16 in this instance), of the number
of electrons and holes inside the 15 spherical boundaries.
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The third table (see Fig.30b) provides the same sort of
proximity information for electron-electron distances as was
given in the first table for hole-hole and hole-electron
distances. Here, the electron, rather than hole, sites are
listed in increasing z order (across the top). Of course,there is
only one vertical listing, the number of electrons (E's) within
the 15 spherical boundaries, since a column of electron-hole
distances would only provide a repetition of the information
already given in the table of Fig.29.

The last table (Fig.30c) in the series is a listing of the
electron-hole nearest distance distribution for the case history
under examination. Thirty nearest neighbor distances (in this
case I to 30 Angstroms in 1 Angstrom increments) are listed. For
each hole site, the distance to the nearest electron is
calculated. Then, the number, N(R), of hole sites with nearest
neighbor distance between successive R values are listed
alongside R (for eaxmple, in the table shown in Fig.30c, there is
one pair with nearest neighbor distance between 0 and 1 Angstrom,
3 between 6 and 7 Angstroms, etc.)

This computer program(DISTRIB) has at present a section of
code that can be run optionally. This is a summary package which
accumulates proximity statistics for any specified number of case
histories and plots the results in concise form. As an example,
taking the table shown in Fig.29, the program accumulates over
all histories of interest the number (or frequency) of
occurrences, F(n), where n can be the integer entry in the table

*. either for the number of electrons or the number of holes within
a given sphere. After the frequency distribution F(n) has been
determined (by summing over all histories of interest), the
distribution F*(n) is computed as

F'[n) F n (28]n
The normalized function Ft (n) is then computed as

F = F"n (29)

n

The mean and variance of t (.i) are computed and printed out in
addition to a table of F"(n) vs. n This procedure is
performed separately for every sphere radius in the hole-electron
proximity table and the electron-electron proximity table. The

* results are then plotted by the program on a log-log graph.
Fig.31 is a sample plot which shows * (n) vs. n for the 200
Angstrom sphere. The H's indicate the hole-hole occurrences in
the neighborhood defined by the spherical boundary, while the E's
show the same distribution for hole-electron occurrences. These
results represent data summed over 97 case histories.
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111.4.3 Electron and Hole Cluster Analysis Program

The second statistical analysis program to accompany the MCSS P
Monte Carlo code is a cluster analysis code (CLUSTER). The main
function of this program is to identify clusters of electrons or
holes as they occur in the insulating material as a result of
bombardment by electrons. For a particular primary particle case
history, the program identifes all electron sites which are
neighbored by another electron within a pre-specified distance.
Similarly, neighboring hole sites are also thus identified. A
matrix is then formed of all of the electron-electron distances
and hole-hole distances for a given case history. Examples of
the electron-electron and hole-hole matrices for history number
580 (the same case history used in the example of Fig.29) are
shown in Fig.32. All distances are given in Angstroms. The
diagonal elements are, of course, zero since these represent the
distance between an electron, or hole, and itself. The lower
off-diagonal elements are zeroed out since the matrix is
symmetric and the information is redundant. A computational mask
is then applied to the data which filters out all electron-
electron (and hole-hole) cluster occurrences above a specified I
threshold value. These masks are set at 500, 200, 100, 50 and 20 Pie

Angstroms. The "masked" matrices are printed out again in a
slightly different format. The non-zero elements above the
diagonal are identified with the letter "W", while the lower off-
diagonal elements do not appear at all. An example of the
application of the five masks to the electron-electron distance
matrix is shown in Figs. 33a-e for history number 580.
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0 15 739 5087 5112 5175 5201 5201 5221 5307 5313 5717 7568 7575 7744 7750

0 0 733 5082 5106 5169 5195 5196 5215 5301 5307 5712 7562 7570 7738 7744

0 0 0 4356 4381 4442 4470 4470 4489 4575 4581 4986 6837 6844 7013 7019
0 0 0 0 31 121 131 120 140 221 229 632 2483 2490 2658 2664

0 0 0 0 0 116 113 102 119 199 207 606 2457 2465 2633 2639

0 0 0 0 0 0 68 58 71 147 152 554 2397 2403 2573 2579

0 0 0 0 0 0 0 39 36 121 132 521 2368 2375 2545 2551

0 0 0 0 0 0 0 0 22 108 116 519 2368 2375 2544 2550

0 0 0 0 0 0 0 0 0 91 101 500 2349 2356 2525 2531

0 0 0 0 0 0 0 0 0 0 16 414 2263 2270'2439 2445

0 0 0 0 0 0 0 0 0 0 0 410 2258 2264 2433 2439

0 0 0 0 0 0 0 0 0 0 0 0 1852 1859 2028 2033

0 0 0 0 0 0 0 0 0 0 0 0 0 33 182 186 P%

0 0 0 0 0 0 0 0 0 0 0 0 0 0 176 181

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

Figure 32a. Eleciron-electron distance matrix for history no. 580. U-

0 717 726 4968 5091 5206 5208 5212 5212 5212 5315 5695 7550 7577 7654 7745

0 0 12 4255 4377 4493 4495 4499 4499 4499 4601 4982 6837 6864 6941 7032

0 0 0 4245 4368 4484 4485 4489 4489 4489 4592 4972 6827 6855 6931 7022

0 0 0 0 129 240 241 244 244 245 349 728 2583 2610 2687 2778

0 0 0 0 0 118 128 128 128 128 227 607 2461 2488 2565 2656

0 0 0 0 0 0 31 23 23 23 116 490 2345 2372 2449 2540

0 0 0 0 0 0 0 15 15 15 121 488 2343 2370 2447 2538

0 0 0 0 0 0 0 0 1 1 112 484 2339 2366 2443 2534

0 0 0 0 0 0 0 0 0 1 111 484 2339 2366 2443 2534

0 0 0 0 0 0 0 0 0 0 111 484 2339 2366 2443 2534

0 0 0 0 0 0 0 0 0 0 0 384 2238 2265 2341 2433

0 0 0 0 0 0 0 0 0 0 0 0 1856 1883 1960 2051

0 0 0 0 0 0 0 0 0 0 0 0 0 30 104 201

0 0 0 0 0 0 0 0 0 0 0 0 0 0 78 172

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 104

Figure 32b. Hole-hole distance matrix for history no. 580.
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IV. PHOTON TRANSPORT CALCULATIONS WITH THE MCNP COMPUTER 3 1 CODE

IV.1 MCNP - General Description I
The Los Alamos Monte Carlo computer code MCNP 31 is a

general purpose Monte Carlo code that can be applied to photon,
neutron and coupled neutron-photon transport problems. It has
the capability of simulating transport in arbitrary three-
dimensional configurations of materials. Cells consisting of the
various materials in the problem as well as void cells, are
defined by bounding surfaces of first (linear)- and second
(curved)-degree. With this code it has been possible for us to
perform photon transport calculations in complicated geometries
involving several materials. MCNP has its own cross section
library, based on the Storm and Israel compilation3 2.

p

The results of our photon Monte Carlo calculations are
expressed in the form of scattered photon spectra characteristic
of various Cobalt-60 irradiation sources. The spectrum
information obtained was used directly in the estimation of dose
enhancement factors in metallized semiconductor materials under
irradiation test conditions. It was therefore necessary to I
simulate as closely as possible the actual physical conditions,
both geometrical and material, at the various irradiation test %i
facilities. Four MCNP calculations

25 , and the results obtained,

will be discussed. The first three are simulations of actual %

Cobalt-60 irradiation experiments and fall into the following
categories: 1)photon spectra obtained at various positions inside
a concrete-walled room in which a Co-60 rod source is placed;
2)photon spectra calculated at various positions inside a
standard irradiation test cell, the AECL Gammacell 220; 3)photon
spectra calculated for an array of point detectors along the
centerline of the NBS water well irradiation chamber. The fourth
calculation does not simulate any one experiment in particular,
but provides a means for determining the filtration effect of
lead shields on scattered Co-60 photon spectra of arbitrary
shape. This is accomplished by means of a series of Monte Carlo
calculations with monoenergetic photon sources.

IV.2 Concrete-Walled Room Irradiation Chamber2 5  I

In the concrete room calculations, fluence spectra were
calculated for several source-detector configurations, the major
portion of which were done with a Co-60 rod source with an energy
spectrum in which downscatter by the rod and cladding are
accounted for. In other instances a pure Co-60 photon source with 0
no energy degradation was assumed. The source (see Fig.34) was
taken to be a 13" Co-60 rod with center located at a height of
3.5' above the floor a room of dimension 12'xl5'x42' (these -

dimensions are representative of several test facilities). The
source position shown in Fig.34 is x=16'(from back wall),
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y=7.5'(from side wall). Also shown in Fig.34 are scattered Co-60
photon energy spectra, expressed as fluence per source photon per
MeV, at detector positions A, C and E. The fluence calculations
were made using the "next-event estimator" scheme of MCNP which,as
previously stated, calculates in addition to the direct source
contribution, the probability of a contribution at a detector
point every time a photon undergoes a collision. It is seen that
for detectors near the wall (C,E), there is a very large
downscattered component ((300 keV). This result is consistent
with the energy-angle relation for Compton scatter of photons.
For instance, when a 1.25 MeV photon, normally incident on the
wall, undergoes a Compton collision, the maximum energy it can
have upon re-emerging from the wall after one collision is 362
keV. If multiple scattering occurs, which is highly likely, only
a photon of lesser energy can emerge from the wall. Spectral
components of higher energy (present in the spectra shown in
Fig.34) result from photons emerging at grazing angles from the
side walls, floor and ceiling. Angular photon spectra were not
obtained in these calculations.

The quantities labelled DEF in the spectra of Fig.34 are the
dose enhancement factors for the Au-Si interface of a gold-
metallized silicon device (see Ref.25 for the definition of DEF).
The other quantity, Rf , is defined as the ratio of the scattered
photon fluence to total photon fluence.

In Fig.35 photon spectra are shown for detector points A, C
and E with, in one instance, one-half of the wall surface covered
by 1/4" lead plate (upper three graphs), and in the other
instance, the entire wall surface covered by 1/8" lead plate
(lower three graphs). These illustrate the extent to which the
Co-60 scattered photon spectrum can be altered by a change in the
scatterer material. For these cases, significant filtering of
the low energy spectrum components occurs. Finally, in Fig.36 we
show the result of a spectrum calculation at detector position E
with the detector placed inside a lead-aluminum cannister shield.

*Clearly, considerable filtering of the low energy component
occurs here also.

IV.3 AECL Gammacell 22025

Extensive calculations were performed of the scattered Co-60
photon spectra in the Gammacell 220 irradiation cell. A cutaway
view of the Gammacell unit is shown in Fig.37. Photon fluence
spectra were calculated for 11 detector positions for two source
rod arrangements; 1)12 source rods placed symmetrically around
the irradiation chamber, and; 2) 1 source rod. Of the 11
detectors, 5 were point detectors positioned along the symmetry
axis at 1/8", 2", 4", 6", 7-7/8" from the chamber bottom. The
remaining 6 were ring detectors, also concentric with the axis of
symmetry. The fluence spectra for both the 12 and 1 rod cases
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are given in Table 3 of along with the ratios of scattered to ,
total fluence and the Au-Si dose enhancement factors. Typical
spectrum plots, photon fluence for the center point detector and
for the center 3" radius ring detector, are also shown in Fig. 37
for the 12 rod case.

IV.4 NBS Water Well Irradiator2 5

Photon energy spectrum calculations were performed for the
NBS water well irradiator which consists of a watertight
stainless steel cylindrical chamber approximately 12" in height
with radius 2", in which the sample to be irradiated is placed.
Photon fluence spectra were calculated at 15 point detectors
placed 2 cm. apart along the centerline. A drawing of the
problem geometry and detector positions is given in Fig.38 along
with plots of fluence spectra at three detector points, bottom,
center and top. The calculated photon fluence spectra for all 15
detectors are given in Table 4. Figure 39 is a plot of the
calculated dose in Si as a function of position on the centerline
of the water well irradiation cell. These values were arrived at
using the calculated scattered photon spectra at the 15
centerline positions. As can be seen, the predicted dose varies p
considerably with position. Experimental confirmation has been
obtained of the agreement betweem the position of maximum
measured dose and the position of calculated maximum dose3 3 .

IV.5 MCNP Calculations for the Estimation of Filtration of Low
Energy Components of Scattered Photon Spectra by Lead
Cylinder Shields

A series of MCNP Monte Carlo calculations was made of
scattered photon spectra inside two lead cylinder shields of
thickness 1/16" and 1/8". These calculations were done in
response to a request from members of the ASTM Subcommittee p
E10.07 on "Ionizing Radiation Dosimetry and Application for
Materials Testing and Processing" at the September, 1985 meeting.
The calculations were organized in such a way that the results %
can be applied to determine the filtration effect of the shield
on scattered photon spectra of arbitrary shape. The MCNP
computer runs were performed for 12 monoenergetic photon sources,
with isotropic angular distributions, uniformly distributed on
the surface of the lead shield cannister. Four point detectors
were placed at 1/2" intervals from the bottom surface along the
cylinder axis (see Fig.40). The source energies chosen were 1.33,
1.17, 1.05, 0.95, 0.85, 0.75, 0.65, 0.55, 0.45, 0.35, 0.25, 0.15
MeV. The filtration effect of the shield on scattered photon p
spectra of any given shape can be determined by taking the linear
combination of monoenergetic photon sources appropriate to the
problem. For example, if the scattered photon spectra are know.n
at several detector positions inside, say, a bare-walled concrete
room, as shown in Fig.31, the spectrum filtration at these points

I
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by the two lead cannisters can be calculated using the Monte
Carlo data tabulation printed in Ref.34. These tables occupy
more pages than would be appropriate to present here. However,
they also exist on a magnetic medium computer file (floppy disk)
and can be easily read into a microcomputer or minicomputer where
they can be put to use. This file is available to the
microelectronic parts testing community or other qualified
researchers who may have an interest in estimating dose
enhancement.
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