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Abstract

ITS (the Integrated Tiger Series) is a powerful, but user-
friendly, software package permitting state-of-the-art modelling of
electron andfor photon radiation effects. The programs provide
Monte Carlo solution of linear time-indepcndent coupled electron/
photon radiation transport problems, with or without the presence
of macroscopic electric and magnetic fields. The ITS system com-
bines operational simplicity and physical accuracy in order to pro-
vide experimentalists and theorists alike with a method for the
routine but rigorous solution of sophisticated radiation transport
problems.

This work was supported by the U.S. Department of Energy
under contract number DE-AC04-94A1.85000.

Introduction ;

Since numerical experiments tend to be cheaper than physical
ones, computer modelling of applications of electron beams can be
very advantageous provided that the software is sufficiently easy to
use, sufficiently flexible to model the important parts of the hard-
ware, and sufficiently accurate for confidence in the results. Such
modelling could be used, for example, in personnel hazard assess-
ment when designing an accelerator or in process optimization

Overview of the Monte Carlo Method

Since ITS is a Monte Carlo code, there are a few aspects of
the Monte Carlo method of which users must be aware. It has a rep-
utation for being very accurate, but also very time-consuming. As
affordable fast computers are becoming commonplace, the time
concern is no longer as great as it once was.

The method is based on statistical averaging of individual tri-
als to estimate the desired numerical answer. A specific trial is con-
structed by using random numbers to sample from appropriate
probability distribution functions such as those that describe the
motion of an electron moving in a given material at a specified
energy, the generation of secondary particles, and the motion of
these particles and any further cascade,

Due to the statistical nature of the results, any quantity of
interest calculated by the code must have attached to it another
quantity which represents the estimated statistical accuracy, typi-
cally expressed in terms of a standard deviation. It is important to

~ keep the code’s estimate of the standard deviation a small fraction

of the calculated quantity of interest. As this estimated fraction
becomes larger, the statistical confidence in the calculated quantity
of interest decreases. When this estimated fraction becomes large
(greater than, say, 10%), the estimated fraction itself is unreliable
and may be larger than what is indicated.
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The U.S. national laboratories have developed powerful com-
puter programs to solve such problems to help accomplish their
missions. Since these codes have been supported by tax dollars, the
unclassified programs are made generally available when it seems
they may have other applications. The Integrated TIGER Series
(ITS) (Ref. 1) is one of these computer packages. The “integration”
was performed to make it easier to maintain and easier for the user
(and developer) to tailor the code to specific applications. The U. S.
distribution site is the Radiation Shielding Information Center
located at Oak Ridge National Laboratories. Oak Ridge also puts
out a monthly newsletter which notifies users of any updates or
revisions.

As a result, ITS enjoys a large, world-wide user base. It has
been employed, for example, in the assessment of personnel radia-
tion hazards, the disposal and cleanup of radioactive waste, the pas-
teurization (e.g., elimination of pathogens in red meat) and
disinfestation of foodstuffs, the radiation vulnerability of satellite
systems, electron-beam joining, the sterilization of hospital waste,
radiation treatment planning, and the safety of nuclear power reac-
tors.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

"> Another important aspect of electron/photon Monte Carlo is
that the transport of photons is both faster and more accurate than
that of electrons. The photons have a relatively large mean free path
which means they typically pass through the material geometry of
interest with few interactions (scattering events). The simulation
can follow the photons from interaction site to interaction site accu-
rately and efficiently. The electrons, however, are constantly inter-
acting, changing direction and losing energy. It is completely
impractical to follow the electrons from interaction point to interac-
tion point. Therefore, the electrons are pushed a predetermined dis-
tance. The simulation then tries to account for the cumulative effect
of all the multiple interactions which took place over this “step”
length (this is what is meant by a “condensed history” method).
Eve: these steps are much smailer than mean free paths of photons
of comparable energy. Hence, photons are less expensive to trans-
port than electrons.

Overview of the ITS Package

There are four essential elements of the ITS system:
1. XDATA: the atomic data file

[} r

e

Cud w’

0 'Tg
MASTEr

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or J/Q/

process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,

OISTMBUTIGN U7 T a0 imEmT is e

manufacturer, or otherwisc does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.



2. XGEN: the program file for generating cross sections
3. ITS: the Monte Carlo program file
4. UPEML. the update processor

The atomic data file contains the data for generating cross
sections for arbitrary mixtures or compounds of the first 100 ele-
ments. The two program files contain multiple machine versions of
the multiple codes (see Table 1 and explanation below for the
Monte Carlo program file), integrated in such a way as to take
advantage of common coding. Their corresponding binary program
libraries are input to the update processor which selects a particular
code for a particular machine and makes any modifications
requested by the user. The output of the processor in this case is
Fortran code that is ready for compilation,

Table 1 shows the eight member codes of the ITS Monte
Carlo program file. From top to bottom, the member codes are
grouped by rows and will be referred to as the TIGER codes (1-D),
the CYLTRAN codes (2-D material geometry with 3-D transport),
and the ACCEPT codes (full 3-D), respectively. From ieft to right,
the codes grouped by column will be referred to as the standard
codes, the P codes, and the M codes, respectively. All member
codes allow transport over the range of 1.0 GeV to 1.0 keV.

Fluorescence and Auger processes in the standard codes are
only allowed for the K shell of the highest atomic element in a
given material. For some applications, for example, the calculation
of energy spectra of low-energy escaping particles, it is desirable to
have a more detailed model of the low-energy transport. In the P
codes, a more elaborate ionization/relaxation model from the
SANDYL (Ref. 2) code was added to the standard codes.

In the M codes, the collisional transport of the standard codes
is combined with the transport in macroscopic electric and mag-
netic fields of arbitrary spatial dependence. This could be used, for
example, to model a magnetic field applied in an experiment to tum
back electrons which would otherwise have escaped or in sirfiulat-
ing a magnetic spectrometer.

To run the programs in the ITS package, the flow of input and
output must be understood. Apart from the atomic data file, which
is read by the cross-section generator, and the cross-section output
file produced by the generator which is read by the Monte Carlo,
there are two other types of input required for running either the
cross-section generator code or the Monte Carlo code. First, there is
the set of instructions to the processor that tells it how to produce a
compile-ready Fortran code from either of the program libraries.
This input involves a simple syntax for defining code (e.g.,
TIGER), machine (e.g., IBM), and a few other options. An equally
simple syntax allows the user the option to modify the source code
via deletions, insertions, and replacements of Fortran code, or sim-
ply use the code as a “black box” with no modifications. The sec-
ond type of input is that required by the resulting executable code.
For example, the problem materials and energy range must be spec-
ified for the cross-section generator code, and the problem geome-
try and the source distribution must be defined for the Monte Carlo
code.

The default output consists of:

1. Energy and number escape fractions (leakage) for electrons,
unscattered primary photons, and scattered photons

2. Charge and energy deposition profiles

3 Anexplicit statement of energy conservation

In addition to the default output, a number of optional outputt
may be selected. These are:

1. Escape fractions that are differential in energy and/or angle for
electrons, scattered continuum photons, and line radiation

2. Volume averaged fluxes that are differential in energy and/or
angle for electrons, scattered continuum photons, and line radia-
tion for selected regions of the problem geometry

3. A pseudo-pulse-height distribution for a selected region of the
problem geometry - for example, the region corresponding to
active detector elements

4. Geometry and trajectory plots (for CYLTRAN and ACCEPT)

A more detailed description of the structure and operation of
the ITS system can be found in Ref. | or Chapter 10 of Ref. 3.

Discussion: Strategies

New users are encouraged to keep their geometry descriptions
as simple as possible. Real experiments are performed in the three-
dimensional world, but new users are urged to consider how the
actual geometry may be simplified for modelling purposes. The
input required to describe the TIGER geometry is quite straight-for-
ward: simply specify the material, number of subzones, and layer
u.ickness in centimeters, The CYLTRAN geometry input requires
the specification of axial and radial boundaries which is still fairly
Clear.

The input needed to describe arbitrary three-dimensional
geometries requires some care and practice on the user’s part. The
ability to visualize the specified geometry is essential for verifying
the setup of three-dimensional simulations. Appendix I of Ref. 1
describes how a user may interface the called Fortran subroutines
within ITS with their local plotting package. Some users employ a
geometry-modelling code system such as SABRINA (Ref. 4) to
view their constructed geometry. Another user has written a transla-
tor (Ref. 5) between a commercial CAD/CAM program
(AUTOCAD) and ACCEPT for creating and/or displaying the
specified geometry.

The ACCEPT code of ITS uses “combinatorial geometry”
(see section 17.3 of Ref. 3) for its three-dimensional input. In com-
binatorial geometry, geometrical regions are described as various
logical combinations of a set of primitive body types (such as
spheres, boxes, arbitrary polyhedra, ellipsoids, rectangular right
cylinders, and truncated right cones). Logical combinations mean
intersections (by an implied “AND”), unions (by an explicit “OR"),
and negations. For example, the zone description * +1 -2" means
that part of body 1 which is not in body 2. This is one way to
describe a cylindrical shell, if bodies | and 2 were cylinders. Com-
mon errors in coding up the geometry occur when the user is
focused on an important part of the geometry but forgets that all
space within the escape zone needs to be specified. It is important
that there are no gaps between specified zones, hence users are
encouraged to try to plot various projections of their geometry to
verify what they specified was what they intended. The escape zone
is a region which completely surrounds the simulated universe
exists. When a particle enters the escape zone, the code considers it
has escaped and will no longer continue to track it.

New users are also encouraged to simplify their output
requests. For example, requesting very fine resolution for a spatial
orofite will reanire mant mnre hiciaman v e - .
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" Users should also be aware, but cautioned about the use, of

biasing options available in ITS. For example, to perform a person-
nel radiation hazard assessment of an accelerator, it may be desired
to calculate the energy spectrum of escaping photons produced by
the electron beam. However, bremsstrahlung production is a very
inefficient process, so an impractical number of histories would
need to be run for the simulation. By using the biasing option of
artificially increasing the production of bremsstrahtung photons, the
user can achieve the desired results far more efficiently, The code
will produce many more photons (thereby obtaining more scores to
achieve better statistics) but will weight each by the appropriate
fraction so that the correct average result will be calculated. This
option works well for calculating photon leakage, but can lead to
statistically poor results for other quantities of interest. Appendix H
of Ref. | discusses other biasing options available in ITS. The user
should be wamed that overbiasing can lead to misleading results.

Calculations should be verified and possibly benchmarked
whenever possible. This gives the user confidence that the code is
being properly utilized and the simulation is accurately modelled.

Experimental Benchmarks

In this section we present selected experimental benchmarks
of the ITS codes. A more comprehensive survey of ITS experimen-
tal benchmarks and engineering applications can be found in Chap-
ter 11 of Ref., 3.

Using a Van de Graaff source, Lockwood et al. in Ref, 6 mea-
sured electron energy and charge backscatter for a broad matrix of
materials (Be through U), source energies (from about 30 keV to |
MeV), and incident angles (from O to 75 degrees) and compared the
results with predictions of the TIGER code. Figure 1 shows a com-
parison of TIGER predictions to measured energy backscatter frac-
tion from several materials for a 300-keV electron source at 0° and
60° incidence. Figure 2 shows a a similar comparison for the frac-
tional number of electrons backscattered. In general, agreement is
very good.

Lockwood et al. in Ref. 7 also measured electron energy dep-
osition profiles for a more selective matrix of materials (Be through
U), source energies (from 300 keV to 1.0 MeV), and incident
angles (0, 30 and 60 degrees). Figure 3 shows a comparison of
results from a TIGER calculation with measurements for a 300-keV
electron source on aluminum at normal incidence. Figure 4 shows a
similar comparison for a source at 60° incidence. Figure 5 com-
pares calculations and measurement for a 300-keV electron source
on tantalum at normal incidence. There does seem to be a system-
atic overprediction near the peak, particularly for lower energies in
higher atomic number targets. Figure 6 shows a similar comparison
for a 1.0 MeV electron source at 60° on tantalum where the agree-
ment is again very good. '

Frederickson and Woolf in Ref, 8 measured charge-deposition
profiles in an electrically conductive polymer irradiated by
monoenergetic electron beams at energies ranging from 400 keV to
1.4 MeV. Figure 7 compares results of TIGER calculations with
their measurements. There is a systematic tendency to overpredict
the peak and to slightly underpredict the width.

Miller in Ref. 9 used the CYLTRANP code (but there was no
reason to use the P-codes in this case!) to simulate the measure-
ments of Farley et al. in Ref. 10 of the two-dimensional energy dep-
osition by a 500-MeV electron beam in layered targets using

[

Conclusions

Very powerful software such as the ITS system is available
for use in simulating radiation effects of electron or photon sources.
The software is flexible enough to allow detailed descriptions of
arbitrary geometries or quicker calculations through one-dimen-
sional layers, and permits the user to tailor the code for specific
applications such as describing a line source as opposed to a point
in space or a flat disk. ITS has been benchmarked against a variety

of experiments and is employed in a multitude of applications
world-wide,
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TABLE 1. Monte Carlo Member Codes of ITS

STANDARD |ENHANCED |MACROSCOPIC

GEOMETRY |CODES PHYSICS  |FIELDS
1-D TIGER TIGERP
2-D/3-D CYLTRAN CYLTRANP |CYLTRANM

3-D ACCEPT ACCEPTP ACCEPTM




Figure 1: Comparison of predictions of the TIGER code with measuremerits of Lockwood et al.
(Ref. 6) for the electron energy backscatter fraction as a function of atomic number at an incident
electron energy of 300 keV and incident angles of 0 and 60 degrees.

100

llﬁ[ll]i‘lllll]"l‘TTTlT‘T‘!IIIT!IIITIT’lI
- -

90

] I

80

S . | I

70

||iv‘"rl‘l[1’lilli[li|

lJllLl'llll'lllll
50 60

L] l LR 1 I L]
40

Atomic Number

30

1 LB l L)
¢

20

—A— Experiment, 60°
10

—v— Experiment, 0°
—©— TIGER, 0°
—— TIGER, 60°

llll[llLJlljlll

l)Trll‘llI‘

L

0.50 |-

LI

l’ll]JlIL!LlllIJ"' °

1

o o =) o o
< " N - <
) ) ) o o

0.60 |-

|v-n|
(=]
™~
=)

0.80

uonoel4 Abisug 1apeos)yoeq

-



Figure 2: Comparison of predictions of the TIGER code with measurements of Lockwood et al.
(Ref. 6) for the electron number backscatter fraction as a function of atomic number at an incident
electron energy of 300 keV and incident angles of 0 and 60 degrees.
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Figure 3: Comparison of predictions of the ITS-3.0 TIGER code with measurements of Lock-
wood et al. (Ref. 7) for the energy deposition of 300-keV electrons normally incident on an alumi-
num target.
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Figure 4: Comparison of predictions of the ITS-3.0 TIGER code with measurements of Lock-
wood et al. (Ref. 7) for the energy deposition of 300-keV electrons incident at 60° on an aluminum
target.
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Figure 5: Comparison of predictions of the ITS-3.0 TIGER code with measurements of Lock-
wood et al. (Ref. 7) for the energy deposition of 300-keV electrons normally incident on a tantalum
target.
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Figure 6: Comparison of predictions of the ITS-3.0 TIGER code with measurements of Lock-
wood et al. (Ref. 7) for the energy deposition of 1.0-MeV electrons incident at 60° on a tantalum
arget.
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Figure 7: Comparisons of measured (symbols from Ref. 8) and predicted (histograms) charge

deposition profiles ina carbon-filled polymer for various electron beam energies.
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| Figure 8: Radial deposition profiles in LiF from a 500-MeV electron beam at two axial loca-
\ tions in an Al/Lucite/air configuration. Measurements are from Ref. 10.

10’

(]

i Q w —_
w o

i oD £

o= -U) o

D g 7

Nldp=s =

=S 5

g EEGCG ]S

- ©O0nmp (2
B NANOOM
N v N N
i n
B N N N

- Z

O
\%

Ll t11g td g lllllll 1 1 lllllll j ] lluLll 11 Jullll -l ,‘-c
- o - o o b Ly @ N o™
— o o o o o o () o
- - - ™~ - - - - -

(uonoeje-921n0s/6/A9IN) 8s0Q




DATE

41/ ]






